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MASSEY UNIVERSITY

Abstract

Biophysics And Soft Matter Group

School Of Fundamental Sciences

Doctoral Degree (PhD Course)

Capture Probabilities in Pair-wise Collisions of Emulsion Drops – Measurement and

Application.

by Sapna RAVINDRAN

This project seeks to measure and model particle interactions under different

environmental conditions with a view to being able to control these interactions. The in-

teractions of emulsion drops will be investigated using an optical tweezer set-up and the

results considered in the context of measurements of the zeta potential of the emulsion.

Specifically, how the zeta potential of emulsion drops changes with the physio-

chemical environment (pH and ionic environment) is captured in a concise mathematical

model, the effects of depletion interactions are considered, and a novel experimental pro-

cedure is developed to allow hundreds of pairwise stickiness measurements to be taken

in an automated fashion.

The major research questions are:
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1. Is it possible to address the effects of changes in environmental conditions which are

not easily quantifiable with a pragmatic capture probability or pairwise stickiness

measured at a single particle level?.

2. Can we link these pairwise measurements to induced changes in the surface prop-

erties and understand how they yield the rheological behaviour of the system?.
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2 Chapter 1. Introduction

1.1 Colloidal Systems

The term ‘colloid’ refers to microscopic particles dispersed in a continuous medium or

‘solvent’. Several different forces are potentially operating on these micro particles. Mi-

cro particles will settle or rise due to the gravitational force, depending on their density

relative to the solvent. This settling or rising is opposed by the viscous drag force which

develops when particles move due to externally applied forces, and to the Brownian mo-

tion that disperses particles (Pashley and Karaman [1]). Brownian motion is an irregular

fluctuation of random motions. It is direct evidence of thermal molecular motion that is

the basis of the microscopic theory of the structure of matter. Impacts exerted by the fluid

on the particle provide the random forces driving the particles.

Hence, the random influence of the dispersed medium results in giving a ran-

dom driving force to particles to maintain a sustained irregular motion, and, also gives

rise to the above mentioned viscous drag for a forced motion. The frictional force and the

random force are related as both come from the same origin. The relationship between

the viscous friction and the random diffusion is described by the fluctuation-dissipation

theorem (Kubo [2]).

1.2 Interaction potentials at the surface

Colloidal interactions are determined by the interaction forces between the particles.

These forces, which act over relatively short distances, principally consist of the:

• electrical double layer

• van der Waals forces

• Born repulsion

• hydration effects
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• steric interaction

• polymer bridging

• depletion interaction

1.2.1 Electrical double layer

A separation of charge and a difference in potential arises when two dissimilar phases

come in contact. It can be due to difference in affinity of ions for the two phases, ioni-

sation of surface groups, or physical restriction of certain ions to one phase (Hunter [3]).

For electrically charged surfaces in water, surface charges are generated when ions are

adsorbed or when surface groups dissociate. The surface charge creates an electric field

that attracts counter ions within its vicinity. This layer of surface charges and the second

layer of counter ions constitute the “Electric Double Layer”.

German physicist Helmholtz proposed the first theoretical description of the

electric double layer by considering counter ions being directly adsorbed to the surface,

completely compensating for the surface charge, limiting the electric field generated by

the surface charge to the thickness of a molecular layer. However, this treatment con-

tradicted electrokinetic experiments. Louis Gouy and David Chapman came up with a

description (by taking the thermal motion of ions into account) that predicts the forma-

tion of a diffusive layer. The potential at a distance where the surface molecules start to

move (slip plane) is the zeta (ζ) potential (Figure. 1.1).

1.2.2 Van der Waals interaction

Van der Waals attraction between molecules arises as a result of correlations between

electrons on the different molecules. Negative and positive charges collide with each

other continuously in any matter, leading to transient electric and magnetic fields. These
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FIGURE 1.1: Illustration of the Gouy-Chapman model for a positively
charged emulsion droplet, with possible charge and potential distribution
at the interface. Also depicted on this image is an immobilised layer of
charge called a Stern layer. This additional Stern layer is a common exten-

sion of the Gouy-Chapman model.

fluctuations in charge and field occur due to the thermal agitation, quantum mechani-

cal uncertainties in the positions and momenta of particles, and in the strengths of elec-

tromagnetic fields. The collective coordinated interactions of moving electric charges

and fields averaged over time creates the Van der Waals or “charge-fluctuation” force

(Parsegian [4]).
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1.2.3 Born repulsion

Born repulsion arises from strong repulsive forces between atoms when the electron

shells interpenetrate each other. This short range repulsive force develops when the elec-

tron clouds overlap as the particles approach a point of contact, and is very sensitive to

the structural details of the surface and the medium making it difficult to estimate. It is

the twelfth-order term of the empirical Lennard-Jones 6-12 potential. The Born repulsion

(φB) between a sphere and a plate is given by:

φB(h) =
Aσ6d
7560

[
8ap + h

(2ap + h)7
− 6ap − h

h7

]
(1.1)

where A is the Hamaker constant, σd is the collision diameter, ap is the particle radius,

and h is the minimum separation distance between particle and the surface. The collision

diameter σd will be treated as a characteristic property of the solids (Ruckenstein and

Prieve [5]).

1.2.4 Hydration effect

The presence of polar or charged groups tends to hydrate a surface. This hydration con-

sists of an immobilised water layer. When two particles with hydrated surfaces approach,

there will be an extra repulsive interaction distinct from Electric Double Layer (EDL) re-

pulsion. This repulsion arises from the energy cost for the surfaces to be dehydrated so

that true contact between particles is able to occur. Hydration effects are expected to be

very short ranged; no more than a couple layers of water molecules across.

1.2.5 Steric interaction

Steric interactions arise from adsorbed or grafted layers on the surface of colloidal parti-

cles, and have an important role in colloidal aggregation and deposition. In the case of
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a colloidal particulate dispersion with large adsorbed macro-molecules such as proteins,

the stability is enhanced with steric stabilisation.

FIGURE 1.2: Steric stabilisation prevents particle contact due to interac-
tions between spatially extended polymer chains (Gennes et al. [6]).

As particles approach, the adsorbed hydrophilic polymer chains interact with

one another. Since these chains are hydrated, overlap of the layers causes some dehy-

dration and hence an increase in free energy and a repulsion between particles. The

repulsion is so strong that it can be assumed to become infinite as soon as the adsorbed

layers begin to overlap, but zero at greater separations. This ‘hard sphere’ assumption

is not strictly correct, but is good enough for most practical purposes and leads to some

important conclusions. An important factor determining the degree of steric stabilisation

is the thickness of the adsorbed layer relative to the particle size.

As Van der Waals attraction energy is proportional to particle size, larger parti-

cles will need thicker stabilising layers to confer the same degree of stability (Elimelech

et al. [7]). Whey Protein Isolate (WPI), used in this work, is a small molecule and hence

the electrostatic force is the key parameter.
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1.2.6 Polymer bridging

Charge-patch interaction or particle bridging causes polymer bridging in colloids. When

relatively low molecular weight, polyelectrolyte molecules adsorbs on oppositely charged

particle surfaces, an electrostatic “patch” is created. When these oppositely charged ar-

eas of different particles come into contact, a strong attractive force is created resulting in

flocculation. The common flocculant used for polymer bridging is polyacrylamide. The

hydrolysis of polyacrylamide converts amide groups to carboxylic acid groups. Some

ions added to the colloids can effect the polymer bridging. If calcium ions are added, the

adsorption of hydrolysed polyacrylamide on negatively charged particles is improved

by linking carboxylate groups with anionic sites (Elimelech et al. [8] and Hogg [9]).

1.2.7 Depletion effect

A depletion force is an attractive force that arises due to the presence of non-adsorbed

macro-molecules, micelles or other small particles. A zone of low osmotic pressure oc-

curs between two approaching particles when the separation cannot geometrically ac-

commodate the non-adsorbed macro-molecule. An attraction arises because water flows

out of this low osmotic pressure zone to dilute the bulk solution which in turn forces the

particles together.

1.3 Colloidal aggregation

Colloidal aggregation is a property of many chemical, physical and biological processes

(Hidalgo-Alvarez et al. [10]). Aggregation in colloidal dispersions, suspensions, and

emulsions plays a key role in many natural phenomena and industrial processes (Ko-

valchuk and Starov [11]). The stability of these systems can be explained on the basis of

interaction forces between particles.
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According to DLVO (Derjaguin, Landau, Verwey and Overbeek) theory the net

interaction between two colloidal particles can be thought of as competition between

attractive van der Waals (vdw) forces and repulsive electrostatic forces, representing the

work done in distorting each particle’s electrical double layer as they approach (Valleau,

J. P et al. [12]). In this project, the aggregation process of an emulsion system is studied.

Different interaction forces are generated by changing the physio chemical conditions,

such as pH or calcium activity. The aim is to link the physio-chemical conditions to the

aggregation stability via a single set of stickiness measurements.

1.4 Outline of research project

In this project, the properties of a model emulsion system are studied by measuring the

time-evolution of the system’s particle interactions under different environmental condi-

tions. Specifically, the individual particle interactions are investigated at high precision

using optical tweezers (OT), and these individual particle-pair interactions can be linked

to the bulk ensemble behaviour. The aim is to capture complex droplet-droplet inter-

actions with a single stickiness probability parameter. The WPI emulsion is used as a

model system. First, a model for the DLVO forces at various conditions is created from a

simplified surface equilibrium picture. The applicability of this model is then validated

with viscosity measurements. Then the model is further tested by predicting the stability

in the presence of additional attractions. The WPI emulsion is then investigated within

a microfluidics system using optical tweezers. The stickiness probability is compared

against the expected DLVO forces.

1.4.1 Surface properties

As described previously, surface properties have a key role in determining colloidal in-

teractions. Emulsified fat is common in many dairy products including beverages and
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yogurts. These products are characterised by a high ionic strength (80 mM ) and are neu-

tral pH (6.5 − 7 for beverages) or acidic pH (4 for yogurt). Proteins can stabilise fat

droplets by adding a kinetic barrier to coalescence. In the case of whey protein isolate,

this barrier is thought to be mostly electrostatic owing to its small size and high charge

density.

This project uses a commercial WPI product (WPI 895) that consists of 76% Beta

Lacto Globulin (β-LG), 15% Alpha Lact Albumin (α-LA), 3% Bovine Serum Albumin

(BSA). Compared to other whey protein sources, WPI has low levels of salts. β-LG is a

small protein with a molecular weight of 18.5kDawith a radius of gyration around 13.9Å

and has a total net charge of around +10 to around −20 charges per molecule depending

on the pH (Roefs and Kruif [13]). The size and conformation of the β-LG can also be

manipulated by the absorption of calcium ions. The manner in which calcium affects the

interactions and hence stability of protein coated emulsion droplets has frequently been

studied in a qualitative manner but has not been subjected to much quantitative anal-

ysis. We focus on a model which could explain the surface dependence of interactions

effectively.

In this project, the effect of pH and salt concentration on the ζ potential of the

WPI emulsion is studied in order to gain a better understanding of the surface properties.

First, the effects upon ζ potential of various concentration of NaCl at different pH levels

is investigated and fitted to the Gouy-Chapman (GC) model (Missana and Adell [14] and

Oldham [15]). Then, from the fitted parameters, the ζ potential is calculated at different

concentrations of added calcium at constant ionic strength and pH using the model and

verified experimentally. This means that the zeta potential and capture probability can

be tuned using the environmental conditions, Na and Ca concentrations and pH.
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1.4.2 Addition of depletion forces to the system – Application of surface prop-

erties

Two big colloidal particles immersed in a fluid of smaller colloidal particles or non-

adsorbing polymers or micelles or smaller hard spheres (with the separation of the sur-

faces of the big particles less than the diameter of the small ones) experience an attractive

depletion force proportional to the osmotic pressure of the medium due to the expulsion

or depletion of the small particles, leading to an anisotropy of the local pressure (Asakura

and Oosawa [16], Mao et al. [17], Götzelmann et al. [18], Roth et al. [19], and Lekkerkerker

and Tuinier [20]). The stability of systems are strongly influenced by depletion forces.

Xanthan, commercially known as xanthan gum (a heteropolysaccharide pro-

duced by Xanthomonas campestris [21, 22]) is used in the experiments. Predicting the

shelf life of emulsions is difficult as there is an overwhelming number of phenomena to

consider. A good strategy to model the major effects by progressively building up in-

creasingly complex models. The electrostatic interaction which could be characterised by

the zeta potential is crucial in the behaviour of the added biopolymer [23]. The initial

model that allows the calculation of the zeta potential, and thus interaction forces, based

on the calcium levels as well as the ionic strength and pH, could be extended to a system

with added biopolymer.

Laser diffraction measurements of droplet size distribution and confocal images

are common analysis tools and are implemented. In a system consisting of a hydrocol-

loid stabiliser and an emulsifier that opposes coalescence, instability can be conceptu-

ally laid out in two stages: the aggregation of droplets and the coalescence of droplets.

The aggregation of colloidal particles is of great importance in colloid science. Relation

of attractive and repulsive forces acting between particles determines stability in these

systems (Kovalchuk et al. [24]). Two distinct regimes of irreversible colloid aggregation

are, One: Diffusion-limited colloid aggregation, where the repulsive force between the

colloidal particles are negligible limiting the aggregation rate only to the time taken for
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clusters to collide during diffusion and, Two: Reaction limited colloid aggregation where

there is significant repulsive force, which has to be overcome by thermal energy between

the particles, limiting the rate by time taken for two clusters to overcome this repulsive

barrier by thermal activation (D.J Robinson and J.C Earnshaw [25]). These regimes corre-

spond to the limiting cases of rapid and slow colloid aggregation in colloid science (Klein

and Meakin [26]). The process by which two droplets touch and merges to a single big-

ger droplet with smaller surface area due to the surface tension at contact is known as

coalescence (Eggers et al. [27]).

The assumption here is that droplets rest in a secondary minimum due to an

attraction much longer in range than the repulsion. Conveniently, confocal images elu-

cidate aggregation while laser diffraction elucidates coalescence. In a dairy system the

Debye length, a measure of how far the net electrostatic effect of the charged particle in a

solution persists is just over a nm and a confocal microscope cannot resolve the thin film

that would separate charged droplets meaning aggregates appear as one large body. On

the other hand, laser diffraction involves extreme dilution which removes any depletion

force allowing individual droplets to separate.

1.4.3 Stickiness measurements

Optical tweezers are used in biological and physical sciences to precisely manipulate mi-

cron sized particles (Grier [28]) and are especially well suited to manipulating emulsion

particles. Emulsion droplets are first trapped using the tweezers, then brought together

and allowed to be in contact for a particular amount of time, then freed. The particles are

then imaged to study the properties (Crocker and Grier [29]).

For this work, optical tweezers were used in conjunction with an automated mi-

crofluidic apparatus to measure the capture probability between pairs of particles. This

was done in order to obtain statistically valid assessment of the stickiness between parti-

cles. The capture probability was determined for droplets with a range of surface charges,
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controlled by the bulk ionic conditions. Handy features of microfluidics, such as laminar

flow, facile integration with mechanical, electrical, optical systems, and low-cost fabri-

cation (Wang et al. [30]) makes it easier for its integration to the experimental setup. In

microfluidics, the proper selection of wavelength and phase of light helps in controlling

motions and flows on a length scale that has challenged other technologies, hastening

the adoption of lab-on-a-chip devices for a wide variety of applications (Grier [31]). The

ideal range for the stickiness measurements will be near the isoelectric point (IEP), where

the effect of zeta potential is most dramatic.

The capture probability corresponds to the collision efficiency in the Smolu-

chowski approach of perikinetic colloidal aggregation. Smoluchowski did initial studies

on rates of aggregation assuming it to be second order process, where the rate of colli-

sion is proportional to the product of concentrations of two colliding species (Elimelech

et al. [7]). The number of collisions between particles, i and j in unit time and unit vol-

ume with ni, nj referring to the number concentrations of different aggregates and rate

constant kij is given by,

Jij = kijninj ; ; k = i+ j (1.2)

Of these collisions, only some of them are effective in producing aggregates (collision effi-

ciency, α), depending on the interparticle force between them from a range of 1, where all

particle stick, suggesting a strong attractive force between particles, to an α of 0, where

nothing sticks due to strong repulsive force between particles. We are experimentally

finding this efficiency of stickiness through the tweezer experiment as capture probabil-

ity. This capture probability can be related to the low shear viscosity or droplet size.

1.4.4 Application to shelf life

The results from the surface property study, depletion force study and stickiness mea-

surements can be directly applied in industries to predict the shelf life of products. Sur-

face studies gives a quantitative understanding of the zeta potentials which is a key to
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predict the shelf life. A higher zeta potential suggests a more stable product ensuring

higher shelf life. Adding a depletion force not only helps in regulating the consistency

but also the stability of the product. Desired amount of the depletants can be added

depending upon the requirement of the products and also to enhance the shelf life. Stick-

iness measurements can be carried out to products with known or unknown parameters

to see how it would behave over time.

1.4.5 Approach

The project aims at studying aggregation processes through understanding colloidal in-

teractions and by incorporating a measured capture probability.

FIGURE 1.3: Basic scheme of the project

Hence, the understanding of one leads to the other. Figure. 1.3 is an illustration
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of the plan of the project. The goal is to develop a model which would predict the growth

kinetics once the physiochemical environment is known.



Chapter 2

Materials and methods
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2.1 Emulsion formation

Emulsions contain at least two immiscible liquids, like oil and water, with one of the liq-

uids being dispersed in the other. Emulsions can be classified based on the relative spatial

distribution of the oil and water phases. A system consisting of oil droplets dispersed in

a water phase is called an oil-in-water (O/W) emulsion (e.g. milk, cream, mayonnaise,

beverages) and that consisting of water droplets dispersed in an oil phase is called a

water-in-oil (W/O) emulsion (e.g. butter and margarine). Droplets in an emulsion are

referred to as the dispersed, or internal phase, and the the continuous fluid is called the

continuous, external or solvent phase. The process by which two immiscible liquids are

converted to droplets dispersed in a continuous phase is called emulsification. During

emulsification, droplets are first deformed and broken up. The surfactants are adsorbed

on to the surfaces of the deformed or new droplets then the droplets could collide with

each other and could coalesce (Walstra [32]).

By dispersing oil and water, an emulsion can be formed, but on their own the

particles will soon separate into an upper oil layer and bottom water layer due to merg-

ing of the droplets, leading to phase separation (as the contact between oil and water

molecules is thermodynamically unstable). This can be overcome by adding kinetic sta-

bility enhancers called stabilisers or emulsifiers. Surface active molecules that adsorb

to the surface of droplets during homogenisation creating a protective layer of repul-

sive forces. This prevents the droplets from coming close and aggregating. These sur-

face molecules are known as emulsifiers. Emulsifiers are generally amphiphilic (having

polar and non polar regions on same molecule) in nature. Surfactants, phospholipids,

proteins, and polysaccharides are some common emulsifiers used in the food industry

(McClements [33]).

Proteins are amphiphilic in nature, making them excellent choice in food emul-

sions. Proteins gets adsorbed at the surfaces and forms films at the interfaces and hence

lowers the interfacial tension (Van Aken [34] and Perrechil and Cunha [35]).
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2.1.1 WPI emulsion

Milk proteins are excellent emulsifiers. They can be classified as either caseins or whey

proteins. Whey proteins are used in the current study as they are soluble in milk serum or

whey and need not consider the sterric interactions. Whey proteins are highly structured,

and possess a compact globular structure held together by hydrophobicity, covalent links

and hydrogen bonding (Euston et al. [36]). Whey Protein Concentrate (WPC) and Whey

Protein Isolate (WPI) are the soluble whey products. WPC is obtained by ultra-filtration

and diafiltration of whey, and WPI by ion exchange recovery. WPC contains a maximum

of about 75% protein, whereas WPI has up to 90% protein (Wong et al. [37]).

β-lactoglobulin, α-lactalbumin, serum albumin, immunoglobulins and proteose-

peptone fractions are the major characterised components of whey proteins (Farrell et al.

[38]).

α-lactalbumin is a globular metalloprotein consisting of 123 amino acids with a

molecular weight of 14,147 (genetic variant A); 14,175 (genetic variant B) and a structure

stabilised by 4 sulphur bridges. One atom of calcium is reversibly bound to this protein

stabilising the tertiary structure (Baumy and Brule [39]).

β-lactoglobulin is another major globular whey protein, consisting of 162 amino

acids with molecular weight of 18,362 (genetic variant A) and 18,276 (genetic variant B).

β-LG is acid stable without denaturing down to about pH 2 but its surface activity is very

much dependent on pH (Wong et al. [37]).

Aggregation of WPI stabilised emulsion droplets is sensitive to the pH and ionic

strength of the aqueous phase. Near the isoelectric point (IEP), considerable aggregation

occurs resulting in an increase in viscosity of the emulsion and a greater instability due

to creaming (Demetriades et al. [40]).
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2.1.2 Preparation of the emulsion

WPI stabilised emulsions were manufactured for this study. Different methods of prepa-

ration were explored by trying different values for the rpm of Ultra-Turrax and pressures

for the two stages of the homogenizer so as to reach the desired size of the emulsion

droplets (around≈ 2 µm so that it is possible to manipulate the particles in a microfluidic

chip and trap using an optical tweezer setup later as described in chapter. 5). Adjusting

the pH at different stages of emulsification and the zeta potential of resultant emulsion

showed great dependency. The following protocol is culminated so as to maintain the

reproducibility of the data.

2 wt% WPI was mixed with milli-Q water and stirred at 50 ◦C for half an hour.

The final pH was measured to be 6.3. Native WPI is almost completely soluble at room

temperature from pH 3 to 8 (Damodaran et al. [41]). 20 wt% canola oil was added into

the mixture and pre-homogenised at 7, 000 rev/min for 6 minutes using an Ultra-Turrax

T25 (IKA R©-Werke GmbH & Co. KG, Staufen, Germany) to form a coarse emulsion. Sub-

sequently a two-stage high pressure homogenizer (Panda, Niro Soavi, Parma, Italy) was

used to emulsify the sample at a pressure of 150 bar on the first stage and 50 bar on the

second stage at ambient room temperature (ca. 22 ◦C).

The solution was dialysed to have a well-defined ionic background and to re-

move unadsorbed protein preventing any depletion forces that may arise. The emul-

sion was dialysed against water with 0.02 wt% sodium azide to prevent any bacterial

growth. The cellulose membrane had a molecular weight cut off of 20 kDa. Three solu-

tion changes reduced the concentration of unadsorbed material by a factor of 53. Large

droplets were removed by leaving the emulsion in a narrow graduated cylinder for 24

hours and discarding the upper 25% of the sample. The emulsion was stored at a tem-

perature of 10 ◦C. The emulsion droplet size was measured using a Malvern Mastersizer

(Malvern Instruments Ltd. A general purpose spherical analysis model was used with

particle refractive index of 1.47 in water with zero light absorption, and an obscuration
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(A) Ultra Turrax (B) Homogeniser

FIGURE 2.1: Ultra Turrax and Homogeniser

value between 12% to 15%.) The results showed a particle distribution that peaked at

around 2 µm diameter. Figure. 2.2 shows the particle size distribution before and after

the removal of the large droplets.

A surface coating of WPI can stabilise emulsions under acidic conditions (round

pH 3) and also in a basic condition (around pH 7 and above). The composition of the ad-

sorbed layer at pH 3 contains much higher levels of α-LA than at pH 7. This difference in

conformation could be due to changes in the conformation and quaternary structure of

the whey proteins when the pH is lowered (Hunt and Dalgleish [42]). This preferential

adsorption at different pH results in different surface properties and hence different zeta

potential and stickiness of the emulsion droplets. So the pH of the sample was main-

tained constant and the method of preparation of emulsion standardised. When the pH

was adjusted before mixing with the Ultra Turrax or the pH was adjusted after mixing

different zeta potential values were observed. Hence, it does matter how we made the

emulsion: the properties are path dependent.
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FIGURE 2.2: Droplet diameter distribution, measured using a Malvern
Mastersizer before and after the removal of the large droplets.

2.1.3 Determination of viscosity of emulsions

The rheology of the sample was measured using a double gap geometry which was found

to be better than cup and bob geometry for 20% O/W emulsion.

FIGURE 2.3: Schematic representation of left: Cup and Bob Geometry
right: Double gap geometry.
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When highly viscous oil droplets are dispersed in a medium of low viscosity

(water), the relative viscosity η(r) of a dilute O/W emulsion of non-interacting droplets

behaves as it would for a suspension. In the above case, η(r) is given by the Einstein

equation (Einstein [43]):

η(r) = η0(1 + 2.5φ) (2.1)

where η0 is the viscosity of suspending medium and φ is the volume fraction (to-

tal volume of oil in the emulsion divided by the volume of the emulsion) of oil droplets.

The prepared emulsion was diluted by one third, one fourth, one fifth and one sixth,

and the viscosity was measured and compared to the trend estimated using the Einstein

equation to check that the composition didn’t change in the emulsification procedure.

Figure. 2.4 gives the measured and expected relative viscosity. Which means, the emul-

sion has almost 20 wt% of oil and is not lost in the process.

A flow curve gives viscosity as a function of shear stress which arises from the

parallel force vector component of the cross section of the material. High concentration

leads to principle changes in the rheological properties as shown in the flow curve shown

in Figure. 2.5. Newtonian viscous flow, where the viscosity is a constant for all the shears

is replaced by a viscoplastic behaviour (rate-dependent inelastic behaviour) with a de-

crease in the apparent viscosity in a small range of applied stresses. The jump in the

apparent viscosity at some shear stress can be treated as the yield stress of the emulsion.

Thixotropy (time-dependent shear thinning property) is another rheological be-

haviour of concentrated emulsions. The interfacial layers in the closely arranged drops

produce structures destroyed by deformation and restored at rest. Viscoelastic effects are

caused by interaction between drops and the evolution of their shape during flow.
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FIGURE 2.4: Dilution rheology: Measured (points) and calculated
(Eqn. 2.1) relative viscosity for 20 wt% canola oil in water emulsion using

Einsteins equation.

FIGURE 2.5: Left: Flow curves of model O/W emulsion (average drop
size of 4.6µm) at various volume fractions. Right: Flow curves of W/O
emulsions when approaching the concentration limit corresponding to the

closest packing of spherical drops (Tadros [44])
.
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2.2 Xanthan gum

Xanthan gum is a polysaccharide produced by the bacterium Xunthomenus campestris

found on cabbage plants (Whitcomb and Macosko [45]).It is a heteropolysaccharide with

a primary structure consisting of D-glucose, D-mannose, and D-glucuronic acid in the

ratio of 2 : 2 : 1 and also of pyruvic and acetic acid (Sandford et al. [46]). X-ray diffrac-

tion studies suggest a helical structure for xanthan with side groups folding down along

the helix creating a stiff rod-like macro-molecule (OKUYAMA et al. [47]). Xanthan is

generally soluble in cold and hot water but forms lumps if not agitated intensely upon

introduction into the aqueous medium (Katzbauer [48]).

Xanthan is widely used in food industry due to its properties like emulsion

stabilisation, stability at different temperature, rheological properties, long term stabil-

ity, compatibility with food products, air incorporation and retention etc (García-Ochoa

et al. [49] and Sworn [50]). Xanthan is specifically used for the depletion study in this

work as it being a large non adsorbing macro-molecule, ensure a depletion flocculation

at dosages that are practical (not exceedingly high, therefore diluting the emulsion). The

non adsorbing at the surface also means the zeta potential calculations in the absence

of the polymer can be applied even when it is present in the samples. It has also been

studied before in a qualitative manner, so useful for ensuring confidence in droplet sizes

etc.

2.3 Zeta potential measurements using a Zetasizer

The Zetasizer Nano series calculates the zeta potential by determining the electrophoretic

Mobility and then applying the Henry equation.

UE =
2εζf(ka)

3η
(2.2)
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FIGURE 2.6: Zetasizer Nano used for measuring the zeta potential of the
sample and the folded capillary cell to which the sample was injected

(Malvern Instruments Ltd [51]).

where UE is the electrophoretic mobility, ζ is the zeta potential, ε is the dielectric

constant, η is the viscosity, f(Ka) is the Henry’s function (values which varies between

1 and 1.5 were used in Henry’s function). In the experiment, Henry’s function with a

maximum value of 1.5 for measuring zeta potential which is generally used for particles

in polar media of moderate electrolyte concentration is used.

The electrophoretic mobility is obtained by performing an electrophoresis ex-

periment on the sample and measuring the velocity of the particles using Laser Doppler

Velocimetry (Malvern Instruments Ltd [51]). The Zetasizer Nano consists of

• A laser is used to provide a light source to illuminate the particles within the sample

(for zeta potential measurements this light source is split to provide an incident and

reference beam).

• An Attenuator to avoid overloading of light to the detector.

• The laser beam passes through the centre of the sample cell.
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FIGURE 2.7: Zetasizer Nano operation.

• compensation optics, to correct for any differences in the cell wall thickness and

dispersant refraction

• A detector.

• Digital signal processor collects the information from detector.

• A computer, where the Zetasizer Nano software produces a frequency spectrum

from which the electrophoretic mobility and hence the zeta potential information is

calculated from the data.
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2.4 Confocal Imaging

Microstructure of the emulsions was studied using Leica SP5 DM6000B Scanning Con-

focal Microscope. Images were acquired sequentially at a resolution of 1024x1024 pixels

and 400Hz with a HCX PL APO 60.0x1.40 oil lens. Fast green was acquired by excitation

FIGURE 2.8: Leica Scanning Confocal Microscope. Image courtesy: Man-
awatu Microscopy and Imaging Centre (MMIC)

with the 561 nm laser and emission collected from 658 nm − 625 nm. Nile red was ac-

quired by excitation with the 633 nm laser and emission collected from 641 nm−800 nm.

The confocal images are given in Figure. A.1 of Appendix. A and Figure. C.3 of Ap-

pendix. C
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Dependence of the properties of

whey protein stabilised emulsions on

the physio-chemical conditions and

zeta potential.



A thorough understanding of solid-liquid interfaces is crucial for understanding

experimental colloidal aggregation measurements.

For the whey protein stabilised emulsion particles used in this thesis, stability

is predominately electrostatic due to the small size and high charge density of its indi-

vidual interface components (Foegeding et al. [52]). The ionisation degree and hence the

stability and aggregation of whey-protein stabilised emulsions depends strongly on pH,

ionic strength, and calcium activity of the bulk (Hunt and Dalgleish [53], Ju and Kilara

[54], Kulmyrzaev et al. [55], and Spiegel and Huss [56]). In order to produce an emulsion

that is stable, it is important to ensure that the pH is far from the isoelectric point (IEP) of

the proteins and that the salt concentration is sufficiently low that surface charges are not

significantly screened and the zeta potential (ζ) remains high (Kulmyrzaev and Schubert

[57] and Sun and Gunasekaran [58]).

The electrostatic interaction between droplets can be predicted from surface po-

tential, ionic strength (a proxy for Debye length) and droplet size. The experimental

determination of the surface potential is generally an arduous task but it is well approx-

imated by the more accessible zeta potential. The zeta potential is the electrostatic po-

tential at the slipping plane a few molecules away from the surface (Dalgleish [59]). The

manner in which pH, calcium activity and ionic strength affect the interactions, and hence

the stability of protein coated emulsion droplets, has frequently been studied (Dickin-

son and Golding [60], Kulmyrzaev et al. [61], Ye and Singh [62], and Sosa-Herrera et al.

[63]) but a complete quantitative analysis that captures all of these terms has not been

attempted to date.

In this chapter we highlight the fact that electrostatic interactions between col-

loidal particles greatly influence their aggregation properties (Elimelech et al. [7]) so we

will be focusing on describing electrical double layer forces and how physical models can

be applied to the interface.
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FIGURE 3.1: Graphical representation of the experimental and theoretical
work.
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physio-chemical conditions and zeta potential.

3.1 Gouy-Chapman double layer model and Grahame equation

Gouy and Chapman independently came up with models to describe the charge and the

potential distribution in solution as a function of distance from the surface. They did this

by assuming the following:

1. The interface is infinite, flat and impenetrable.

2. The compensating or counter ions are point charges, immersed in continuous di-

electric medium.

3. Ion-ion interactions are neglected – only the Coulomb interaction is considered.

4. Surface charge and hence the potential are distributed uniformly over the surface.

5. The solvent or dielectric medium is considered to be uniform throughout.

The Gouy-Chapman model is a good approach for treating electrolytes with

concentrations of less than 200 mM and surface potential below 40 mV. For potentials

that are greater than this, a Stern layer consisting of adsorbed hydrated ions must be

considered.

In the following sections, o/w emulsion particles with WPI on the interface will

be examined in light of the Gouy-Chapman model. The model will be adapted using an

amino acid charging equilibria to model our WPI emulsion. It will be assumed that the ζ

potential is equal to the surface potential in this case.

3.2 Inter-droplet interactions

For protein-stabilised emulsions, the physio-chemical properties depend on the:

• nature, strength and range of attractive and repulsive forces
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• environmental conditions (salt concentration, pH) that influence these forces (Dal-

gleish [64])

The total interaction potential between a pair of emulsion droplets is the sum of

the Van der Waals, electrostatic and short-range interaction potentials. When attractive

forces dominate, the emulsion droplets tend to aggregate. The electric double layer force

and the zeta potential are sensitive to pH and ionic strength. At pH near the isoelectric

point of the protein, the net charge on the droplets is low, hence the electrostatic repulsion

is weak. Increasing the ionic strength results in more counter ions shielding charges on

the droplet surface and decreasing the electrostatic repulsion between droplets. Hence,

aggregation of emulsion droplets stabilised by WPI is very sensitive to pH and ionic

strength. Near the isoelectric point of the proteins, extensive flocculation occurs which

leads to a considerable increase in viscosity of the emulsion and a greater instability due

to creaming of aggregated droplets (Demetriades et al. [40]).

3.3 The development of the theoretical framework for the data

analysis

3.3.1 Gouy-Chapman pKa model for WPI emulsions

As described, the stability and aggregation of whey-protein stabilised emulsions depends

strongly on pH and concentration of salt added. Relatively low electrostatic repulsion

between the emulsion droplets near the isoelectric point causes them to aggregate. To

produce an emulsion that is stable, it is important to ensure that the pH is sufficiently

far from the isoelectric point of the proteins (Kulmyrzaev et al. [65]) and that the salt

concentration is less than that which would cause instability.

The surface of the emulsion droplets are coated with WPI. The charge on the

surface is determined by the equilibrium charging behaviour of the amino acids in the
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surrounding environment. The hypothesis is that this complex charge behaviour can

be approximated by three generic equilibrium: the protonation of carboxylic acids and

amine groups and an electrostatic interaction between carboxylic acid groups and cal-

cium ions:

COOH ↔ COO− +H+

NH+
3 ↔ NH2 +H+

COO−+ Ca2+ ↔ COOCa+.

(3.1)

Notably, in the absence of calcium there are only two equilibria of concern. The

pKa of carboxylic acids is typically around 5, with values of amines much higher, around

12. The large separation between these values means that the separate contributions of

the two types of groups to droplet charging behaviour can be easily resolved since the

bulk of the charging behaviour occurs within a few pH units of the pKa. The charging

behaviour of latex particles, metal oxides, metal sulphides, clay, glass and silica has pre-

viously been modelled by combining charging estimates using the pKa value of ionisable

surface groups with the Gouy-Chapman model of the electrical double layer (EDL) (Lar-

son and Attard [66], Behrens and Grier [67], Usui and Healy [68], Leroy and Revil [69],

and Hizal and Apak [70]). Such an approach has been shown to work well when the

absolute value of the zeta potential is less than 40 mV , above which Stern layers (refer

Appendix. B) must be taken into account (Butt et al. [71]). To create this model the effect

of pH and ionic strength on the zeta potential is determined, allowing the concentration

and pKa of surface amino acids to be calculated. Subsequently, the effect of calcium is

introduced, allowing the prediction of the zeta potential from any combination of ionic

strength, calcium activity and pH (within the limits of the Gouy-Chapman model). The

stability of the emulsion can thus be tuned and/or predicted based on pH, calcium con-

centration [Ca], and I (ionic strength) alone.



3.3. The development of the theoretical framework for the data analysis 33

3.3.2 Theory and calculation

The DLVO theory of colloidal stability (named after Derjaguin, Landau, Verwey and

Overbeek) assumes that the total force between colloidal particles is obtained by adding

the van der Waals and electrical double layer forces between them (Cosgrove [72]). A

quantitative appreciation of the EDL in these systems also provides the opportunity to

highlight the significance of any non-DLVO forces in the experimental data.

With a complete picture of the surface electrical behaviour in hand, macroscopic

rheological properties and coagulation rates can be compared in light of the predicted

DLVO forces operating. The rheological properties of protein solutions can be influenced

by concentration, temperature, pH, ionic strength, and previous processing treatments

(Tung [73]). Intermolecular interactions between charged protein molecules play a large

role in determining the rheological properties in solutions and protein-stabilised emul-

sions (Goodwin [74]). The consistency index and the flow behaviour index are sensitive

to changes in pH and protein concentration (Bazinet et al. [75]). Indeed, flow properties

and yield stresses of suspensions have previously been related to electrokinetic measure-

ments (Hunter [76] and Scales et al. [77]). The ionisation of these groups on the protein

molecule determines the surface charge of the droplets.The ionisation degree depends on

the pH and ionic strength of the bulk. Below the isoelectric point of the WPI, the num-

ber density of positively charged groups at the surface will be greater than negatively

charged groups. At this point, the amino groups are positively charged (−NH+
3 ) and

carboxyl groups are neutral (−COOH). With an increase of pH, the magnitude of posi-

tive charge decreases due to some of the carboxyl groups becoming negatively charged

(−COO−) and some of amino groups becoming neutral (−NH2). At the isoelectric point,

the potential becomes zero indicating that there is a balance of positively and negatively

charged groups. If the pH is increased beyond the IEP, a net increase of negative charge

will lead to higher negative potential (Kulmyrzaev and Schubert [78]).
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In the following, NS1 and NS2 are defined as the total number of carboxylic and

amine groups present at the surface per unit area:

NS1 = NCOO− +NCOOH (3.2)

NS2 = NNH2 +NNH+
3
. (3.3)

The equilibrium constants are defined as:

Ka1 =
[COO−][H+]

[COOH]
(3.4)

Ka2 =
[NH2][H

+]

[NH+
3 ]

. (3.5)

Adapting the equilibrium to a mass action law at the surface allows these to be

rewritten (Behrens et al. [79]) as:

Ka1 =
NCOO− [H+]S
NCOOH

(3.6)

Ka2 =
NNH2 [H+]S
NNH+

3

. (3.7)

[H+]S is the surface proton concentration. This concentration will be different

from that of the bulk on account of the EDL. A negatively charged surface will attract pro-

tons and cations that would be repelled from a positive surface. The Boltzmann equation

can be used to write the relation between surface or EDL and bulk proton concentrations

(Hall et al. [80] and Butt et al. [71]) as:
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[H+]S = [H+]bulk × e
−eΨ
kBT (3.8)

where e is the electron charge, Ψ is the surface potential, kB is the Boltzmann constant

and T the temperature. (Note that z = 1 has been omitted from this equation.) These

equations allow the equilibrium concentrations of surface charge groups to be predicted

as a function of pH, and subsequently the zeta potential can be calculated using the Gra-

hame equation for surface potential Ψ and approximating their equivalence which is es-

tablished experimentally (Popa et al. [81]).

Ψ =
2kBT

ze
×Asinh

[
σappzeλD
2ε0εrkBT

]
(3.9)

where εr is the relative permittivity of the medium, ε0 is the permittivity of free

space, with the apparent surface charge density:

σapp = e× (NNH+
3
−NCOO−). (3.10)

The Debye length is given by:

λD =

[
4πλBΣN

j=1njz
2
j

]− 1
2

(3.11)

with λB , the Bjerrum length, given by:

λB =
e2

4πε0εrkBT
. (3.12)

nj is the ion density.
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The Bjerrum length is 7.025 Å at 25 ◦C, hence λD is calculated as 1.08 nm for

solutions with an ionic strength of 80 mM.

The model strategy involves plotting the experimentally measured zeta poten-

tial against the bulk pH for different concentrations of NaCl and optimising the model

fit in order to find the values of the total number of carboxyl and amine groups and their

pKavalues (NS1, NS2, pKa1 , pKa2 respectively). Once Ka1 , Ka2 , NS1 and NS2 have been

found in this manner, the model can be extended in order to investigate the way in which

calcium affects the stability of protein coated emulsions. Such systems have frequently

been studied in a qualitative manner, but not subjected to much quantitative analysis.

When calcium is added to this WPI stabilised emulsion, the surface ionisation

degree is modified by calcium binding, which can be described according to:

KCa =
[COOCa+]

[COO−][Ca2+]S
. (3.13)

where [Ca2+]S is the local calcium concentration in the solution directly at the

surface or EDL calcium concentration, noting z = 2 given by:

[Ca2+]S = [Ca2+]bulk × e
−2eΨ
kBT . (3.14)

Calcium binds to COO− forming COOCa+ thus increasing the positive charge

at the surface resulting in an increased (more positive) zeta potential. Combining the

ionisation of carboxylic and calcium ions then:

COOH + Ca2+ ↔ COOCa+ +H+.

Defining the equilibrium on a one-to-one or one-to-two stoichiometry does not
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affect basic results of the model but provides algebraic simplicity. A one-to-one stoi-

chiometry will alter the calcium saturation limit, however the model and experiments

are more than ten times below this limit.

The overall equilibrium constant for calcium binding Kov is given by:

Kov =
[COOCa+][H+]S
[COOH][Ca2+]S

. (3.15)

Noting that Kov = Ka1 ×KCa and replacing the equilibrium with a mass action

law for surfaces as before, the apparent surface charge can now be given by:

σapp = e× (NNH+
3
−NCOO− +NCOOCa+). (3.16)

With the number of carboxylic groups appropriately modified:

NS1 = NCOOCa+ +NCOO− +NCOOH (3.17)

and substituting NCOOCa+ from equation 3.16, equation 3.17 becomes:

NS1 = (
σapp
e
−NNH+

3
+NCOO−) +NCOO− +NCOOH . (3.18)

Rearranging 3.18 gives:

NCOOH = NS1 − 2NCOO− −
σapp
e

+NNH+
3
. (3.19)

Kov can now be re-written as a product of Ka1 and KCa with Ka1 expanded.

First [H]S is substituted by equation 3.8. Then the denominator of Ka1 is replaced by
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with equation 3.19

the overall equilibrium constant can be written as:

Kov =
NCOO− [H+]S
NCOOH

×KCa =
NCOO−([H+]bulk × e

−eΨ
kBT )

(NS1 − 2Ncoo− −
σapp
e +NNH+

3
)
×KCa (3.20)

To model the zeta potential of WPI stabilised emulsions not only as a function

of pH and ionic strength, but also as a function of calcium activity, KCa is used as the

fit parameter. The combination of equations 3.9, 3.6, 3.7 and 3.20 provides a theoretical

framework that can be used. First, the pH and ionic strength need to be predefined, and

NS1, NS2, Ka1 and Ka2 need to be known. Then a list of σapp/e values is generated and

used to calculate an accompanying list of ζ potential values. Next, NNH+
3

is solved for

using equation 3.7. Choosing a fit value of KCa leaves NCOO− as the only unknown in

equation 3.20 which can now be solved for each σapp/e value. Then equation 3.16 gives

NCOOCa+ and likewise, NCOOH can be solved via equation 3.19. Finally the calcium

activity is calculated using these values from the fitted value of KCa and equations 3.13

and 3.14. Caution must be used to not generate nonsensical negative values for any of

the charge group densities when using this approach.

3.3.3 DLVO theory

According to DLVO theory, the interaction between two colloidal particles bearing the

same charge is comprised of a repulsive EDL potential and an attractive Van der Waals

potential.

VDLV O(h, ψ) = VEDL(h, ψ) + VvdW (h) (3.21)
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where, h is the separation between surfaces of the spheres and ψ is the surface

potential.

FIGURE 3.2: DLVO interaction profile: The total potential energy as the
sum of the attractive Van der Waals potential and the repulsive EDL poten-
tial. The DLVO potential calculated here is for a zeta potential of −18 mV .

The DLVO energy profile may show a shallow secondary minimum at larger

distances, then increases to a maximum as the distance decreases, before dropping to a

deep attractive potential at short distances. Colliding particles must overcome the repul-

sive energy barrier to come into contact and stick together, leading to coagulation. The

relative prominence of attractive and repulsive forces determines the aggregation be-

haviour in colloidal systems (Israelachvili [82]). The EDL interaction potential between

two closely placed spheres is given by (Masliyah and Bhattacharjee [83] and Elimelech

et al. [84]):
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VEDL(h, ψ) = 2πεrε0aψ
2e

−h
λD . (3.22)

Here a is the radius of spheres, λD is the Debye length, and as previously men-

tioned εr is the relative permittivity of the medium and ε0 is the permittivity of free space.

The Van der Waals potential, arising from spontaneous electric and magnetic

polarisation for identical spheres at close approach is:

VvdW (h) = − a

12h
×Ae

−2h
λD (3.23)

where A is the Hamaker constant (for canola oil droplets in water, A ∼ kBT

is assumed, typical of many hydrocarbons in water) (Hamaker [85]). The DLVO energy

profile is shown in figure. 3.2.

In principle, Van der Waals interaction energy is insignificant at larger distances

but attraction becomes very strong on close approach. Other repulsive forces are also

present at short ranges (section 1.2.3) and make the attraction finite. Van der Waals at-

traction is assumed not to change in our experiments.

3.4 Materials and methods

3.4.1 Materials

Whey Protein Isolate 895 (sold as ALACENTM 895) was supplied by Fonterra Co-operative

Group Ltd, Auckland, New Zealand. WPI895 consists of 76% β-lactoglobulin, 15% α-

lactalbumin and 3% bovine serum albumin as determined by the manufacturer.

Canola oil was purchased from Davis Trading Co., Palmerston North, New

Zealand. All chemicals used were of analytical grade, obtained from Sigma Chemical
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Co. (St Louis, MO, USA) unless otherwise specified. RO water further purified by a

Milli-Q system (Millipore, Bedford, MA, USA) was used exclusively.

3.4.2 Emulsion preparation

FIGURE 3.3: Droplet diameter distribution of the final WPI emulsion used
for the surface property study experiment measured using a Malvern Mas-

tersizer.

The 2wt% WPI emulsion was made as per the protocol explained in section. 2.1.2.

The emulsion was homogenised, fractionalised and dialysed to get the desired size dis-

tribution. Figure. 3.3 shows the droplet diameter distribution for the experiments.
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3.4.3 Zeta potential measurements

Electrolyte concentration varied between 50 and 150 mM as most dairy products have

an ionic strength around 80 mM and these ionic strengths maintain the Gouy-Chapman

validity with absolute values of the surface potential below |40| mV . 1 L NaCl solu-

tions of 50 mM , 100 mM , and 150 mM ionic strength were first prepared. 0.6 ml of WPI

emulsion was added to each solution. The solutions were adjusted to different pH values

using HCl or NaOH solutions with added NaCl to maintain a constant ionic strength.

Zeta-potential titration was carried out using a Zetasizer Nano (ZEN3600, Malvern In-

struments Ltd.) at each pH at 25 ◦C. For each zeta potential measurement, 0.75 ml of

sample was injected to a folded capillary cell.

CaCl2 solutions at different concentrations (0mM , 0.01mM , 0.05mM , 0.1mM ,

0.5mM , 1mM , 5mM , 8mM , 10mM , 20mM ) were prepared at a constant ionic strength

of 80mM (NaCl being the background salt) at constant pH values and the zeta potentials

of the emulsions at these conditions were measured. Making solutions of constant pH

near the IEP was a challenge in this experiment.

3.4.4 Activity measurement for samples with calcium

The adsorption of calcium ions has a marked effect on the zeta potential, as captured

by equations. 3.13 - 3.20. The correct metric in those equations is not the calcium con-

centration but rather the calcium activity. The calcium activity is defined as the calcium

concentration which has units of moles per litre and the unit less activity coefficient. The

calcium ions in the solution interacts with the water molecules and shields the charge and

interactions between ions hence, at higher salt concentrations ions behave chemically like

they are diluted than they are actually. The activity coefficient accommodates the effect

of ion-ion and ion-water interactions and tends to one as the ionic strength tends to zero.
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Model Equation Applicable
Ionic Strength (M)

Debye -Hückel logγ = AZ2
√
I < 10−2.3

Extended Debye -Hückel logγ = AZ2
√
I

1+Ba
√
I

< 10−1

Güntelberg logγ = AZ2
√
I

1+
√
I

< 10−1 , for several
electrolyte system

Davies Equation logγ = AZ2

[ √
I

1+
√
I
− 0.2I

]
< 0.5

TABLE 3.1: Activity coefficient from different models for water at 25◦C
with A= 0.5, B= 0.33 (James W. Murray [86])

ai = γimi (3.24)

where, mi is the concentration of the free ions, ai the activity of the free ion and

γi the free ion activity coefficient.

A short list of theoretical and empirical expressions for the activity coefficient

for different models for water at 25◦C with the constants, A = 0.5, B = 0.33 is given in

table. 3.1. Here, I is the ionic strength and a is the ion size parameter which takes care of

the finite radius of the ions without considering them as point charges.

The activity coefficient is calculated to be 0.38 from the Davies equation for the

current experimental study.

In general, equilibrium for all solutions should include consideration of activity

coefficients for completeness (Hall et al. [87]). This activity is accommodated for in pH

measurements in the absence of calcium, but for calcium the activity has a pH depen-

dence and needs to be measured. Hence, equation 3.13 becomes,
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KCa =
[COOCa+]

[COO−]γ[Ca2+]
(3.25)

Calcium activity of samples with added calcium was determined with a calcium

electrode (Thermo Scientific OrionTMCalcium Electrodes-9720BNWP) and the resultant

potential was compared to that of four standard buffer solutions, from which the aqueous

calcium ion concentration was derived.

The calcium activity of the emulsion is calculated from a calibration curve of log

[activity] vs voltage observed on the calcium sensitive electrode. The electrode was con-

sidered in good working order when the calibration slope matched the expected result

given by the Nernst equation. The log[C] vs Voltage plot is shown in figure. 3.4.

FIGURE 3.4: The logarithm of concentration vs measured voltage for differ-
ent concentrations of added calcium to sample at two different pH values.
The solid blue line shows the activity measured for calcium standard from

0.3 mM to 10 mM .

3.4.5 Rheological determinations

Rheological measurements were carried out using Anton Par dynamic shear rheome-

ter (DSR) 502 (figure. 3.5) with an automatic sample changer that consisted of a sample

carousel immersed in a waterbath at 20 ◦C.

Highly concentrated salt solutions with different levels of added calcium with

a background of NaCl (to maintain a constant total ionic strength) were added to the
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FIGURE 3.5: Anton Par dynamic shear rheometer 502

emulsion with constant stirring, diluting it to 19.4 wt% oil to obtain required ionic con-

centrations for the emulsion samples under investigation. A direct potentiometric mea-

surement was made of the bulk aqueous calcium ion concentration of the solution.

In a parallel experiment, bulk phase separation was examined. Only a minority

of samples separated into two layers within a week. Those that did form two layers did

so after an initial delay of 20 to 30 hours which was much longer than the ≈ 12 hours

required by the rheometer to measure all samples. Replicate measurements confirmed

that the samples position within the carousel and therefore sample age when measured

did not affect the results over the course of the measurement duration.
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3.5 Results and discussion

3.5.1 Effect of concentration of NaCl and pH on zeta potential

Now that the relevant theoretical frameworks have been examined, the results of the

experiments are reported. Figure. 3.6 shows the results from zeta potential measurements

carried out under different salt conditions as a function of pH. The data are sigmoidal

in shape, with the existence of plateau regions about two pH units away from the IEP,

consistent with previous works in literature (Kulmyrzaev et al. [61]). The slope of the

points near the IEP depends upon the ionic strength of the system.

FIGURE 3.6: Droplet zeta potential versus pH for three NaCl concentra-
tions (50 mM , 100 mM , 150 mM ). Droplets are canola oil in water sta-
bilised with WPI. The square/circle data points were experimentally mea-
sured. The solid lines were calculated using the Gouy-Chapman model.
Error bars (shown only on the pH extremes) display typical variations for

all data. Fit parameters are pKa1 = 4.8 and pKa2 = 12.
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The numbers of amine and carboxylic groups per unit surface area, which are

essential for the fitting of the experimental data to the Gouy-Chapman model described

previously, are calculated from the plateau values shown in Figure. 3.7. At lower pH, in

the upper plateau region, the charge density comes solely from the amino groups since

effectively all carboxyl groups (−COOH) are neutralised allowing Ns2 = (0.135± 0.005)

groups per nm2 to be extracted. The surface charge and hence the number densities

are calculated from the fit. Increasing the pH, decreases the positive charge as some

of the carboxyl groups become negatively charged (−COO−). Between pH 4.5 − 5 the

potential decreases to zero indicating the negative carboxyl groups balance the positive

amine groups. Further increasing the pH beyond the IEP increases the negative charge

until pH 8 where the zeta potential reaches another plateau. This plateau is situated

sufficiently far from pKa1 and pKa2 that effectively all the carboxyl and amine groups

are charged. This plateau corresponds to a charge density of 0.155 negative charges per

nm2 suggesting Ns1 = 0.290 ± 0.005 negative charges per nm2 (see Figure. 3.7).

An indication of surface protein load can be established from the values of Ns1

andNs2 and assuming the surface electrical properties are dominated by β-lactoglobulin.

β-lactoglobulin B has 28 Aspartic acid and Glutamic acid residues combined (Creamer et

al. [88]) thus Ns1 equates to 1.0×10−2 β-lactoglobulin molecules per nm2 or 0.32 mg/m2.

Likewise Ns2 and the combined 21 Arginine, Histidine and Lysine residues corresponds

to 6.4×10−3 β-lactoglobulin molecules per nm2 or 0.20 mg/m2. These approximate sur-

face coverages are significantly lower than 1.2 to 1.6 mg/m2 reported for β-lactoglobulin

adsorbing to an air-water (Miller et al. [89]), oil-water (Dickinson and Hong [90], Atkin-

son et al. [91], Courthaudon et al. [92], and Chen et al. [93]) and polystyrene-water inter-

faces (Pérez-Fuentes et al. [94]). The discrepancy in adsorbed amount likely arises from

the over-simplified nature of the Gouy-Chapman model. The Gouy-Chapman model im-

plemented here is the simplest model for the EDL with the least number of adjustable

terms. The Gouy-Chapmann model is limited to low charge densities and the presence

of additional sources of charge have been ignored. These additional sources of charge in-

clude adsorbed ions in the form of a Stern layer, or absorbed within the protein molecule
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FIGURE 3.7: Determination of total number of carboxylic and amine
groups from plateau zeta potential for five different NaCl salt concentra-
tions using equations. 3.2, 3.3, 3.10. The squares are experimentally deter-
mined zeta potentials at pH 3 (open squares) and pH 8 (closed squares).

The calculated value for Ns1 is 0.290 ±0.005 negative charges per nm2.

due to high charge density (Manning [95]). These effects are expected to be due to the

high charge density of the proteins and ionic strength of the experiment (Pérez-Fuentes

et al. [94]) and would reduce the surface load. Additional sources of error include the use

of the Helmholtz-Smoluchowski model for calculating the zeta potential in place of the

more complex O’Brien-White model (O’Brien and White [96]) and assuming the equiva-

lence of the zeta potential with the surface potential. In particular at high ionic strength

the slip length becomes more significant relative to the Debye length, and the zeta po-

tential will significantly underestimate surface potential. Thus fitted values for Ns1 Ns2

are nominal values not representing the protein adsorption, but are sufficient to describe

the zeta potentials and electrical double layer forces within the investigated pH and ionic

strength envelope.
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With values for Ns1 and Ns2 estimated, it is possible to fit pKa1 and pKa2 in

Figure. 3.6. Acceptable fits were found with pKa1 = 4.8 and pKa2 = 12. These values are

consistent with average values from the literature [97]. Varying pKa2 between 11 and 13

has little to no effect on the model curve fit. This large variation in pKa2 is not a flaw in

the model but rather a consequence of limiting the data set to pH 9 and below where the

number of neutral amine groups is negligible.

Effect of concentration of CaCl2 on zeta potential

FIGURE 3.8: Droplet zeta potential versus logarithm (to the base 10) of
calcium activity in mM. Droplets are canola oil in water stabilised with
WPI. The square/circle data points were experimentally measured. The
fitting lines were calculated using equations. 3.16, 3.20. All fitting curves
used pKCa = 1.9. NaCl was used to maintain a constant background ionic

strength of 80 mM.

Now that the values of NS1, NS2, pKa1 and pKa2 have been obtained, the effect

of calcium activity could be investigated. The activity of calcium in solution is calculated
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FIGURE 3.9: Results of the experiment at once.

and plotted with measured ζ Potential. The zeta potential versus calcium activity for

two pH values (5.4-5.6 and 8.7) for activities between 0-10 mM is shown in figure. 3.8.

In addition to the parameters extracted from fitting the previous data, a pKCa value of

1.9 was found to provide a good fit of the predictive model to the experimental data,

Figure. 3.8 representing the zeta potential.

At the higher pH, variations of ± 1 pH unit made no obvious difference to the

fitting curve. By contrast, at a lower pH, closer to the isoelectric point, a small change in

pH influences the magnitude of the predicted trend. Moreover, when titrating the emul-

sion against calcium, at constant ionic strength, the addition of calcium slightly lowers

the pH. This slight variation is dealt with by showing two curves calculated at pH 5.4

and 5.6. All model curves use a pKCa of 1.9.
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The outcome of the experiment is depicted in the figure. 3.9. It must be appreci-

ated that the fitted curves of the zeta potential vs calcium activity rely upon the values of

NS1 andNS2 which are not reflective of the expected values from the adsorption data (see

Appendix. B) but rather nominal values used to fit the EDL forces as simply as possible.

3.5.2 Emulsion rheology with zeta potential

The macroscopic flow behaviour of the WPI emulsion system was examined as a func-

tion of calcium concentration and pH at an ionic strength of 80 mM . In particular, the

flow behaviour of the emulsion sample was investigated by considering the shear stress

dependence of the sample viscosity. When the shear stress corresponded to Peclet num-

bers (ratio of rates of advection to diffusion) much smaller than one, the viscosity was

constant as expected. At much larger shear stresses the viscosity was found to decrease

in a manner typical of emulsions of 20 wt% (Barnes [98], Tadros [99], and Rao and Rao

[100]).

A plot of the magnitude of the low-shear viscosity plateau against ζ2 shows that

these emulsion systems exhibit two distinct behaviours either side of |ζ| = 15 mV and can

be separated into two groups exhibiting different behaviours as shown in Figure. 3.10.

This grouping is consistent with trends seen in more concentrated dispersions that were

dominated by the electrical double layer repulsion (Larson [101] and Ong et al. [102]). In

those dispersions the yield stress has linear dependence on the square of the zeta poten-

tial.

Emulsion viscosity depended almost entirely upon zeta potential, with samples

of the same zeta potential behaving similarly, irrespective of whether it was tuned by

adjusting pH or by adjusting calcium activity. Such redundancy demonstrates that the

possibility of calcium bridging or other calcium-specific effects in these WPI stabilised

emulsions is unlikely. When calcium activity was low and the pH was away from the

isoelectric point, the viscosity varied between 5 and 15 mPa.s, consistent with a stable
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FIGURE 3.10: Plateau viscosity versus zeta potential squared. Droplets are
canola oil in water stabilised with WPI. The red "+" data points were ex-
perimentally measured at pH = 3.5, 4.4, 5.2, 6.4 and 7.9 without any added
calcium. The green "×" data points were experimentally measured using
calcium activities of 0, 0.64, 1.06, 1.93, 2.31, 4.03, and 5.18 mM at pH = 7.9.
The solid blue line shows the barrier height calculated (equation 4.1) as a

function of the zeta potential, its calculation is explained in the text.

emulsion as seen to the right hand side of Figure. 3.10. Under conditions that resulted in

more weakly charged droplets, much greater viscosity were observed. These viscosities

were 104 times larger and correspond to extensive droplet aggregation. The transition

between the two viscosity groups occurs at |ζ| = (15 ± 2) mV. This critical ζ value can be

seen to coincide with a zero energy barrier calculated from DLVO potential. Figure. 3.10

also shows the energy barrier height calculated from the (local) maximum in Eqn. 3.21.

The barrier height is zero at ψ = 14.2 mV and demarcates, rapid, diffusion limited aggre-

gation. Increasing the ψ to 14.7 mV adds a 5kBT energy barrier which is sufficient to pre-

vent any appreciable aggregation. At ψ ≤ 14.2 mV the energy barrier is zero or negative

indicating the calculated barrier height is only a local maximum. This local maximum
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vanishes completely below 11 mV. The agreement between the calculated zero energy

barrier and the plateau emulsion viscosity confirms that only DLVO forces are required

to understand the behaviour of this system.

3.6 Conclusion

The zeta potential of a complex interface such as whey protein isolate can be described

by a series of representative equilibrium. The Gouy-Chapman model and realistic pKa

values can be used to explain the variation of the ζ against pH, ionic strength and calcium

activity. Furthermore, changes in ζ potential modify the size of the repulsive energy

barrier captured by the DLVO interaction energy and are reflected in bulk properties such

as coagulation rate and viscosity, irrespective of how ζ is modified. With this model, the

surface electrostatics and stability can be predicted with a minimum of parameters. This

approach can be applied to other complex interfaces as long as the adsorbed layer is flat

and the charge is distributed homogenously.

The Gouy-Chapman model applied here breaks down when attempting to cal-

culate the adsorbed mass, which could be achieved using more complex models of the

electrical double layer but would require additional fitting variables and/or experimen-

tal data.
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Many UHT foods and beverages are emulsions consisting of many ingredients.

The best before date on these products is often defined by the time in which certain func-

tional performances can no longer be guaranteed. The exact definition of shelf life is

somewhat arbitrary, but often based on an unaided visual assessment of destabilisation.

The formation of separated layers can often be attributed to depletion forces, coalescence

and/or creaming while thickening can be attributed to droplet flocculation, where parti-

cles comes to contact and adhere forming larger sized clusters. Two of the most important

ingredients include emulsifiers (which stabilise droplets against aggregation and control

droplet size) and stabilisers (generally hydrocolloids) that tailor the rheological proper-

ties to prevent or slow down phase separation (Dickinson and Stainsby [103], Garti and

Reichman [104], and Hunter [105]). In colloids where the effect of diffusion-induced col-

lisions outweigh gravity-induced sedimentation, shelf life can be established from mod-

els of rate limited aggregation (Borwankar et al. [106]). This rate limited aggregation

modifies Smoluchowski‘s aggregation kinetics with a collision based sticking probability

that is defined by the relevant interaction forces (Elimelech et al. [84]). A specific model

adapted to emulsions assumes dense droplet flocs, described by aggregation kinetics, but

goes further to separate the formation of flocs from the film rupture processes that results

in coalescence (Borwankar et al. [106] and Tempel [107]). This approach is particularly

useful when the interaction forces have a secondary minimum as it defines whether the

drops sit in flocs that can be redispersed or whether droplets coalesce into many droplets.

The number of droplets in a floc is easily calculated from Smoluchowski‘s aggregation ki-

netics minus the effects of film rupture. The rate of film rupture is the product of the life

time of the single thin film separating two adjacent droplets and the number of films in

a floc. Usually, one would consider the rate of film rupture relative to the rate of floc

formation (Borwankar et al. [106]). Relatively fast and slow film rupture defines the pure

flocculation and pure coalescence extremes respectively. These extremes can be handled

using classic aggregation kinetics with Smoluchowski‘s aggregation kinetics. When con-

sidering the shelf life of an emulsion with occasional coalescence it is more practical to

separate pure flocculation, pure coalescence, and a mixed regime based on the droplet
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population at the end of the desired shelf life.

In this article whey protein stabilised emulsions in the presence of xanthan gum

are used. The interactions in this system are well understood; nonetheless, the conditions

where these emulsions transition from flocculating to coalescing is not known. Whey pro-

tein stabilised emulsions experience electrical double layer forces which can be mediated

by the calcium activity, (Kulmyrzaev and Schubert [57], Ravindran et al. [108], Mckinley

[109], and Deeth and Lewis [110])depletion forces from the xanthan (Ye et al. [111] and

Ye et al. [112]) and van der Waals forces. Previously it was demonstrated that the zeta

potential of these droplets can be calculated from the calcium activity, ionic strength and

pH (Ravindran et al. [108]). Xanthan is not surface active or does not change the surface

tension between the interfaces. (Gunning et al. [113]) and has been shown to increase the

coalescence rate of the particles of the emulsion due to the extended range of depletion

forces, although this rate increase is offset by a viscosity effect especially at dosages be-

yond 1 - 1.2 g/L (Ye et al. [111] and Ye et al. [112]). The long ranged nature of depletion

forces can trap droplets in a secondary minimum, even if the attraction is relatively weak.

Escaping droplets are simply unable to diffuse across the attraction length and tend to get

recaptured in the floc.

4.1 Materials and methods

4.1.1 Materials

Whey Protein Isolate 895 and canola oil was from the same manufacturers as in sec-

tion. 3.4.1. NovaXanTM 80 NF/FCC Grade Xanthan Gum from ADM (Archer Daniels

Midland) was used for the study. All chemicals used were of analytical grade, obtained

from Sigma Chemical Co. (St Louis, MO, USA) unless otherwise specified. Milli-Q water

(deionised water from a Milli-Q plus R system, Millipore, Bedford, MA, USA) was used

for the preparation of the emulsion and salt solutions.
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4.1.2 Sample preparation

2 wt% WPI was mixed with Milli-Q water and stirred at 50 ◦C for half an hour and

made into emulsion as per the protocol described in section. 2.1.2 The emulsion droplet

size was measured using a Malvern Mastersizer and showed bi-modal distribution con-

sisting of a primary "large" droplet peak around 2 µm and a "small droplet" shoulder

0.3 µm. On occasion a third mode of 30 µm was observed although it should be noted

that, this mode was never reproducible and likely a results of adventitious dust enter-

ing the sample chamber. 500 ml each of CaCl2 solutions at different concentrations

(5 mM, 8 mM, 10 mM, 15 mM, 20 mM ) were prepared at a constant ionic strength of

80 mM (NaCl being the background salt) at a pH between 7-8. Around 0.3 ml of the

emulsion was added to the salt solutions for particle size measurements. 2 wt% of xan-

than was made by mixing weighed powder to Milli-Q water , stirring for 12 hours first

at room temperature and at a temperature subsequently of 40 in an oven for another

12 hours to ensure complete dissolution. 25 different samples were made by mixing the

mother xanthan solution at different ratios to yield 0.02wt%, 0.04wt%, 0.1wt%, 0.25wt%,

0.5 wt% of the xanthan in samples with different salt concentrations by using a vortex

mixer at 1000 rpm for 2 minutes. The pH of the emulsion had little to no effect on the

final pH of the sample with the addition of xanthan (Sun et al. [114]).

4.1.3 Zeta potential calculation from calcium activity

Adsorption of calcium ions alters the aqueous calcium ion concentration, especially when

emulsions are concentrated. Calcium activity of samples with added calcium was deter-

mined with a calcium electrode (Thermo Scientific OrionTMCalcium Electrodes- 9720BNWP)

and the resultant potential was compared to that of four standard buffer solutions, from

which the aqueous calcium ion concentration was derived as described in section. 3.4.4.

The activity coefficient (γ) was calculated using the Davies equation (table. 3.1) to find
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the activity (effective concentration) of calcium in each sample (Davies [115]).

log γ = −0.5z2 ×
[ √

I

1 +
√
I
− 0.2I

]

where, I is the ionic strength and z is the ion valency. Here calcium concentrations are

presented as the product of the concentration and the unit less activity coefficient. The

zeta potential is then determined from the pH and the calcium activity of the samples by

fitting to the Gouy Chapman model (Ravindran et al. [108])

4.1.4 Particle size measurements

The emulsion droplet size was measured using a Malvern Mastersizer (Malvern Instru-

ments Ltd) (using a general purpose spherical analysis model with particle refractive

index of 1.47 in water with zero light absorption and an obscuration value between 12%

to 15%). Two values are used in this investigation the d10 and the d4,3. The d10 is the

diameter at which 10% of the total mass is comprised of particles with a diameter less

than this value and the d4,3 averages diameters, d, as d4,3 = Σd4/Σd3.

4.1.5 Viscosity measurements

The viscosity of the continuous phase was approximated by recreating corresponding

xanthan and salt solutions. Viscosity measurements were carried out using a MCR301

rheometer with a cup and bob geometry and a shear rate of 0.01 s−1. To ensure equilib-

rium measurements the acquisition time was 500 s.

4.2 Theory

According to DLVO theory, the interaction between two colloidal particles bearing the

same charge is comprised of a repulsive electric double layer (EDL) potential and an
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attractive Van der Waals potential. Adding xanthan gum adds an extra depletion force

so that the total potential of the system is now given by,

Vtotal(h, ψ, c) = VEDL(h, ψ) + VvdW (h) + VD(h, c) (4.1)

V denotes the interaction energy with subscripts, total, EDL, vdW and D denoting the

total, the electrical double layer, the van der Waals, and the depletion interaction respec-

tively. Here h is the separation between the oil water interfaces (any whey protein is

thought to adsorb in a flat layer of negligible thickness), ψ is the surface potential which

is approximated by, ζ, the zeta potential, and c is the concentration of xanthan in wt%.

The electrical double layer interaction between two droplets is

VEDL(h, ψ) = 2πεrε0aψ
2e

−h
λD .

The van der Waals potential, arising from spontaneous electric and magnetic

polarisations for identical spheres at close approach is:

VvdW (h) = − a

12h
×Ae

−2h
λD

where A is the Hamaker constant for two bodies of canola oil interacting over a

film of water. The value of A = 2.2kT was calculated assuming canola oil has a refractive

index 1.475, the dielectric constant 3.1 and a main electronic absorption frequency of

3.75×1015s−1. The calculation and values for water are outlined in Israelachvili [82]. The

exponential term gives the decay specific to systems with high electrolyte concentrations

where there is an additional screening effect of the van der Waals interaction (Israelachvili

[82]). Without this high salt correction extensive flocculation would be predicted in the

absence of any depletion forces but this flocculation was not observed.

The Asakura Oosawa model is used to calculate the depletion potential. The
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osmotic pressure creates an attractive force between particles in a medium (Asakura and

Oosawa [16]) The depletion potential is given by,

VD(h) = −ρkT 4π

3
[a+ rg]

3

[
1− 3

4

[
2a+ h

a+ rg

]
+

1

16

[
2a+ h

a+ rg

]3]
(4.2)

where rg ≈ 100nm (Viebke and Williams [116]) describes the radius of gyration

for the xanthan. ρ is the number of xanthan molecules per m3 which was calculated by

using the reported molecular mass of 3× 106g/mol (Viebke and Williams [116]). In this

article all forces are calculated based on the d10 since these small droplets would have the

lowest interaction potential and are therefore the most likely to coalesce. λD = 1.08 nm

and whereby, in the absence of any xanthan gum, micron sized droplets aggregate when

the absolute zeta potential falls within ±(15 ± (2mV )). Depletion forces from added

xanthan have a longer range than the electrical double layer force, and create a primary

or secondary minimum resulting in flocculation or coalescence.

According to the model of Borwankar et al. [106] when there is no coalescence,

the average number of drops in a floc N and the number of primary droplets not in a floc

(per unit volume) n1 are given by:

N = 2 + kn0t (4.3)

n1 =
n0

(1 + kn0t)2
(4.4)

noting n1 = n0 when t = 0. The rate constant for primary droplet collisions, k is

given by,

k = 8πDa (4.5)

These last three equations demonstrate that is more practical to look at emul-

sion shelf life in terms of kn0t rather than time alone. Depletion effects can be accommo-

dated within k by replacing the radius (a) in equation. 4.5 with an effective capture radius
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aeff = a + rg, while maintaining the hydrodynamic radius constant in the diffusion co-

efficient D = kT/6πηa where η is the viscosity of the suspending medium. The depletion

effect on k reduces as droplets coalesce, so for simplicity it has not been added unless

otherwise stated. When droplets are coalescing an additional film rupture rate constant,

K, is added. The rate at which the total number of droplets change with time is given by:

dn

dt
= −Kqmnagg (4.6)

here, q, is the number of films per droplet, or exactly half the number of neigh-

bours, recognising that films are “shared” by two droplets to prevent double counting,

m is the number of droplets per aggregate, and nagg is the number of aggregates. Note

that if there is no coalescence then m≡N. In a concentrated emulsion where droplets are

in close proximity to one another and any aggregates are large the number of droplets at

any one time is given by:

(4.7)
n

n0
= e−Gkn0t{1 +

G

eG
(1− 1

θ
) +

G2

eG
lnθ − G3

2! eG
(1− θ)− G4

2 · 3! ·eG
(1− θ2)...

− Gj+1

(j − 1) · j! ·eG
(1− θj−1)}

with G = Kq/kn0, a dimensionless variable of time and θ = 1 + kn0t and j is

an integer. This is an analytic series solution based on a numerical (Taylor series style)

solution to the differential equation (Borwankar et al. [117]).
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FIGURE 4.1: Calculated interaction potentials as a function of separation.
Calculations were based on droplets with a radius of 150nm. Each interac-
tion potential is labelled with the xanthan dose and zeta potential in close
proximity to the curve. Some interactions curves are truncated for clarity.

4.3 Results and Discussion

4.3.1 interaction potentials

Interaction potentials were calculated for given values of zeta potential and xanthan con-

centrations, assuming a radius of 150 nm, based on the d10 values (Figure 4.1 and 4.2).

Changing the zeta potential from −18 to −24 mV increased the barrier height by 22 kT ,

likewise varying the xanthan dose from 0.2 wt% to 5.0 wt% altered the depth of the sec-

ondary minimum from −0.7 to −19 kT . Previously, in the absence of xanthan, droplet

flocculation was been observed at zeta potentials somewhere between −17 and −13 mV

(Ravindran et al. [108]). Such large barriers would normally be considered sufficient to
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prevent coalescence. When barrier heights are larger than 5 kT and the secondary min-

imum is deeper than a few kT , it becomes necessary to consider the barrier height from

the bottom the secondary minimum, V ∗B , figure. 4.1 (Wiese and Healy [118]). The electri-

cal double layer force and the depletion force dominate the calculated barrier height, VB .

The small variation in VD(h) at close separations means that VB∗ is a near linear function

of ζ2.

FIGURE 4.2: Zeta potential and xanthan concentration of samples inves-
tigated in this study. Samples have been coded as empty circles - floc-
culation regime, grey crosses - mixed regime and black dots - coalescing
regimes. These regimes are discussed later in the text. Contour lines show
calculated barrier height as a function of zeta potential and xanthan dose.

Contour lines are calculated assuming radii of 150 nm.

4.3.2 Droplet Size

The stock emulsion showed a bimodal size distribution, (for simplicity, these two pop-

ulations are referred to as small and large droplets) figure. 4.3. The large droplet peak
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FIGURE 4.3: Droplet size distribution of the stock emulsion showing d10
and d4,3.

is the dominant peak with a mode close to the d4,3 = 1.354 µm, while the small droplet

population is represented by the d10 of 292 nm. The d4,3 was used to calculate n0 =

1.5×1017 drops per m3, while the d10 is the basis of interaction potentials calculated with

r = 150 nm.

Plotting d10 against kn0t shows insights in droplet size that aren’t clear when

plotting against time, zeta potential or xanthan concentration alone, figure. 4.4. With

the exception of 4 samples, droplet size data can be categorised into one of two distinct

trends. Inclusion or exclusion from these groups was determined by eye. These trends

can be separated on zeta potential with a transition between −17 and −22 mV . The first

grouping in the data is the flocculation regime, droplet d10 values are independent of

kn0t and fall below 400 nm with an average of 325 nm. Note 370 nm corresponds to the

coalescence of two droplets with size d10. Although labelled as the flocculation regime,

there was a small but consistent loss the small droplet population over time that was
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FIGURE 4.4: d10 values plotted against the characteristic aggregation time,
kn0t. Different symbols show how samples are grouped, but otherwise
have no meaning. Empty orange circles show flocculation regime, filled
circles coalescing regime, crosses show mixed regime. Arrows show how
samples in the mixed regime change over time. Text close to occasional

data points shows the calculated barrier height V ∗
B .

more pronounced in the higher xanthan concentrations. This groups has large energy

barriers on account of the zeta potentials larger (farther from zero) than −22 mV . The

group also includes three additional samples with a zeta potentials of ∼ −21 mV but

xanthan levels of 0.1% and below.

The second group shows much larger d10 values than the flocculation regime,

but also much more scatter in the observed diameter and each kn0t value. This sec-

ond group is labelled as a quasi-coalescing regime. The observed scatter in the quasi-

coalescing regimes suggests that the extent of coalescence depends on the calcium dose

and as such is not a true coalescing regime where each floc is converts to one colossal
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FIGURE 4.5: droplet size distributions of emulsions at kn0t = 410 or
0.1wt% xanthan at 4 days. Orange bi-modal curves on the left show the
data corresponding to zeta potentials of 27.7 mV (dotted line), 22.3 mV
(dashed line) and 21.5 mV (solid line). Black monomodal curves on the

right, correspond to 18.2 mV (dash-dot line) and 14.6 mV (solid line)

droplet. Nonetheless, the shift in d10 and the the overall droplet size distribution val-

ues suggests extensive coalescence, figure. 4.5. Moreover the variation within this group

is smaller than the difference between the groups. The quasi-coalescing group shows

steadily increasing droplet size with increasing kn0t values and zeta potentials smaller

(closer to zero) than −18 mV . This group has two additional samples characterised by

zeta potentials of ∼ −21 mV but high xanthan levels of 0.25% and 0.5%.

Investigating the trends as per the barrier heights, V ∗B , reveals the smallest bar-

rier height of flocculating samples was 27 kT , while coalescing samples were all below

28 kT except one outlier sample with 32kT. This outlier was found in the flocculating

group at kn0t = 9.0 but moved into the coalescing group at kn0t = 18.0, no other sam-

ple moved from the flocculating to the coalescing group. The remaining four samples



68
Chapter 4. Depletion and electrostatic forces in the determination of the cluster kinetics

in whey protein stabilised emulsion.

points do not appear to not lie in either group and are labelled as being in the mixed

regime. This group includes: a sample with kn0t = 0.5, ζ = −21.9 mV , c = 0.5%. The

barrier height of this sample was 28 kT . Nonetheless, at these small kn0t values, the av-

erage aggregate contains only a few droplets and thus d10 is restricted the probability of

coalescence and equally small flocs as well as barrier height. Notably, later this sample

moved to the coalescing regime when kn0t = 2.5. A second mixed regime sample with

kn0t = 820, ζ = −21.5 mV , c = 0.1%. This sample was found earlier in the flocculation

regime at kn0t = 410. The barrier height of this sample is 28kT and consistent with the

separation of coalescing and flocculation regime around 27 kT . The final mixed regime

sample was found at kn0t = 3.9×105 and kn0t = 7.8×105, ζ = −17.9 mV and c = 0.02%.

This sample had a barrier height of only 17kT , however, the xanthan dose is particularly

low, 0.02 wt%. This low dosage corresponds to a secondary minimum of about 0.7 kT

and would not trap all of the small droplet population, but notably would trap larger

droplets in a floc.

There is a clear trend in the quasi-coalescing regime of increasing d10 with kn0t.

Naturally, aggregation kinetics predicts larger aggregates at larger kn0t values. However,

it’s not clear how a d10 could be predicted or whether this trend offers any new insight.

Below kn0t 10 equation 4.7 predicts little to no coalescence because flocs are small, and the

rate at which films rupture is of the same order of the experimental time scale. Size data

at these low kn0t values clearly shows some coalescence has occurred. The likely reason

for this deviation is that equation 4.7 is based on Smoluchowski aggregation kinetics,

and large deviations are known for this high concentration of droplets (Veshchunov and

Tarasov [119], Lattuada [120], and Heine and Pratsinis [121]). Nonetheless, kn0t remains

as the appropriate metric that can be used to understand the aggregation process. It is

clear, however, that in order to establish the likelihood of flocculated droplets coalescing

the number of drops in a floc must be known. Confocal microscopy was attempted but

a sample preparation method that didn’t suffer from artefacts such as creaming or the

mechanical disturbance of delicate flocs couldn’t be devised.
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FIGURE 4.6: The d4,3 of samples plotted against characteristic aggregation
time. Only samples in the quasi-coalescing regime at 4 days are shown.
Lines show calculated diameter 4.7 forK−1 = 45 (dashed line) and 50 hours
(solid line). Text near data points show the calculated zeta potential in mV

Instead, a comparison is made against equation 4.7 with (K)−1 =45 and 50 hours

(As the data coalescence rate must be faster than the time scale of the experiment, 4 and 8

days. The data does not warrant high resolution fit, but a fit of k ∼ 2 days seemed to cap-

ture the essential ball park. 45 and 50 hours are chosen to demonstrate sensitivity of the

fitted K value.), with each droplet having about 10 neighbours or q = 5. This equation

calculates the number of droplets after coalescence, but can be used to estimate an aver-

age droplet size via d4,3 ∼ (n0/n)1/3d4,3stockemulsion. The applied rate constants capture

the approximate diameter but does not explain the overall data particularly well. The

calculation is only expected to hold for large aggregates, where kn0t values are large. Be-

yond kn0t ∼ 1000 the number of primary droplets is insignificant and growth must come

from collisions of colossal flocs. The appropriate rate constant for colossal droplet coales-

cence is kt×n0/N where the large values of N, essentially halts any aggregation. Under
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these conditions any coalescence is limited by the values of K and a plateau is observed

in the calculated d4,3. Comparing droplet diameters in the plateau region of equation 4.7

(kn0t > 300) does not reveal any trends in droplet size with the zeta potential.

An energy barrier, EB for the rate constant at temperature, T can be calculated

using the Eyring equation.

k =
κkBT

h
× e

−EB
kBT (4.8)

where κ is the transmission coefficient and h the Planck’s constant. Assuming a trans-

mission coefficient of 1, (50hours)−1 gives an energy barrier of about 42 kT which is not

consistent with the calculated here, but consistent with the notion of a large force such as

an electrical double layer force. Furthermore, a lack of correlation between zeta poten-

tial and droplet size once kinetics has been established suggests a non-DLVO coalescence

pathway. Potential explanations could include: a change in the equilibrium conforma-

tion surface proteins due the presence of an adjacent charged surface. Any protein con-

formation changes would be slow as interfacial tension of WPI surfaces are equally high

around 50 mJ/m2 corresponding to ∼ 30 kT per protein assuming a 2 nm2 area. Meyer

et al. [122] showed that when charge groups were mobile highly charge surfaces could

be attractive. This mobile charge mechanism is somewhat different from the observed

behaviour, but does show how a slow structural rearrangement may result in different

than expected behaviour. Popa et al. [123] showed patches of opposite charge resulted

in a short range attraction that would lower the expected value of V ∗B even at high zeta

potentials and high coverage. At large separations observed force measurements fol-

low the electrical double layer force but with an additional short ranged attraction. This

patch charge effect scaled with zeta potential unlike the results here and the underlying

mechanism relies on patches larger than the Debye length and it’s hard to imagine how a

patch of positive charge could be larger than 1× 1 nm which is close to the native size of

a βLG protein. Coalescence pathways may come about by fluctuations in shape which

may change V ∗B . In this instance coalescence would be defined by the rheological prop-

erties of the interface. In a related experiment Sun et al. have looked at the coagulation
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probability of two particles in an optical trap created by optical tweezers. Sun et al. [124]

describe two different probabilities, an instantaneous probability, p, and an accumulated

probability, P where:

P = 1− e−pft (4.9)

here, f is coalescence attempt frequency and t is residence time in the optical trap. While

f is not known for colloidal particles it is known for adsorbed atoms on metal sur-

face, 1012−13Hz (Wang and Ehrlich [125]), and surfactant micelle exchange rates, 1011Hz

(Tanaka and Edwards [126]). One can imagine that comparatively larger emulsion droplets

would be slower still. This optical trapping experiment examines the life time of only one

film whereas the experiment here investigates many and pf essentially mimics Kq.

4.4 Conclusion

Earlier it was found that that droplets flocculate below zeta potentials −15 mV . By

adding a depletion force coalescence can be tested. When the zeta potential is between

−15mV and−21mV the film of water separating droplets in a secondary minimum rup-

tures at a rate of the order of K = (100hours)−1. Electrical double layer forces suggest

the barrier height at which droplet coalescence is mostly eliminated is surprisingly high

at around 28 kT . Even at these high barrier heights the small droplet population was

subject to coalescence. Trapping droplets in a secondary minimum results in more coa-

lescence attempts than would occur without a secondary minimum and the coalescence

should revert to a first order kinetics with an Eyring style relation. The films separating

droplets are only a few nm across and it’s not clear how they rupture. It is clear that

the stabilising effect of whey protein emulsions may be dominated by electrostatic effects

(Foegeding et al. [52]) non-DLVO behaviour can not be overlooked.
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In the preceding chapters a framework to understand how the surface prop-

erties of emulsion drops depend on environmental conditions was constructed. In this

chapter the aim was to understand how surface properties effect the interactions of drops

within an emulsion system. In particular an optical tweezer (OT) setup was used to study

the stickiness of pairs of particles as their zeta-potential was modified via the environ-

mental conditions. Given the potentially probabilistic nature of the process (different

drops may have slightly different amounts or spatial distributions of emulsifier at the

surface, and the interaction energies are, in some cases, close to thermal values), it was

important that many hundreds of pairs of emulsion drops were tested under each set of

global experimental conditions. For this reason developing an automated procedure for

carrying out such stickiness measurements with OT became an overriding goal of these

studies, and will be an enduring legacy of this project.

Optical tweezers are a great tool for research in the biological and physical sci-

ences (Dufresne et al. [127]). Tightly focused laser beams (typically formed with a high

numerical aperture objective (Ashkin [128])) can hold dielectric particles in a so-called op-

tical trap. Here, the dielectric particle experiences forces due to the transfer of momentum

from the scattering of incident photons. The resulting optical force can be decomposed

into a scattering force in the direction of light propagation (proportional to the optical

intensity) and a gradient force in the direction of the spatial light gradient (proportional

to the gradient of intensity) (Neuman and Block [129]).

A single-beam gradient trap (referred to herein as optical tweezers), in which

the high NA of the focusing lens ensures that the gradient force dominates the scattering

force is one of the simplest and most versatile trap types (Ashkin et al. [130]).

If the transverse electric field and intensity distribution of a beam of electromag-

netic radiation can be well approximated by Gaussian functions, it is called a Gaussian

beam. Most lasers beams are used in a mode where the beam profile can be approxi-

mated by a Gaussian function and assuming this then the trapping of a particle at the

focus can be understood simply from the transfer of momentum owing to refraction and
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FIGURE 5.1: Optical Tweezers: The current optical tweezer configuration
in our lab. In the current study, the 2W laser was used exclusively. Image

courtesy: Sandy Suei.

Newton’s third law (Jones et al. [131]). In simple gradient traps a Gaussian laser beam is

directed into the back aperture of a high numerical aperture objective lens and is brought

to a tight focus (Grier [28]).

A simple optical ray model can be used to explain forces in optical tweezers

in regimes where the trapped dielectric particle has a size that is larger than the order

of the wavelength of the trapping light. Consider a system where light is focused, at

high numerical aperture, into a transparent sphere with a higher refractive index than

its surroundings. When the particle is at the centre of the trap, it does not experience

any force but when there is a lateral or axial displacement from the centre it changes the
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FIGURE 5.2: Optical Tweezers: Ray optics model. Any momentum change
from refraction of photons creates a restoring force directing the particle

back to the trap centre as shown in (1), (2), (3)& (4)

light’s momentum resulting in a restoring force. This restoring force pulls the particle

back to the focus (Dholakia et al. [132], Neuman and Block [129], Bowman and Padgett

[133], and Polimeno et al. [134]).

In most OT experiments, including the current one, multiple traps are required

to be generated. This can be achieved by using multiple beams or by splitting a single

beam. A holographic optical tweezers (HOT) uses a computer-designed diffractive op-

tical element (DOE) to split a single expanded and collimated laser beam into a desired

distribution of multiple beams, that pass through the strongly converging objective lens

and are focused into the optical plane of the microscope (Dufresne et al. [135], Curtis et al.

[136], and Jones et al. [131]). Spatial light modulators (SLM) are DOEs that can modulate

the phase and/or amplitude of an optical beam (Kuang et al. [137]) (phase of the beam

used in the setup in these studies) and as such an optical tweezer setup that includes an

SLM is capable of producing multiple traps that can be dynamically controlled.
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5.1 Emulsion droplet stickiness using OT

FIGURE 5.3: a)Particles trapped for stickiness measurement. b) Particles
trapped in multiple traps.

In principle two individual emulsion drops can be held in place by two optical

traps and simply by translating one of the traps they can be brought closer and closer

together, allowing the interactions between emulsion droplets to be studied. This method

has great potential to increase the understanding of the mechanisms that are important

for the stability of bulk emulsions (Nilsen-Nygaard et al. [138] and Griffiths et al. [139]).

In reality however, many practical difficulties must be overcome in order to carry out

such experiments in a robust manner.

Emulsion droplets either stick together (aggregate) or not when they are allowed

to collide in an optical trap, depending on the stability of system, determined by the

physio-chemical conditions. The capture probability is a statistical measure of the sticki-

ness of particles under a particular set of environmental conditions. Practically, it is not

easy to perform a statistical measurement of stickiness using a traditional well slide ar-

rangement: having many particles being present leads to multiple drops interacting in

the traps, interfering with the pairwise measurement, while having few particles present

means it is extremely time consuming to isolate multiple pairs of drops for hundreds of

repeat experiments. Instead we investigated the use of a microfluidic chip and reservoirs

of particles that could be sampled on demand as the basic format of our experiments.

The inherent scale of optical tweezers allows them to be combined easily with
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microfluidics (Yao et al. [140]). Having a microfluidic chip format means that once a parti-

cle pair has been isolated and trapped from an initially injected particle cloud, flow can be

used to wash away any superfluous drops surrounding the trapping area. As such each

pairwise stickiness experiment can be carried out in a "clean environment". Herein an au-

tomated particle collider for measuring particle-particle interactions has been realised by

combining elements of microfluidics, holographic optical tweezers (OT with SLM) and

image analysis. Each individual measurement consists of confining two particles in close

proximity within a pre-determined chemical micro-environment, and observing whether

their interactions lead to aggregation in a selected time. To automate the measurements,

Red Tweezers and LabVIEW software have been used and a custom plugin written to

control pumps (for inject and flush operations), perform particle detection, and manipu-

late particle positions.

5.2 Probabilistic approach to the measurement of the stickiness

of particles

In real life colloidal systems, the Brownian motion of particles (and any fluid motion,

such as convection or externally imposed flows) can bring particles together, making

them collide, and hence can potentially induce aggregation. The short range interactions

between particles determines the rate of aggregation once the particles are in close prox-

imity with each other (Adamczyk and Weroński [141], Gregory [142], and Elimelech et al.

[84]). The stickiness probability decreases with an increase in the height of the repulsive

inter-particle potential barrier (typically governed by electrostatics) and colloidal solu-

tions can become kinetically stable in quiescent systems if these repulsive interactions

are many times the available thermal energy. Indeed according to the DLVO theory of

coagulation, colloids will remain dispersed if this energy barrier is greater than the av-

erage kinetic energy of the particles (Wiese and Healy [118], Kovalchuk et al. [24], and

Kovalchuk and Starov [143]).



Colloidal particles with very attractive short range interactions aggregate to

form clusters, with size distributions and fractal dimensions falling into one of two lim-

iting cases, depending on whether diffusion of the particles is the rate-limiting step (Dif-

fusion Limited Colloid Aggregation(DLCA)) , or whether the particles can contact each

other without always sticking (Reaction Limited Colloid Aggregation (RLCA)). In DLCA,

particles stick irreversibly to each other when they come into contact so that the aggrega-

tion rate is limited by the time taken for the particles and clusters to collide each other by

Brownian diffusion. RLCA occurs when there are repulsive interactions between the par-

ticles or clusters, requiring multiple collisions between them before inter-particle bond

formation takes place, reducing the aggregation rate. Here the rate is limited by the time

taken for two clusters to overcome this repulsive barrier by thermal activation (Lin et

al. [144], Klein and Meakin [26], Lin et al. [145], D.J Robinson and J.C Earnshaw [25],

Moncho-Jordá et al. [146], and Lu and Weitz [147]).

The stability of a colloidal dispersion is commonly expressed in terms of the

stability ratio W, which is given by the ratio between the total number of collisions ex-

perienced and the number of collisions that result in aggregation (McGown and Parfitt

[148] and Missana and Adell [14]).(So that W=1 corresponds to diffusion limited clus-

ter aggregation, with larger numbers manifesting reaction limited cluster aggregation).

The reciprocal of the stability ratio (the stickiness probability) is measured in the experi-

ments described here. Not all collisions yield aggregation, with only "effective" collisions,

those with the right microscopic details (the required thermal kick, and favourable local

potentials) able to produce stable doublets. Here an optical tweezer setup is used to in-

vestigate this directly. Two particles are brought together using an optical trap, held in

close proximity for an experimental contact time, and then subsequently released to see

if an "effective collision" had taken place. If attractive forces overpower the repulsive

electrostatic interaction then the particle pair will stay stuck together after turning the

confining trap off. This microscopic approach to the stickiness gives us direct insight into

how stable a colloidal system will be in a quiescent system of Brownian thermally driven

collisions.
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FIGURE 5.4: Experimental setup for stickiness measurements.
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The aim of the experiment then is to bring a pair of droplets close to one another

to maximise the encounter frequency. This is achieved by optically trapping two droplets

in independent traps and then bringing them close together before turning one trap off.

Both drops are then drawn into the same trap. As the second particle moves into the pre-

occupied trap it first collides with the second particle before occupying a more relaxed

state with the two drops held in very close proximity (Xu and Sun [149]). Within the

single optical trap, both drops are oriented along the propagation direction of the beam.

After a set time the trap is released and whether the two droplets remain stuck together

or not is observed.

More specifically, two particles are each optically trapped and then brought to-

gether at the time t = 0 into a single trap. The trap is then subsequently turned off,

releasing the particles, at the time t = τ . Thereby, during this experimental time: one

direct collision of the particles is induced through optical forces (at kinetic energies no

greater than a fraction of thermal fluctuations (Neuman and Nagy [150])), and subse-

quently further thermally induced collisions take place owing to the close proximity in

which the particles are held. If (τ) is longer than the average time taken for one collision

(sticking attempt), then the measured probability of sticking (P) for the particle pair is

an accumulated probability, which is related to p, the sticking probability after a single

collision of the particle pair, by:,

P = 1− e(−pft) (5.1)

where f is the collision frequency in the trap (Sun et al. [124]).
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5.3 Materials and Methods

5.3.1 Sample preparation

A stock emulsion was prepared as described in the introduction. It was then diluted us-

ing Milli-Q water in the ratio 1:100. Solutions in which the emulsion drops had different

zeta potentials were produced by adding analytical grade NaCl, obtained from Sigma

Chemical Co. (St Louis, MO, USA) and adjusting the pH.

5.3.2 Optical tweezers

The optical tweezers setup used for the trapping of particles consists of a Nikon inverted

microscope (Eclipse TE2000-U), 2 W 1064 nm infrared laser, SLM (Boulder Nonlinear Sys-

tems, Colorado, USA), and Nikon high numerical aperture water immersion microscope

objective lens (MRD07601, CFI Plan Apochromat VC 60XC WI, 60×, NA=1.2).

5.3.3 Microfluidic chip

The microfluidic chip used was designed in collaboration with, and manufactured by,

the Australian National Fabrication Facility. The design consisted of two parallel chan-

nels (500 µm wide × 50 µm deep) connected by a single diagonal channel (50 µm wide

× 20 µm deep). It was manufactured from borosilicate glass that has the low mechani-

cal compliance necessary for high flow stability and a high pressure capability. The high

pressure capability, while initially investigated for high temperature applications, turned

out to be of critical usefulness in successfully cleaning the channels. Typically eight of

these "channel pairs" were machined on one chip, as seen in figure. 5.5. Channels were 4

cm in length and were terminated with tapered holes, that allowed for optimised attach-

ment of PEEK tubing.



SALT CHANNEL

PARTICLE CHANNEL

Main channel 1

Main channel 2

FIGURE 5.5: Microfluidic chip used in the experiment consisting of two
parallel channels connected by a single diagonal channel.

5.3.4 Syringe pumps

Commercially available syringe pumps were not able to reliably allow the flushing of

fluid through the channels of the microfluidic chip while maintaining the optical trapping

of emulsion drops, so custom pumps were designed, manufactured and implemented

(Figure. 5.6). These syringe pumps, designed and manufactured in our research group,

give the option of generating either slow (5 pL injection increments) or very rapid flow

(1 /s) - ideal for either exchanging background solutions while maintaining trapping

or for flushing and cleaning respectively. Syringes were thermally shielded in order to

remove the effects of temperature fluctuation on the flow. The pumps were controlled

using a computer program written in LabVIEW and incorporated into the automation

software.

5.4 Automation of the stickiness experiment

As described previously, owing both to probable variations between particle pairs, and

in some cases potentials with heights close to thermal energies determining the outcome

of the interaction, a study of the stickiness of particle pairs demands a large number of

pairs of emulsion drops to be considered.
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FIGURE 5.6: Syringe pump

Automating the experimental setup, so that pairs of particles can be: automati-

cally selected, brought into a single trap for a fixed time, then released and observed, is

crucial in order to make such measurements practicable. An experimental setup incor-

porating optical tweezers, microfluidic chip and syringe pumps was developed in house

and controlled by an automation plugin realised using LabVIEW. The strategy taken is

elaborated in Figure. 5.7.

Particle-particle collisions were carried out in a microfluidic chip containing

multiple channels as described and outlined in figure. 5.7. The chip consists of main

"environmental control" and "particle" channels, that are connected by a narrow diago-

nal channel, used for transfer of a small amount of particles-of-interest into the desired

environment. Solutions corresponding to different physio-chemical conditions, and so-

lutions containing colloidal particle of interest (here emulsion drops) were injected into

these two channels respectively, in a controlled manner, using the home-made syringe

pumps.

Before starting the automation software, it was important to make sure that

the syringes containing the solutions were bubble-free so that a stable flow could be

established. The microfluidic chip was also well cleaned before each change of envi-

ronment. The chips were first washed with 0.1% xanthan solution which was found to

remove any stuck particles or aggregates present from previous experiments Figure. 5.8).

Subsequently it was rinsed with the detergent DECON-CLEAN, and then with Milli-Q
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FIGURE 5.7: Flow chart showing different stages of the automation of the
stickiness experiment
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water multiple times to remove any residues. Finally, syringes containing the relevant

emulsion drops and the background electrolyte solutions were inserted into the syringe

pumps, and connected via PEEK tubing with zero-dead volume connectors (from the

HPLC ecosystem) to the channels on the chip.

FIGURE 5.8: Cleaning of the microfluidic chip using xanthan: The left hand
images show the chip after doing one full set of stickiness measurements.

The right hand images show the chip after cleaning.

The microfluidic channels were flushed through with 2-3 mL of degassed Milli-

Q water under several bars of pressure. This removed any air bubbles that had attached

to surfaces inside the microfluidic chip and tubing. Failure to remove air bubbles can in-

troduce hydraulic capacitance which increases the time required to start and stop flows

due to compressability of the gas. Slowed starting and stopping of flows leads to an

accumulated increase in experiment time which can be significant over hundreds of iter-

ations of the automation loop. Air bubbles that partially block an upstream channel can

redirect laminar flows leading to particle solution bypassing the diagonal channel, or salt

solution not sufficiently flushing out unwanted particles. Air bubbles downstream of the

diagonal channel can also cause undesirable flows.

Following flushing with Milli-Q water, the pumps controlling the flows of the

particle and salt environment solutions are connected to the microfluidic chip and ca. 20 µL

of sample from each is pumped through their respective channels under several bars of

pressure. This displaces any remaining air bubbles and replaces the Milli-Q water previ-

ously injected with the actual samples. To mitigate against initial formation of aggregated

particles, salt solution is injected first followed by particle solution. This ensures that

particles are only exposed to salt solution at the diagonal channel outlet. At this point,
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starting and stopping the pumps results in fast, responsive flows. Fluid injection times

and amplitudes were determined by running several iterations of the automation loop

and gradually adjusting values. Relative flow rates for the particle and salt solutions

were configured so that salt solution could never enter the diagonal channel by back-

flow, where it could mix with the particle solution. Finally, a region-of-interest (ROI), in

which automatic particle detection takes place, was defined by observing the expansion

of a small cloud of particles leaving the diagonal transfer channel and entering the en-

vironmentally controlled channel. Once the system was primed, and pump values and

the ROI were set, the automation protocol was started and used to perform the pairwise

stickiness experiments.

FIGURE 5.9: The "pumps-plugin" of the automation software. The two
syringe pumps are controlled using this plugin. The rate of flow and the

direction of the syringe motion can be controlled here.

The automation loop begins by switching on the syringe pump attached to the

particle channel, at very low flow rate, in order to inject particles onto the chip and to

have a fraction of them travel into the other main channel (which contains the controlled
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FIGURE 5.10: The "stickiness-automation" plugin

physio-chemical environment) via the diagonal. The could be visualised as a slowly ex-

panding cloud of particles where the diagonal transfer channel joined the environment

channel. As there is a significant depth difference between the main channels and diago-

nal channel, the particles could be observed to rise slightly. An image analysis algorithm

was used to detect particles within the expanding cloud that looked like good candi-

dates for performing a stickiness experiment (particles that were stuck to the bottom of

the chips were avoided by setting the focal plane around 10 µm above the bottom of the

channel).

As described a region of interest for image analysis was selected in the salt chan-

nel, near the junction with the diagonal transfer channel. As particles travelled into the
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salt channel and approached the ROI, the particle detection algorithm started scanning

for particles. The particle detection involved four main steps. First, images captured from

the camera were converted to an 8-bit gray-scale and binary threshold was applied. After

this step, particles satisfying user-set diameter and eccentricity criteria were filtered out,

followed by the simultaneous selection of two in-focus particles, (keeping in mind that

they should not be so close to each other that they could not be trapped in two distinct

optical traps). The automation software then generates two laser traps using the SLM, in

order to capture the two detected and selected particles. If any of the conditions are not

satisfied, the algorithm re-scans for particles.

Once the particles were trapped, the pumps-plugin of the automation software

was activated, flowing the desired controlled environment (salt solution) through the

channel containing the trapped particles, ensuring that all the particles other than those

trapped in the ROI were flushed away to the waste outlet at other end of the channel.

Simultaneously the application of a background flow in the particle channel was carefully

controlled to ensure that 1) the salt solution did not flow back into the particle channel

but also 2) that fresh particles (that would interfere with future stickiness measurements)

were not injected through the diagonal. Figure. 5.11 shows a schematic of the various

steps in the automated stickiness experiment.

The trapped and isolated particles, now surrounded by the desired controlled

environment solution, are then moved back downstream to a fixed location (fixed ’x’ and

’y’ coordinates) where the stickiness measurements were performed. This position was

maintained for all experiments in order to ensure consistent laser power was used, (this

can vary spatially due to the finite element sizes in the SLM and optical aberrations in the

microscope lens). The two particles are now brought very close to each other (the par-

ticles are moved with a speed of 0.02 mm/s throughout the trials so that hydrodynamic

forces owing to flows are negligible) and then one of the traps is turned off so that the

two particles become located in the same trap. The time for which the particles are held

in the common trap is considered as the "contact time" for the experiment. After this time
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PARTICLE CHANNEL

SALT CHANNEL

DAIGONAL CHANNEL

ROI

PARTICLE CHANNEL

SALT CHANNEL

DAIGONAL CHANNEL

ROI

PARTICLES BEING FLUSHED IN MICROFLUIDIC CHIP TWO PARTICLES INSIDE THE CAMERA FRAME ARE TRAPPED

REST OF THE PARTICLES ARE FLUSHED OUT USING THE 
OTHER PUMP

THE TRAPPED PARTICLES ARE THEN PUSHED TOGETHER

TRAP

TRAP TRAP

FIGURE 5.11: The schematic representation of the steps involved in the
fluids-handling in the microfluidic chip during the experiment. In order:

Top left, top right, bottom left, bottom right

the laser power is then switched off so that the particles diffuse freely. The particles are

then observed to see if they remain aggregated. The experiment is then repeated auto-

matically hundreds of times, with different pairs of emulsion drops being selected each

time. Once all experiment iterations (>500) are completed, a high amplitude pulse was

typically applied to purge any stuck particles from the channels. The solution in which

the experiments are being carried out (controlling zeta potential and Debye length) was

then changed and the whole process repeated.
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5.5 Results and discussion

5.5.1 Variations in stickiness probability with zeta potential

Twelve salt solutions with differing pH values were prepared, each corresponding to the

dispersed emulsion drops possessing different zeta potentials as measured on the bulk

samples (−42 mV , −38 mV , −31 mV , −28 mV , −26 mV , −24 mV , −22 mV , −18 mV ,

−10 mV , −0.7 mV , 21 mV , 28 mV ). For each experiment the apparatus was primed as

described in the previous section and stickiness data was acquired automatically over

many hundreds of pairs of particles. The automation parameters (Figure. 5.7) were set

to tflush= 15 s, thold= 2 s, and tobserve= 5 s and 500 pairwise measurements were acquired

under each set of conditions. When the second trap initially holding the second particle

is turned off the optically trapped particles initially collide as one particle is drawn into

the other particle’s pre-occupied trap by optical forces. The particles then relax (Sun et

al. [151]) to a situation where they are held in close proximity (even if not in direct con-

tact) allowing Brownian fluctuations to facilitate many collisions over the user-defined

duration of thold before being released and observed. All experiments were performed at

the same location in space in order to ensure the strength of the optical traps remained

constant, and were video-recorded. For each pair of drops examined, whether the parti-

cles had become aggregated or not was assessed by viewing them during an observation

period after the optical trap was removed, tobserve, and recording a ‘0’ for non-stuck, in-

dividually diffusing particles or a ‘1’ (stick) when the two drops remained attached and

diffused as a single particle. The outcome of each trial was counted in real time or by

watching the recorded video offline. The experiments were repeated using all the dif-

ferent salt solutions (corresponding to different zeta potentials of the emulsion drops).

Figure. 5.12 shows the stickiness probabilities obtained versus the expected zeta poten-

tials of the emulsion drops, as inferred from prior Zetasizer measurements carried out on

the bulk sample. Each point is acquired from studying the result of the experiment for

500 pairs of drops.
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FIGURE 5.12: The stickiness probability with zeta potential, each point ob-
tained from 500 pairwise measurements as described in the text.

As the magnitude of the zeta potential is decreased, the graph initially shows

a slow increase in the stickiness probability (for example as it changes from −40 mV to

around −18 mV on the left of the plot). As the magnitude is reduced further, there is

a sudden increase in the probability of the droplets becoming attached. As expected as

the isoelectric point is approached this reduction eventually results in 100% aggregation

as the repulsive electrostatic barrier between the particles is reduced to below thermal

energy. Subsequently the sticking probability decreases again as expected as the experi-

ments move away from the isoelectric point to larger positive zeta potentials (> 20 mV ).

It should be noted that it is not clear from the stickiness probability data that

it is symmetrical about the isoelectric point. The particles appear slightly more sticky at

positive rather than negative zeta potentials of the same magnitude. This could be due

to protein rearrangement or interaction with the charges on the glass microfluidic chip

itself (the pH of the salt solution is very low). Through the dissociation of terminal silanol
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groups, the silica at the surface of the microfluidic chip in contact with aqueous solutions

is known to acquire a negative surface charge density.

SiOH ↔ SiO− +H+ (5.2)

This results in an effective decrease in the pH of the sample (Bender [152] and Behrens et

al. [153]) and could result in the observed behaviour in the stickiness data. Nevertheless,

the data obtained from our pair-wise experiments (requiring minute amounts of emul-

sion) are broadly in line with expectations based on zeta-potential measurements made

on the bulk emulsion samples.

FIGURE 5.13: Interaction potential for different physio-chemical condi-
tions, calculated as described in the text.

An attempt can be made to describe the results more quantitatively, by using the

DLVO theory (refer sections. 1.2.1,1.2.2, 4.1) to calculate the potential between the droplet

pairs that has to be overcome for them to stick together and then applying a simple ki-

netic theory to describe the rate of transition between the aggregated and non-aggregated
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states in which the calculated potential barrier plays the role of an activation energy. The

sticking probability is expected to be a function of the ratio of the size of the energy bar-

rier between the drops that must be overcome to kT . Specifically the probability of a

collision resulting in successful aggregate formation can be given by (Laidler [154])

p = Ae−Eb/kT (5.3)

where, Eb is the barrier height, A is the attempt frequency, and e−Eb/kT repre-

sents the population of collisions with thermal energy greater than Eb. It is quite evident

that the capture probability increases with a decrease in the barrier height. This barrier

has been calculated for the different cases examined experimentally using a screened van

der Waals potential (section. 4.2) and can be seen in figure 5.13. The curves have been

coloured for easy reference to the relevant experimental data points in the stickiness prob-

ability figure. As expected, the zeta potential where the stickiness shows a sharp increase

in figure 5.12 in the probability of aggregation corresponds to the repulsive energy barrier

becoming comparable to the thermal energy of the particles (orange in figures).

It should be noted however, that while the heights of the calculated repulsive

potentials quickly rise to many tens of kT , suggesting that NO aggregation should be

observed at higher zeta potentials (particularly in the range −40to − 20 mV ), the results

indicate a small but finite number of particles do stick together. This behaviour, where

the zeta potential has a high magnitude but where around 5% of the emulsion drops still

aggregate is not trivial to explain. We hypothesise that it could be due to "rogue drops"

that have not been emulsified to the same degree as the bulk of the samples, and as such

have a different (lower) zeta potential. In the Zetasizer measurement an average bulk zeta

potential is measured for a large ensemble of particles, whereas in actuality in colloidal

suspension, there could be a local drop-to-drop variation in the zeta potential. In the

future this hypothesis might be tested by designing an experiment that can measure the

zeta potential of the individual drops that are being examined in the OT experiment.
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5.5.2 Stickiness probability with holding time

FIGURE 5.14: For 500 pairwise measurements for a zeta potential of
−31 mV : a) Stickiness probability with holding time. b) ln(1 − P ) with

holding time.

The stickiness probability measurements for one of the solutions (that with a

zeta potential of −31 mV ) were carried out for different holding times, from 2 s to 16 s

(Figure. 5.14). An exponential-like approach was observed with the holding time as pre-

viously found (Sun et al. [124] and Sun et al. [114]) and suggested by eqn. 5.1. A plot
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of ln(1 − P ) with the holding time can also be seen in (Figure. 5.14) from which a fit to

eqn. 5.1 yields an individual probability for aggregation of p ≈ 0.025.

The exponential-like increase of probability with time is related simply to the

fact that, as the drops are confined for longer in the same trapping potential, multiple

collision attempts are possible. The probability of observing the event after a certain time

is determined by the unchanging probability of an individual event and the time de-

pendent number of attempts (in analogy to the decay of a sample of radioactive nuclei).

Holding the drops in close proximity for longer simply increases the chances of observing

a barrier-hopping event. The data with the relevant uncertainties allows for a possible

small non-zero probability at zero time, that might originate from the fact that even with

a zero waiting time there is one collision of the drops when one particle is driven into the

other by the optical potential (Sun et al. [151] and Xu and Sun [155]). Correspondingly

the value of this intercept is consistent (p ≈ 0.025) with the probability of aggregation

after a single collision obtained from the fit of the data with increasing time. That is; the

probability of drops sticking after the initial optically-induced collision is accessible from

the intercept, whereas the accumulated probability from Brownian-driven collisions of

the drops in the trap is accessible from the slope of how the data changes with holding

time. The fact that there appears to be a limiting long-time probability that is different

from 1 is however not trivial to explain in this simple model and perhaps suggests that

either there is some time dependent changes to the stickiness, or that the long-time expo-

sure to the laser has some effect on the potential stickiness - even that removal of the trap

might some how break apart loosely attached drops. While the behaviour is broadly as

expected and in line with previous studies, this aspect should be investigated further in

future work.

The stickiness measurements can provide insights into the stability of the system

that can be compared with findings from bulk measurements sensitive to the aggregation

state, made by, rheology, for example.
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5.5.3 Rheological measurements

FIGURE 5.15: Rheological study with different zeta potential a) Stress -
Viscosity Plot for different zeta potential 20 % O/W WPI emulsion. b) Low-

shear plateau viscosity with zeta potential.

The bulk rheological behaviour of the emulsion systems used in the drop wise
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stickiness experiments were examined as a function of zeta potential. The flow behaviour

of the emulsion samples were studied by varying an applied shear stress and measuring

the resultant viscosity of the samples. The viscosity measured at lower shear rates is

termed the zero-shear or plateau viscosity and arises from the random orientation of

emulsion drops and the effective (charge dependent) phase volume driving their pack-

ing. It is typical then to relate the zeta potential of the emulsion to this zero shear viscosity

(Barnes [98], Ong et al. [156], Tadros [99], Rao and Rao [100], and Ravindran et al. [108]).

As the stress is increased, hydrodynamic factors become dominant with a consequent or-

dering of the dispersed phase dropping the viscosity to a constant value (Larson [101] and

Larsson et al. [157]). A plot of the magnitude of the low-shear viscosity plateau against

zeta potential (figure. 5.15) shows a very similar profile to that of the stickiness prob-

ability data in figure. 5.12. This is in accordance with our hypothesis that microscopic

measurements can be used as a very effective tool in the place of bulk measurements

which requires more time, effort and sample.

Figure. 5.16 shows the consistency of behaviour of stickiness probability, the

rheology data, and the response to the introduction of depletion forces (chapter. 4); all

providing evidence for extensive aggregation near the isoelectric point.

5.6 Conclusion

An automated microfluidic setup for studying the interactions of colloidal particles has

been discussed in this chapter. The apparatus design consists of a custom glass microflu-

idic chip, OT, and homemade syringe pumps and computer algorithms which enable

fully automated general-purpose experiments to be carried out. In this way hundreds of

identical one-at-a-time measurements upon individual particle pairs can be carried out,

enabling large data sets to be obtained in a reasonable time and with extremely small

amounts of sample.
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FIGURE 5.16: Summary diagram relating zeta potential to depletion forces
and stickiness measurements

Specifically the apparatus was used here to demonstrate quantitative measure-

ments of particle-particle stickiness under different physio-chemical conditions. At each

iteration, a cloud of particles was injected into an environment of controlled pH and

ionic strength, and two particles were detected and captured. Then a stickiness exper-

iment was performed between the particle pairs and a statistical stickiness probability

was obtained from 500 repetitions.

The relationship between the measured stickiness probability and both the bulk

zeta potential and the pair contact time was studied. The sharp increase in the sticki-

ness values at zeta potentials of low magnitude could be explained by the fact that the

magnitude of the DLVO repulsive barrier between the particles approached kT . While
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more aggregation than predicted simply from the same DLVO theory was observed at

high zeta potentials, this was observed both in the stickiness measurements and also in

the rheology measurements. It is suggested that this most likely arises from a small pop-

ulation of "rogue drops" being present with much lower zeta potentials than the bulk

measurement would suggest.

In conclusion, the one-at-a-time emulsion-pair stickiness measurements have

been demonstrated to give a direct assessment of the stability of the system. This has high

industrial and commercial relevance as the probability values can be used to measure of

the stability of a bulk emulsion system 1) with only micro litres of sample (making high

throughput trials possible and reducing costs) and 2) without having to wait extended

periods of time for conventional Brownian fluctuations to probe particle stickiness. In

addition local drop-to-drop variations can be probed using this methodology, impossible

to obtain in conventional bulk experiments.
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Conclusion and future directions

6.1 Conclusion

In the previous chapters, we described the relationship between stability and zeta poten-

tial, and showed how the zeta potential can be varied by changing the concentrations of

NaCl, Ca ions and pH. We also showed how such variations explain:

1. behaviour upon addition of other components like polysaccharides.

2. the pairwise sticking probability of drops.

3. the bulk rheology of the system.

While determining the surface properties of the emulsion droplets, the zeta po-

tentials of protein coated oil-in-water droplets were measured and modelled at different

pH values, NaCl concentrations and calcium activities. In NaCl solutions without any

added calcium at concentrations of 50, 100 and 150mM the isoelectric point was found to

be pH 4.7±0.2. Under strong acid and base conditions (pH 2−3 and pH 9−10) the zeta po-

tential values plateaued between 24− 40 mV at the low pH and −24-−42 mV at the high

pH, with lower absolute values at higher salt concentrations. The Gouy-Chapman model

provided an excellent fit to the experimentally measured data. In calcium solutions (with

NaCl providing a fixed ionic strength of 80 mM ) at pH = 5.4 − 5.6, the zeta potential
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was found to depend strongly upon calcium activity. At the lower pH (5.4 − 5.6), close

to the IEP, the zeta potential was around −15 mV at 0 mM calcium concentration and

approached 0 mV at 10 mM calcium concentration. The two-pKa model showed a good

fit to these data points, and also showed the zeta potential to be very sensitive to small

pH changes. At the higher pH, 4 pH units above the IEP, the zeta potential was around

−33 mV at 0 mM calcium concentration and also approached 0 mV at 10 mM concen-

tration. The two-pKa model again showed a good fit to the data points and the zeta

potential was found to be insensitive to pH changes, even as large as±1 unit. Changes in

the macroscopic behaviour of WPI emulsion drops as pH and concentrations of NaCl and

calcium were manipulated could be understood simply by mapping perturbations in the

environmental conditions to changes in zeta potential. In turn, changes in zeta potential

modify the size of the repulsive energy barrier captured by the DLVO interaction energy

and are reflected in bulk properties such as coagulation rate and viscosity, irrespective

of the specifics of how zeta potential is modified. Finally, experimental measurements

of bulk viscosity versus zeta potential squared (using NaCl and pH, and calcium activ-

ity), showed that viscosity (and bulk coagulation time) are dependent only upon the zeta

potential, and this led to large changes in rheological behaviour at |ζ| = (17± 2) mV .

After a good theoretical framework for the physio-chemical properties had been

established and verified with experiment, the polysaccharide xanthan was introduced to

the emulsion system, adding an extra depletion force between the particles. The longer

range of depletion forces as compared to the EDL force created a primary or secondary

minimum causing flocculation or coalescence. The barrier height is controlled by the

depletion and EDL forces. While the zeta potential was changed from−18 to−24mV , the

barrier height increased by 22 kT and varying the xanthan concentration from 0.25wt% to

5 wt% altered the secondary minimum from −0.7 to −19 kT . The barrier height at which

droplet coalescence was mostly eliminated was very high at 28kT , however some of the

particles were coalescing even at that barrier height suggesting that coalescence happens

as two round droplets climb over the barrier due to the electrical double layer force. It

is practically impossible for the particles to overcome this big energy barrier with just
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thermal energy, implying some kind of alteration to the interaction energy profile. This

unexpected behaviour could be due to a change in the surface protein coverage, or to

a change in the conformation of the protein, or an additional short range attraction in

addition to the electrical double layer force.

A fully automated microfluidic-optical-tweezer setup was then used to find the

statistical capture probability of the emulsion droplets under different physio-chemical

conditions. The microfluidic setup was designed in house, and automation algorithms

were written using LabView, including the particle detection image processing used to

detect individual particles. Syringe pumps were used to inject the particles (in a milli-Q

water continuous phase) and salt solutions into the microfluidic chip and to precisely

control the flow rates. The automation capability enabled large numbers of particle-

particle collision experiments to be performed with minimal human intervention. It also

ensured a high level of consistency for the particle-particle collisions because the posi-

tion of each collision within the camera viewing area was identical, as were the particle

approach vectors and collision duration.

For each collision experiment, the particles needed to be delivered to the site of

the collision experiment within a salt-free continuous phase to ensure the particles did

not form aggregates prior to the controlled collision. After delivery of the particles to the

experiment’s micro-volume inside the microfluidic chip, a suitable pair of particles were

laser trapped with the tweezers, and the remainder of the particles were flushed away by

the salt solution. This created a new salt micro-environment around the trapped particle

pairs in which the stickiness experiment would be performed.

Sets of 500 pairwise stickiness collision measurements were then performed

within the micro-environment as described above. Each measurement set used different

salt conditions and holding times. The capture probability obtained showed agreement

with the DLVO energy profile calculated for the physio-chemical environment at which

the measurements were taken. The higher stickiness values at low zeta potentials were

explained with the thermal energy of the particles overcoming the low repulsive energy
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barrier. The particles at higher zeta potential exhibited some (although small) stickiness

which was not expected from the high repulsive energy barrier they had to overcome.

This could be due to an uneven protein surface coverage or a variation in local zeta po-

tential. This effect was observed in the case of depletion forces also. The plateau viscosity

data of the emulsion also showed a very similar profile to that of the stickiness measure-

ments, suggesting that capture probability could indeed be used as a tool to predict the

bulk behaviour of the system.

A combined study of the surface properties, added polymer and capture proba-

bilities has great scientific and commercial implications. Introducing capture probability,

which is a microscopic property efficiently reduces the time and work load in predicting

the stability. The model system used in the project could be extended to lot of dairy and

industrial products.

6.2 Future Directions

6.2.1 Measurement of zeta potential inside the chip

An accurate assessment of the droplet zeta potential in a microfluidic chip could be a

problem in the execution of the experiments as it depends on solution pH, buffer concen-

tration, surface charge density and also on the size and surface coverage of individual

droplets. A small variation could affect the stickiness probability drastically, especially

near the isoelectric point where properties can change dramatically. An experimental

setup which could measure the zeta potential of the individual droplets just before they

come into contact with each other could reduce the uncertainties in the source of the vari-

ations in stickiness probability. There are experimental protocols in the literature which

could be incorporated to the current microfluidic setup to measure the individual zeta

potential. A capacitor model which uses an external electric potential for controlling the

electro-osmotic flow could be used for this (Lee et al. [158]).
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6.2.2 Stickiness probability measurements with different/modified protein

The stickiness probability measurements are used to predict the bulk behaviour of a sys-

tem. This thesis talks about the development of a model system, whose surface properties

are well determined and then linked to stickiness probability and rheological measure-

ments. A stickiness probability study of emulsions generated using modified proteins,

such as those dephosphorylated and succinylated αs1-caseinate, developed by Nazmi et

al. [159], would be interesting to pursue in the future. The same method could also be

extended to other systems like commercial beverages and other products. This could po-

tentially be used to play a role in prediction of shelf life experiments for those products.

6.2.3 Stickiness probability measurements with xanthan

The effect of xanthan gum to the WPI emulsion is already illustrated in Chapter. 3. It

would be interesting to see how the capture probability of the emulsion particles changes

in the presence of xanthan, which induces a depletion force in addition to the DLVO

forces, hence giving a different interaction potential. A hydrodynamic study and temper-

ature regulated study inside the microfluidic chip is also proposed as a project extension.

6.2.4 Modelling of colloidal aggregation

This project can be used to provide a theoretical framework for connecting different pa-

rameters discussed using simulations of aggregation. As discussed earlier, aggregation

of colloidal particles is of great importance in colloid science. Smoluchowski did initial

studies on rates of aggregation, leading to the foundations of the subject. Aggregation is

thought of as initially similar, primary particles forming aggregates of various sizes and

different number densities after a period of aggregation. ni particles of size i, referring

to the number concentrations of different aggregates and ’size’ means the number of pri-

mary particles in the aggregate (i fold aggregates). Aggregation is basically assumed to
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be a second order rate process, where the rate of collision is proportional to the product

of concentrations of two colliding species (Elimelech et al. [7]).

The number of collisions between particles, i and j in unit time and unit vol-

ume according to Smoluchowski, where collisions are considered to be second order rate

process with rate constant kij is given by,

Jij = kijninj ; ; k = i+ j (6.1)

Of these collisions, only some of them are effective in producing aggregates (col-

lision efficiency, α), depending on the interparticle force between them from a range of 1,

where all particle stick, suggesting a strong attractive force between particles, to an α of

0, where nothing sticks due to strong repulsive force between particles.

Experimentally found efficiency of stickiness through tweezer experiments of

the type described here could be used as the input in such simulation models in the

future.

By neglecting the hydrodynamic interactions for the time being as the emulsion

is at low concentration, just three important transport mechanisms, Brownian motion

giving rise to perikinetic aggregation, fluid motion resulting orthokinetic aggregation

and differential settling would need to be considered in the model.

The input of the simulation would be the stickiness measurements from the

tweezer setup, measured for enough number of times, so as to get a statistical capture

probability. Also, after considerable aggregation, the different size of aggregates will

need to be considered. In that case, the collision rate constant also need to be changed

accordingly.
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Real practical problems can be solved using simulation tools with an appropri-

ate degree of rigour and complexity and looking at the microscopic properties that gen-

erate the equilibrium as well as dynamic properties of the system. Stochastic methods

or ensemble averaged methods can be used to find the equilibrium properties of sys-

tems but cannot be scaled to meaningful time dimensions. Instead, generally dynamic

methods are used for obtaining kinetics of a phenomena (Elimelech et al. [7]).

Stochastic approach

• Monte Carlo (MC) methods

Dynamic approach

• Molecular Dynamics (MD) methods

• Brownian Dynamics methods

Monte Carlo methods

The core idea in Monte Carlo methods is to use random samples of parameters or inputs

to explore the behaviour of a complex system or process. It relies on sampling a given

statistical ensemble by generating a succession of configurations (Chen and Kim [160]).

MC method is easier to implement but can provide only information on systems in their

equilibrium state, unless a dynamic monte carlo method is applied (Patti and Cuetos

[161]).

Molecular dynamics methods

Molecular Dynamics methods provides a way of solving a set of coupled equations of

motion to get dynamic or time depended properties (Nosé [162]). The configurations are
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generated by solving a set of Newton’s equation of motion for each of the interacting

particles (Potter [163]). There is a big difference between the time scales describing the

solvent motion and that of colloidal particles. Hence, it would demand high computing

time if MD is to be used for simulating colloidal system. So MD is not a good choice of

method for colloidal simulation if the solvent is to be included atomistically (Allen and

Tildesley [164]).

Brownian dynamics method

In the BD method, Newton’s laws are replaced by the Langevin equation. The effects

of solvent particles are represented by a combination of a random force term and a fric-

tional term. For Brownian Dynamics simulations in the over-damped limit, the position

Langevin equation is numerically integrated:

dri
dt

=
1

γ
fi(t) + θi(t) (6.2)

where γ is the friction constant which the same for all the particles, fi(t) is the

force acting on particle i due to the interaction with the other particles, and θi(t) is a

random noise with < θi(t)θj(t) >= 2δijδ(t)kBT/γ. HerekB is the Boltzmann constant

and T is the absolute temperature.

The Stokes-Einstein relation establishes the connection between the diffusion

process and the thermal energy (Santos et al. [165]):

D =
kBT

γ
=
kBT

6πηa
(6.3)

A suitable interaction potential can be used in modelling colloidal interaction

between particles using BD.
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Appendix to Chapter. 1

A.1 Confocal image of emulsion

FIGURE A.1: image courtesy: Manawatu Microscopy and Imaging Centre
(MMIC)
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A 63x NA 1.4 oil lens was used with a zoom of 6 resulting in a pixel size of

80nm. Laser power was kept identical for all images (50%of maximum output). All gain

settings were similar (307± 1volt) and gain was identical being kept at a default value of

0.0% There was no image averaging.

All of the images except 4, were acquired using the reflectance mode on the

scanning confocal. Image 4, is a DIC (Differential Interference Contrast transmitted light

image) with matrix parameters as below:
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Appendix to Chapter. 3

B.1 Eversole and Boardman equation

Assuming the surface electrical properties are dominated by β-lactoglobulin with≈ 10 to

20 charges per moleculeNs1 andNs2 lead to a unrealistically low surface coverage of 0.24

to 0.42 mg/m2 at pH 8 and 3 respectively. The discrepancy in adsorbed amount is likely

arise from the over-simplified nature of the Gouy Chapman model. The Guoy-Chapman

model implemented here is the simplest model for the EDL with the least number of ad-

justable terms. However, it does assume that the zeta potential and the surface potential

are interchangeable. In detail the zeta potential and the surface potential are related by

the via the Eversole and Boardman equation. (Elaissari [166]).

tanh
eζ

4KBT
= tanh

eΨ

4KBT
e

−∆
λD (B.1)

where ∆ is the distance between the shear plane from the surface layer. The Eversole

Boardman equation is not limited by low potentials like the Gouy Chapman model, how-

ever, the low potentials explored (eζ/kBT ≤ 1.5) here the following approximations are

valid. First the tanh terms can be simplified noting that tanh(x) ≈ x when x < 0.4. Then
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FIGURE B.1: Experimental data from figure 3.7 replotted with a fit using
the zeta potential calcluated from the Eversole Boardman equation (solid
lines) and the expeced zeta potential from by assuming a protein surface
load of 1.2 mg/m2 assuming the pressence of a Stern layer (dotted lines)
both calculations assume a slip length of 0.16 nm. Positive data represents

pH 3 and negative data represents pH 8.

substituting equation 3.9 the potential with the surface charge density and acknowledg-

ing sinh(x) ≈ x when x ≤ 1 leaves

ζ ∼ σλD
ε0ε

e
−∆
λD (B.2)

Thus fitting a straight line on a log - log plot of ζ/λD vs 1/λD yields the surface potential

and the slip length (not shown). The determined slip length was 0.18 and 0.14 nm at pH

3 and 8 respectively. These values are close to the 0.25 nm typically assumed, (Behrens

et al. [79]). Extrapolated values of σ do not give good fit to the zeta potential data, the

difference between the fitted values presented in this paper and those extrapolated using

equation B.2 is comparable to the accumulated error from approximating the hyperbolic

functions.
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Separating zeta and surface potentials does increase the calculated charge den-

sity and therefore the apparent surface coverage. However, at the ionic strength investi-

gated, typical of dairy systems, the exact slip length can have a significant effect on the

calculated values on account of the small Debye length. Furthermore surface potentials

are now sufficiently high that formation of a Stern layer cannot be ignored. A Stern layer

is a layer of immobilized ions, still treated as point charges, on account of the surface po-

tential. The incorporation of Stern layer requires some relabeling of most of the equations

presented, details given in the appendix, but in short the zeta potential and interaction

forces are calculated from the potential at the Stern plane, while surface equilibria are

calculated from the surface potential. The Stern layer can be treated like a capacitor with

the drop given by Gauss’s law. The Stern layer capacitance is an additional fit term that

needs to be determined. For the sake of comparison Fig. 3.7 has been redrawn with a

Gouy-Chapman fit line incorporating a slip length of 0.16 nm, and a Gouy Chapman

Stern model fixing the surface coverage to be 1.2 mg/m2, typical of β-lactoglobulin, fig-

ure. B.1 (Dickinson and Hong [167]). Here 1.2mg/m2 corresponds toNs1 andNs2 having

values of 1.11 negative charges per nm2 and 0.679 charges per nm2 and the Stern layer ca-

pacitance was assumed from a thickness of a hydrated sodium ion 0.36nm (Israelachvili

[82]), and a dielectric constant equal to that of water. Incorporating the slip length in-

creases the values of Ns1 and Ns2 to 0.165 charges per nm2 and 0.370 negative charges

per nm2 respectively, giving an average apparent surface coverage of 0.54 mg/m2. The

curve generated from a surface coverage 1.2 mg/m2 assuming a Stern layer provides a

reasonable fit at 50 - 150 mMol/L but underestimates the data at higher salt concentra-

tions. This last curve is sensitive to the two new fit factors introduced. While it is clear

that the actual surface load could be used as a source of Ns1 and Ns2 validating the Stern

layer capacitance and slip length would be required since a large variation in surface

charge can be accomodated based on the choice of model, slip length and/or any Stern

layer capacitance. This validation could be achieved by titrating the pH against a known

volume of the emulsion.
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Appendix to Chapter. 4

Xanthan gum was added in different concentrations to the WPI emulsion at different

zeta potentials. Five different zeta potentials and five xanthan concentrations wee con-

sidered resulting in 25 samples. Malvern mastersizer was used to measure the size

distribution of the samples. The particle size distribution curves for different xanthan

concentrations(0.02 wt%, 0.04 wt%, 0.1 wt%, 0.25 wt%, 0.5 wt%) at different zeta potential

is shown in figure. C.1. At 0.02 wt% and 0.04 wt% of xanthan, the particle size profiles

for different zeta potentials looks similar with increased particle sizes as the EDL forces

decreased after a zeta potential of around |ζ|= 18 mV . But as the concentration of xan-

than is increased, the depletion forces increases, resulting in an attractive potential and

thereby causing coalescence of particles gradually. This effectively removes the two dis-

tinct behaviour of size distribution around |ζ|= 18 mV as shown in figure. C.1.

The radius of the particles at the distribution peak for 25 samples is as in fig-

ure. C.2. It can be seen that the plot assumes different regions depending on the amount

of xanthan and the zeta potential. The samples are in a stable region when the zeta poten-

tial and xanthan concentrations are low. Then there is a middle region where thee is big

fat clusters with limited coalescence after which there is a critical barrier(reddish part in

the figure) after which there is evident coalescence. At the lower part of the plot, where

the xanthan concentration is high, gradual coalescence is observed as the zeta potential

increases.
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(A) 0.02 wt% (B) 0.04 wt%

(C) 0.1 wt% (D) 0.25 wt%

(E) 0.5 wt%

FIGURE C.1: Particle size distribution for different xanthan
concentrations(0.02 wt%, 0.04 wt%, 0.1 wt%, 0.25 wt%, 0.5 wt%) at

different zeta potentials.
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FIGURE C.2: Mean size of the droplets with xanthan and added salt

FIGURE C.3: Confocal image of emulsion with added salt and xanthan
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The confocal images corresponding to each of the samples is given in figure. C.3.
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Appendix D

Appendix to Chapter. 6

D.1 Implementation of simulation

Brownian dynamics method can be implemented using a particle simulation kit called

HOOMD-blue, copyrighted by The Regents of the University of Michigan.

HOOMD

HOOMD-blue is an open source general purpose particle simulation toolkit scaling from

a single CPU core to thousands of GPUs. Particle initial conditions and interactions are

defined in a high-level python script. HOOMD-blue has integrators built in for many

different thermodynamic ensembles and energy minimization.

D.1.1 Features and capabilities of HOOMD

• Advanced neighbour list algorithms

• Pair potentials, Bond potentials, Angle potentials

• Long-ranged potentials, External potentials

• Long-ranged potentials, Many-body potentials
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• Simulation box

The box is a parallelepiped with arbitrary lengths and angles allowing for generic triclinic

symmetry with periodic boundary conditions in all directions (Derkach [168]).

There are many papers using HOOMD- blue as the tool for simulation (Risbud

and Swan [169]), (Varga et al. [170]), where it is used for implementing Brownian Dynam-

ics simulation. An initial simulation using HOOMD has been performed for a system of

1000 identical particles in brownian motion. The bdnvt integrator with verlet algorithm

was used for the simulation. Figure D.1 shows snapshot at every 1500th step of simula-

tion.

FIGURE D.1: Brownian simulation using HOOMD:Screenshot at each
1500th step of simulation using brownian integrator in HOOMD
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The position of particles at every 100th step of total 10000 steps is taken to cal-

culate the MSD. Here the units are in reduced Lennard Jones units. MSD is calculated for

different volume fractions(corresponds to differnt particle size effectively) and different

reduced temperatures.

FIGURE D.2: MSD for different Volume fraction and Temperature Using
HOOMD

The MSD values obtained by HOOMD is to be tested experimentally to see if

it could be used as an effective tool for the implementation of simulation. A plugin to

incorporate the stickiness could to be written in future work to realize the aim of the

project to predict growth kinetics of colloidal aggregation.
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