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3.3. Results

Table 3.6. Yield strain and yield stress results for a range of oil-in-water Pickering emul-
sions stabilised by betweer2:5wt: % and 5wt: % of silica nanoparticles at a
number of oil volume percentages as measured via ttings of the oscillatory
stress response to an increase in the applied oscillatory strain.

Oil volume Intersection of ttings
percentage of stress-strain curve

(vol: %) (Pa)
25 0:1 01
30 0:20 0:17
35 0:4 03
40 14 1.0
45 15 5
50 80 50

data for each volume percentage results in a signi cant range of yield stress values. This
e ect is demonstrated clearly with the lower oil volume percentage emulsions, where the
errors are close to the measured value. If the system is comprised of networked structures
it might be expected that the rheological results would be more reproducible, and as such
the errors may be lower. As the oil volume percentage is decreased the oil droplet network
structure became far less populated. The limited number of oil droplets present in these
emulsion systems leads to structures that may well be variable and sensitive to the shear
history of the sample. Any such sensitivity would result in rheological measurements that
would vary in their magnitude, thus giving rise to large errors.

The power laws that were tted all had very similar values of the power used for each
tted section. The rstincrease in stress seen at each volume percentage was found to have
arelationship of 9% 002 The secondary increase seen in the sampl2svol: %, 30 vol: %,
35vol: % and 40 vol: % had an increased range of slopes, with an average value @2 014,
The similarity of the coe cients for each vyielding step indicates that the microscopic
rearrangements that occurred at each step were similar across the range of oil volume
percentages investigated here. This is consistent with work by others that investigated
multistage yielding processes in colloidal glasses, and theorised that two distinct processes
occur [13]. The behaviour of these multi-step yielding processes will be further investigated

in Chapter [4.
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3. Comparing di erent approaches to measuring the Pickering emulsion yield stress

3.3.4. Creep test and creep recovery

The nal method utilised to determine the yield stress of these emulsion samples was
a creep test. Creep and creep recovery testing is a method for determining the yield
stress of a material with great accuracy. However, that accuracy is dependent on the user
having su cient time, and sample, available to carry out repeated measurements with
slight variations in the applied stress. This method was utilised with two di erent oil
volume percentage samples after all of the previous methods had been completed, and a
range of yield stress values had been extracted for each sample. The results for these two
emulsions are shown below.

The rst emulsion analysed with the creep test was a40vol: % sample. The results
of this are displayed in Fig. [3.11, where it is apparent that there were two groupings
of curves. These two groups of data demonstrate the di erence between a sample which
has yielded, and one which has not. The& Pa and 10 Pa curves demonstrate previously
unyielded sample, which is de ned in this experiment by the lack of any signi cant change
in the strain experienced by the sample as the experiential time progresses. This lack
of movement of the sample is due to the applied stress not being su cient to disrupt the
network of oil droplets throughout the material, leaving the material acting as a solid where
the applied stress is dissipated in an elastic manner. The four remaining curves show a
very di erent behaviour over time. These curves, where the applied stress is greater than
12 Pa, show a signi cant change in the measured strain as the experiment time progresses.
This demonstrates that the emulsions yielded, or that the network of oil droplets inside
the material were disrupted by the applied stress. This disruption results in a liquid-like
material which ows as the stress is continually applied over the course of the experiment.

During the recovery phase of each experiment, both the yielded and unyielded samples
demonstrated a subtle but notable dierence in the data obtained. In Fig. [3.1I1 the
recovery or relaxation data is denoted by the open symbols. Initially, the unyielded data
demonstrated a small drop in the measured strain when the applied stress is removed. This
is due the release of the elastic energy stored in the slight deformation of the material's
network structure. As this energy was released, the emulsion moved back towards the
original con guration of droplets within the sample. In comparison, the relaxation step
seen in the yielded samples demonstrated a di erent response. These yielded samples
showed no change in the measured strain as the applied stress was removed. This was due
to there being no elastic energy stored in the droplet network of these emulsions after they

have yielded. The applied stress during the creep phase was su ciently large to break-up
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3.3. Results

Fig. 3.11 Time dependence of strain obtained from several creep experiments run on an
emulsion with an oil volume of 40%. Each set of data shown was taken with
a new volume of emulsion being loaded, and with the specied stress being
applied. Filled symbols indicate the time over which the stress was applied,

while un lled show the relaxation period with no applied stress.
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3. Comparing di erent approaches to measuring the Pickering emulsion yield stress

the network of droplets in the sample, which resulted in the applied stress being dissipated
through the ow of the sample. The lack of energy stored in the network meant the sample
was not able to bounce back to its original form.

It would have been expected that the lowest applied stress would have the smallest strain
deformation, while the highest applied stress would be expected to deform the largest
amount with a large strain. Somewhat counter-intuitively this did not appear to be the
case for this set of data (and others presented in this work), with increases in the applied
stress not necessarily leading to increases in the resultant strain. However, this did not alter
the measurement of the yield stress with this experiment. This scatter in the measured
data was not able to be immediately repeated, an indication of possible di erences in the
structure of each individual loaded emulsion sample.

The determination of the yield stress is carried out via repeated measurements at dif-
ferent applied stresses. Once a range of measurements were compiled, the yield stress was
determined by nding the split in the groupings of data. The stress at which the slope of
the curves change signi cantly is the yield stress for the material. For example, the data
shown in Fig. [3.11 shows a delineation between th&0 Pa and the 12 Pa curves, indicating
that the yield stress for this sample is between these two valueg11 1) Pa).

Repeating these creep experiments on 80 vol: % emulsion a ords the results that are
provided in Fig. 3.13. As with the 40 vol: %, there is a notable change in strain percentage
as the sample yields. Again, the samples with the lowest change in strain percentage over
time were the unyielded samples (black and red markers). These two samples were again
able to elastically dissipate the applied stress without signi cantly increasing the measured
strain. When the applied stress was removed in the relaxation step, the measured strain
dropped as the sample releases the energy store elastically in the droplet network. Samples
with applied stresses greater than the two unyielded measurements showed a large increase
in the measured strain percentage across the measurement time. This is similar to that
observed for the 30vol: % samples, where the stresses applied were su cient to break
the network structure in the emulsion, leading to the sample being unable to store the
applied energy elastically, and instead dissipating the energy in a viscous manner. The
yield stress value for the30 vol: % emulsions were deduced to be betwedh9 Pa and 0:95 Pa
((0:925 0:025) Pa).

There is one obvious outlier in Fig.[3.1IP the measurement with 1:1Pa. This data set
showed elastic-like behaviour at a short experimental times, followed by a rapid increase

in the measured strain at 350s, after which the sample exhibited shows viscous-like be-
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3.3. Results

Fig. 3.12 Creep and creep recovery tests fo80vol: % oil-in-water Pickering emulsions
stabilised by 3wt: % of silica nanoparticles. The creep is applied at the given

stress (see legend) fo600s, after which the applied stress is released fot80s.
The groupings of the data demonstrate the yield stress to be betweed9 Pa to

0:95 Pa.
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3. Comparing di erent approaches to measuring the Pickering emulsion yield stress

Fig. 3.13 Average values of the yield stress for oil-in-water Pickering emulsions stabilised
by between2:5wt: % and 5wt: % of silica nanoparticles at di erent oil volume
percentages, measured through ow methods or oscillatory methods.

haviour. This behaviour was unexpected for this type of material, and was not immediately
repeatable at this applied stress, but was also seen on other occasions (not shown here).
The shape of the curve for thel:1 Pa is similar to that seen in creep experiments analysing
the fracture of steel [170] this may suggest that there is a stress build up and fracture
of the emulsion network in the present case. Further work would be required to test this

hypothesis.

3.4. Comparisons of yield stress methods and conclusions

In the past, there has been signi cant debate in the literature about both the best method
to measure a yield stress, as well as if a yield stress is even a real property of any material.
In this work, a range of methods have been utilised to measure a number of di erent yield
stress values. Figurd 3.13 provides a summary highlighting the di erences between the
average values for the yield stress measured by ow methods (low shear average, Herschel-
Bulkley t, and Bingham t) compared to the average values of obtained by oscillatory

tting methods (stress-strain curve tting and strain sweep curve tting).
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3.4. Comparisons of yield stress methods and conclusions

Table 3.7. Relationship between oil volume percentage and the yield stress measured for
a range of oil-in-water Pickering emulsions stabilised by betweeg:5wt: % and
5wt: % of silica nanoparticles.

Method Scaling of yield stress
Low shear stress average 12 26
Herschel-Bulkley t 1822
Bingham t i
Storage/loss moduli cross over e 29
Storage modulus in ection point 28
18 09

Stress-strain in ection point oil

The data in Fig. B.13, and the data for each individual method (not shown) show a
positive power law shape to the yield stress as the oil volume percentage is increased. This
marked increase in the strength of the emulsion as the oil volume percentage increases is an
anticipated trend that can be explained by the growing number of network elements present
in the emulsion samples[[171]. When the yield stresses are compared for each method, the
data follows an exponential growth with an o set y-axis intercept. This demonstrates that
these emulsion systems demonstrate a minimum yield stress at low volume percentages.
This is due to a weakly associated network forming between the oil droplets, even at low
oil volume percentages, which results in a material that is able to demonstrate elastic
behaviour. For each measurement technique this relationship was tted with Equation
, in which  is the measured yield stress, yo is an o set factor (or the minimum yield

stress for the given material), o is the oil volume percentage, andC is the scaling factor.

y= yot S (3.2)

The resultant scaling factors for each individual method are listed in Tablg 3J7, and
demonstrate that increasing the oil volume percentage of an emulsion has a strong a ect
on the measured yield stress of the material. The scaling of each method is also found
to vary, indicating that as the structure of the emulsion changes, the method chosen to
measure the yield stress can lead to notable di erences in the reported yield stress. The

tted oscillatory methods both display a higher dependence on the oil volume percentage,

12 214
oil

17 2:2

oil =%, compared to the scaling values of obtained via

with scaling values of

the viscous ow methods.

While the yield stress values obtained at each oil volume percentage are similar, there is a
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3. Comparing di erent approaches to measuring the Pickering emulsion yield stress

Table 3.8. Yield stress values for two selected oil volume percentages as extracted from
multiple di erent methods

Oil volume percentage 30vol: % 40 vol: %
Low shear average of ow curve Pa) 0:6 01 9 2
Herschel-Bulkley t of ow curve ( Pa) 0:6 0:2 6 2
Bingham t of ow curve ( Pa) 0:6 01 8 3
Stress-strain curve tting ( Pa) 0:20 0:127 14 1.0
Strain sweep curve cross over tting (Pa) 0:4 03 2 15
Strain sweep curve tting (Pa) 0:20 0:15 1 7
Creep experiment Pa) 0:925 0:025 11 1

separation in the yield stress values obtained by oscillatory or ow methods, while the yield
stress values from the storage/loss moduli cross-over point is exceptionally varied. When
comparing the individual methods used to extract a yield stress, the creep method gave rise
to the largest interpreted yield stress at each oil volume percentage. Comparing the ow
rheology and tted oscillatory techniques, the tted oscillatory methods are consistently
lower. This is demonstrated in Table[3.8, where the yield stress values f&0vol: % and

40vol: % are compared for each method.

It is known that the shear history of a viscoelastic material, such as these emulsions,
can have an e ect on the measured properties [131]. Due to this dependence, character-
ising an accurate value of the yield stress is often a challenging process. Of the methods
utilised here, the creep experiment can be viewed as the value with the least artifacts
due to rheological shear history[[14]. This is due to the step-wise nature of this measure-
ment, where a single sample is used per stress measurement. This new sample for each
measurement removes the need to consider the shear history of the material that may be
imparted from previous applied stresses. Due to the lack of network damage that could
be caused by the shear history of a material, the values obtained for the yield stress with
these creep measurements are larger than that seen with any of the other measurement

methods utilised.

While the values obtained from a creep measurement are not a ected by network damage
from the shear history, they are a cumbersome measurement, and are largely ine cient for
measuring the yield stress of a large number of samples. Due to this, the yield stress of a
material is often measured via a ow rheology method, where stress is plotted against shear

rate. This method can be carried out with either an increasing or decreasing shear rate,
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and the results of these may not always be comparable. An increasing shear rate is the
preferred method where the material shows thixotropy (which Pickering emulsions often
do), as the shear history will be less a ected by an initial low rate of shear [131]. The yield
stress that is extracted from this increasing shear experiment is known as the static yield
stress. A static yield stress is thought to be the stress required to begin ow in a material,
and will often be lower than the dynamic (the minimum stress required to maintain ow)
yield stress [131/133]. While this low shear rate history will have a smaller e ect, it will
result in some change. This is seen in the data of Table 3.8, where the values obtained via

these ow curve methods are systematically lower than that of the creep experiments.

The other experiment type that was used to measure yield stresses for these emulsions
systems were oscillatory measurements. As these are dynamic measurements, which require
stepping through shear strains throughout the measurement, they also impart a non-zero
shear history onto the sample. There were three values extracted from these oscillatory
measurements, each of which de nes the yield stress at a di erent unique point. The rst,
and most primitive, method utilised is the cross-over point of G’ and G¥. This point
is known as the characteristic modulus, and is the point at which the viscous behaviour
of the material becomes the dominant feature. While this point is easily de nable, it
does occur after a signi cant amount of viscous dissipation has already taken place. Due
to this, de ning this point as the yield stress is a awed exercise, as the material has
already begun to ow at this point. The ow that has occurred will result in the applied
yield strain and stress that is reported being larger. The second method applied to the
oscillatory data was the tting of the storage modulus in order to determine the in ection
point. As this in ection point is the rst point at which the elastic behaviour begins
to decrease, the stress at this point can be considered to be the yield stress. The vyield
stresses obtained from this in ection point was found to be smaller than that obtained via
the ow methods. This is due to the oscillatory strain that was applied to the material
being low enough to not cause signi cant disruption to the elastic network structure of
the emulsion system. There were additionally what appear to be other in ection points in
some of the data presented. These secondary in ection points are attributed to multistage
yielding processes, and will be investigated in later chapters. Finally, when the oscillatory
data was plotted as oscillatory stress vs. oscillatory strain, the yield stress was again
extracted by determining the in ection point in the data. The values of the yield stress
that were extracted from this method were found to be exceptionally varied at each volume

percentage. The range of these data demonstrates the variation in the viscous dissipation
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of the materials.

This chapter has reported and compared a number of methods that can be used to
measure the yield stress of Pickering emulsions. The yield stress of six emulsions with
varied oil volume percentages were evaluated and compared. It was demonstrated that the
oil volume percentage of the emulsions, unsurprisingly, had a signi cant a ect on the yield
stresses measured. This is consistent with the formation of network structures between the

oil droplets, which become greater at higher oil volume percentages.

There were multiple methods used to measure the yield stress, and the di erences be-
tween each have been compared. The creep and relaxation methods demonstrated the
largest yield stress at each oil volume percentage investigated. While the creep experiment
allows accurate measurements, it is also the most time consuming, and can be prone to
user error or sample variation over time. Flow methods that were used in this chapter were
found to be similar to one another. This is due to the similarities of the tting equations
used to extract yield stresses from the data. Oscillatory experiments were demonstrated to
have a number of di erent methods to measure the yield stress of these emulsions. Com-
parisons between the oscillatory methods have been made, and it has been demonstrated

that there can be signi cant di erences between the evaluated yield stresses.

The use of these di erent methods to determine the yield stress has shown that the
chosen de nition of the yield stress is an important factor that must be considered. The
best de nition of the yield stress is the point at which the material is no longer able
to elastically store energy, and must instead ow. When considering this de nition, it
becomes clear that some of the methods used to gather the yield stresses presented in this
chapter do not t well with this de nition. The cross-over point of the G! and GY is one of
these methods, as at this point viscous dissipation has already begun. The in ection point
of the storage modulus does, however, appear to t well with the de nition of the yield
stress. This has been described as the point at which the emulsion begins to drop in elastic
behaviour, indicating that the material has begun to ow. Flow rheology techniques are a
standard and quick method for the determination of the yield stress. Each of the methods
used to t the ow rheology data demonstrate similar resultant yield stresses, the values
of which were higher than the corresponding oscillatory ts. While this is likely due to the
ow induced in the system, these methods still remain a common and viable method for

the determination of the yield stress in viscoelastic materials.

These emulsion systems were also imaged using a number of microscopy techniques,

demonstrating the network structure formed by emulsion droplets, while also showing the

92



3.4. Comparisons of yield stress methods and conclusions

structure of the individual emulsion droplets, including the silica hanoparticle coating.

Another of the rheological properties of these emulsions that was studied was the vis-
cosity. It was found that the low shear viscosities of the emulsions were a ected by the
changing oil volume percentage of these systems. This, along with microscopy images,
demonstrate the network structure formed between these emulsions. In comparison, the
high shear viscosities of each emulsion were similar, indicating that high shear rates break
down the network into smaller component structures.

One notable feature of the data demonstrated in Fig[ 3.710 was the occurrence of multi-
step yielding processes breaking down network structures present in the emulsion systems.
Other groups have proposed that these occur due to attractive interactions between col-
loidal particles|12,[13,[15/142]. These processes will be further investigated in the next

chapter through the alteration of the interactions between the oil droplets.
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4 Using salt to manipulate the ow

behaviour of Pickering emulsions

4.1. Introduction

In the previous chapter emulsions were prepared with a silica nanoparticle coating to
investigate a range of methods for measuring the yield stress of an emulsion. The emulsions
that were prepared for this were demonstrated to have attractive interactions between the
oil droplets. The extent of attraction between the silica nanoparticles stabilising these
emulsions was modi ed for the work in this chapter, resulting in emulsions with di ering

interactions between the oil droplets.

The work reported in this chapter demonstrates one method for modifying the interac-
tions between Pickering emulsion droplets, ranging from attractive through to repulsive.
The silica nanoparticles used to form Pickering emulsions in this study are weakly acidic
when dispersed in agueous systems, yielding negative surface charges on the silica parti-
cles. The interactions between these silica nanoparticle-coated Pickering emulsion droplets
were modi ed through the addition of sodium chloride to the aqueous continuous phase.
The resultant changes in emulsion properties caused by these modi ed interactions were
investigated through multiple methods, including microscopy and rheology. This chap-
ter reports on the rheology of Pickering emulsions stabilised by silica nanoparticles which
have had the repulsive interactions screened through the addition of NaCl to the aqueous
phase. It was anticipated that above a given NaCl concentration the surface charge will
be su ciently screened, so that the attractive van der Waals forces between these colloidal
particles overcome the diminished repulsive electrostatic interactions. Emulsions with this

level of salt will be referred to as being attractive and high salt, while those with a
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lower salt concentration will be referred to as repulsive or low salt. The results of these
changes in surface charge screening were demonstrated to alter the bulk physical proper-
ties of the emulsions, while also resulting in some complex ow behaviours in a humber
of situations. These phenomena are discussed in this chapter, along with proposals for
their physical origins. The results presented here demonstrate progress towards under-
standing of the microscopic processes that occur as emulsions yield, and how altering the

interactions between oil droplets can in uence these processes.

4.2. Experimental methods

4.2.1. Materials

The Pickering emulsions in this chapter were prepared in a similar manner to those in
Chapter[3. The emulsions were prepared as oil-in-water (o/w) emulsions with the oil phase
being comprised of a 60:40\ol: % : vol: %) mixture of isopropyl myristate and dodecane.
This particular mixture of oils was chosen due to the isopropyl myristate adding some slight
hydrophilicity to the discontinuous phase allowing for improved wetting of the charged silica
stabiliser.

In order to alter the interactions between the emulsion droplets the ionic strength of
the aqueous phase was changed. This was carried out with the addition of concentrated
NaCl solutions. Here it is assumed that NaCl is an ideal, inert, and indi erent electrolyte,
resulting in the ionic strength being directly predictable from the concentration of NaCl
in the aqueous phase of the emulsion.

Synthetic fumed hydrophilic silica nanoparticles were employed as the emulsi er in these
systems, which were used after being dried in an oven at150 C for at least 12h. This
pretreatment was found to increase the stability of the resultant emulsions at high and low
salt concentrations (results not included). The mass loss of the silica with temperature
was investigated via thermogravimetric analysis (TGA), a technigue which involves the
weighing of a sample as the temperature is increased in a controlled manner. The use of
TGA allows any mass loss from heating to be quanti ed, however it does not give a direct
answer as to what the lost mass is comprised of. The TGA results for the N20 silica is
demonstrated in Fig. [4.1, which shows the e ect that an increased temperature has on
the mass over time. A3:7 % mass loss was observed 00 min after the temperature had
been held at150 C for over 90 min. This mass loss is attributed to evaporation of water.

Following this there is a small increase in the mass as the experiment continue8:9 %).
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Fig. 4.1 Thermogravimetric analysis of N20 silica demonstrating the mass change (red)
and temperature (black) over time as the temperature was increased at a rate
of 20 Cmin ! up to a max temperature of 150 C which was maintained for 12

hours.
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4.2.2. Zeta potential measurements

As has been discussed in Sectiofis 1.4.]1.5 gnd]2.2, zeta potential is an indication of the
surface charge of a particle, and therefore can be used as a measure of the interaction
between the nanoparticles. The work in this chapter reports Pickering emulsions with
di ering interactions between the oil droplets coated with silica nanoparticles. The sil-
ica nanoparticles that were used here have a substantial surface coating of Si-OH groups
(silanol) which, in aqueous systems, will deprotonate to a pH dependent extent leaving
Si-O groups (the pKa of silanol groups have been calculated to be betweén5 0:6 and
5:6 0:6 dependent on the orientation of the hydrogen-bonded water [172]). While the
extent of silanol deprotonation will be pH dependent, the present study has a continuous
phase that is water with varied concentrations of NaCl, and as such would not be expected
to change between samples. The pH reported fof % aqueous dispersions of these silica
nanoparticles is3:8 to 4:3, demonstrating that there is a signi cant amount of deprotona-
tion in aqueous media[[178]. This leaves a net negative surface charge that will lead to
a repulsive interaction between the silica nanoparticles. The e ect of the surface charge
of these nanoparticles can be altered by screening the charges through changing the con-
centration of the aqueous phase electrolyte. Adding electrolyte to the aqueous phase will
reduce the Debye length, and therefore the repulsive interaction between the nanoparti-
cles. The magnitude of the e ective charge of the silica nanoparticles at the slip plane can
be measured by the zeta potential.

In order to quantify what e ect the addition of electrolyte has on the interactions between
of the silica nanoparticles a series of silica dispersions were prepared. The electrolyte
concentration of these dispersions was altered frohi0 ’M (theoretical ionic strength of
Milli-Q water) through to 0:1M NaCl. The zeta potential of these silica dispersions was
then measured multiple times (Sectiorf 2.p). The average and standard deviation of between
four and twelve reported values at each of the salt concentrations (each reported value is

the average of three measurements with up to 100 scans) are provided in Taljle }4.1.

4.2.3. Emulsion preparation

As was brie y outlined in Section [2.3, the emulsions for this chapter were created by
rst weighing the appropriate amount of oven dried N20 silica nanoparticles into a50 mL
centrifuge tube. The silica nanoparticles were then wet initially with the agqueous phase,
Milli-Q water, before the oil phase was added (a 60:40 mixture of isopropyl myristate and

dodecane). The mixture was then homogenised with a Miccra D-9 high-speed homogeniser
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at 39000min ! for 2min. The initial stock emulsion was prepared with 5wt: % silica,

and 30 vol: % oil.

4.2.4. Emulsion dilution

The initial stock emulsions were diluted with either Milli-Q water, or NaCl solutions
(0:2M and 3M). These emulsions were diluted from an initial oil volume percentage of
30vol: %, to a nal oil volume percentage of 20 vol: %. The diluted emulsions had a NaCl
concentration of either 10 M (repulsive, low salt), 0:066 M (intermediate, only carried
out with a limited range of experiments), or 1:66 M (attractive, high salt), with each having

a silica weight percentage oB:45wt: %.

4.2.5. Droplet analysis

The size distribution and morphology of the droplets present in the attractive and repul-
sive Pickering emulsions were analysed by using optical microscopy and laser diraction
techniques. Optical microscopy was carried out in dilute emulsions (1:25vol: %) in order
to reduce the scattering e ects of multiple layers of emulsion droplets. The diluted sam-
ples were loaded onto a welled glass slide and images were captured on a Zeiss Axiophot
microscope with both10 and 40 magni cation objectives in order to highlight the var-
ious structural features. Confocal microscopy was utilised to demonstrate the distribution
of the materials throughout the emulsion samples. For confocal microscopy each emulsion
had 9 10 “M Nile Blue added as a charged agueous stain, and9 10 4M Nile Red
added as an oleophilic stain. The Nile Blue dye was excited with 833 nm laser, with the
emission captured betweer$34 nm to 781 nm. The Nile Red dye was excited with a514 nm
laser, with the emission captured betweerb18 nm to 627 nm. Laser di raction was carried

out using a Mastersizer 3000 (Sectioh 2]7).

4.2.6. Rheological measurements

One of the most important properties to characterise with these emulsions is the dif-
ference in the bulk rheology. This chapter reports and interprets these di erences in the
bulk rheology. The rheological properties of these emulsions were measured within three
days of preparation in order to maintain a consistent droplet size distribution across all
measurements (see Sectidn 3.3.1). Rheological data were collected as averages of multiple
measurements (between four and eight for each method, with the exception of the medium

salt emulsion which is presented as a single data set), with error bars calculated as a stan-
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dard deviation. Measurements for the average data presented in this section were carried
out using a40mm parallel plate geometry at a gap height o400 um on a DHR-2 rheome-
ter. These results were also compared with data obtained using 40 mm hatched plate
geometry at a gap height of400 um, and a double walled couette geometry, with the results

being found to be comparable across each tool (results not shown here).

4.2.6.1. Flow measurements

Flow curve experiments were performed with an increasing shear rate froxls ! to
1000s ® with 10 data points per decade, and20s of averaging per point measured, after a

10s conditioning step.

4.2.6.2. Strain sweep

Strain sweep measurements were all performed across the strain range @03 % to
2852 % at a constant frequency oflrads !, with 10 data points measured per decade for
the high and low salt emulsions (20 per decade for the intermediate salt emulsion), and
10s averaging time per point for the high and low salt emulsions §s for the intermediate
salt emulsion), after a5s condition step per data point. The strain vs. stress,G’, and G”
curves were evaluated for each material. The range of strains chosen here allowed for full
coverage of the areas of interest for each emulsion measured, showing both the elastic state
of the emulsions at low strain percentages, and the viscous nature of the systems at high

strain percentage.

4.2.6.3. Frequency sweep

Frequency sweep measurements were performed at a strain percentage that was found
to be within the linear viscoelastic region from the previous strain sweep measurements.
The strain percentage used for each measurement in these experiments Wa4$% to 1%.
The frequency range that was used for these experiments wéslrads ! to 250rads 1,

with 10 data points per decade.

4.3. Results and discussion

4.3.1. Zeta potential measurements

The data presented in Tablg 4.1 suggests that as the NaCl concentration is increased the

zeta potential tends towards zero for these suspensions. This is consistent with changes in
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Table 4.1. Zeta potential of 0:1 wt: % silica nanoparticle dispersions as the NaCl concen-
tration is increased.

Salt Average zeta

concentrations (M) potentials (mV)

10 7 25 7

10 4 29 3

10 3 18 1

10 2 12 2

25 10 2 9 2
5 10 2 45 3
10 1 5 2

the screening of the silica nanoparticles surface charge, through signi cant reductions in
the Debye length from300nm at 10 “M NaCl to 0:96 nm when the salt concentration is
increased to10 1M NaCl. This shows that the Debye length was signi cantly larger than
the diameter of the silica nanoparticles atl0 M NaCl. However, when the NaCl concen-
tration was increased tol 10 ! M the Debye length dropped signi cantly, demonstrating

that the system is likely to display attractive interactions between the silica hanoparticles.

Previous researchers have demonstrated that many colloids with an absolute zeta poten-
tial value greater than 20 mV are moderately stable, or can be classed as repulsive in the
nature of the interaction between particles [[174]. A colloidal dispersion with a zeta poten-
tial with an absolute value less than20 mV is deemed to be unstable, forming aggregates,

or demonstrating an attractive interaction between particles.

Table shows that at low NaCl concentrations (i.e. <0 3M) the zeta potential is
greater in magnitude than 20 mV, and is therefore expected to have a repulsive interaction
between the nanopatrticles in the dispersion [174]. As the NaCl concentration is increased
the zeta potential becomes less negative, tending towarddmV, indicating that at high
salt concentrations the interaction between the nanoparticle dispersion will be expected to
be attractive. The changes in the zeta potentials with NaCl concentration gives scope to
further investigate the e ects that this change in salt will have on the interactions between
emulsion droplets stabilised by this silica. Throughout the work presented in this chapter
emulsions are described as one of three salt levels; low salt 10 M NaCl, intermediate

salt 0:066 M NacCl, and high salt 1:66 M, each giving rise to characteristic behaviours.

The interaction energies for a number of these silica suspensions at di erent salt concen-
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trations were calculated using DLVO analysis. This is for silica particles alone dispersed
in an aqueous continuous phase. The interactions of silica-coated oil droplets in aqueous
continuous phase has not been considered here. DLVO analysis involved the calculation of
both the attractive, and repulsive interactions between pairs of silica nanoparticles. The
DLVO equations used in this chapter assume the two interacting bodies to be identical
spherical particles. The silica particles used in this chapter are not spherical particles,
but instead are fractal agglomerations of smaller spherical particles. However, for the
DLVO calculations these fractal silica particles are assumed to be spherical with a radius

of 125nm. The repulsive interaction, as a function of separation, r(D), were calculated
by Equations|1.2 and[1.3([2B/ 24, 48, 57].

32 ""oakéT 22

R(D) = e272

exp( D) (1.2

exp(Zed) 1
= %zeBm 1.3)

exp(m

In these equations” and "' are the relative dielectric constant, and the dielectric constant
of a vacuum respectively, whilea, kg, T, e, and z are the particle radii, Boltzmann constant,
absolute temperature, the charge of an electron, and the valence of the ions respectively.
and D are the inverse double layer thickness and the interparticle separation respectively,
and is described in Equation[1.B, where”q is the potential energy at the Stern layer
(taken as the zeta potential in this work). The salt concentrations of the suspensionc) is
accounted for as a component of the term along with R as the gas constant, and~ as

the Faraday constant, as described by Equation 1]4.

d RT
1 = 07 /l
2 10%FZ%c €9
The attractive interaction as a function of distance between two spheres (a(D)) is
described by Equation[1.5([58].

H a2 a2 1 432
3

(D)= D@a+D) " @a+py 2" ' @+by ()

In this equation H is the Hamaker constant for the given material. The Hamaker
constant used for the fumed silica nanoparticles was taken to b&:3 10 21J [57]. The
repulsive and attractive components can be summed, resulting in the total interaction at

a given particle separation (Equation[1.6).
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(D)= r(D)+ a(D) (1.6)

These calculations were carried out for silica suspensions across a range of salt con-
centrations, and the results are demonstrated in Fig.[ 4]2. These plots demonstrate the
screening e ect that the addition of salt is predicted to have on the repulsive interactions
between the silica particles. At low salt concentrations €10 10 3M) the repulsive in-
teraction is the dominant force across most separation distances with a primary peaks of

75k gT, 90kgT and 25k gT at a separation distances of/:9nm, 2:2nm and 2:1 nm
ford 10 ‘M, 1 10 *M and1 10 M NaCl concentrations respectively. This re-
sults in particles that are repulsive to one another. As the salt concentration is increased,
the repulsive interaction between the silica particles decreases, leaving the attractive forces
as the dominant feature over all interparticle distances, with no primary repulsive peak
evident in the 0:1 M NacCl dispersion. There is a small primary peak of 2k gT at a sepa-
ration distance of2:4nminthe 1 10 2M NaCl dispersion, however this is not su cient
to provide a repulsive interaction between the nanoparticles. The dominant attractive
force across these high salt systems will result in the aggregation of the silica particles,
and the formation of an attractive network. In both the low and high salt calculations it
is calculated that there is a strong attractive interaction at small particle separation dis-
tances. This attractive interaction is demonstrated macroscopically as the sedimentation
of the particles over time. Each suspension demonstrated some degree of sedimentation
over time, suggesting that the particles do progressively aggregate.

It is important to note that these calculations are an incomplete view of the interactions
that are between the particles in the silica suspensions. There have been assumptions made
about the particle size, shape, and charge distribution, while other interacting forces such
as hydration, and any strong ion pairing interactions between the sodium ions and the
silica surfaces are not considered. Additionally, when these particles are used to stabilise
emulsions, the particles will become xed at the interface. This will result in changes to
the interaction energy due to the partial wetting of the silica by each liquid. As such,
the resultant gures are only a guide as to the interactions between these fumed silica

suspensions.

4.3.2. Emulsion microstructure

Laser diraction analysis of these emulsions shows a slight di erence between the size

distributions of the high and low salt emulsions. This is demonstrated in Fig[ 4.3, where the
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@)

(©

(b)

(d)

(e)

Fig. 4.2 Potential energy curves of the interaction between two spherical particles at a

104

range of salt concentrations, each of which has a di erent zeta potential. (a)
10 "M NaCl, 25mV, primary peak: 75k gT at 7:9nm (b) 0:0001M NaCl,
29mV, primary peak: 90k gT at 2:2nm (c) 0:001M NaCl, 18 mV, primary
peak: 25k gT at 221nm (d) 0:01M NaCl, 12mV primary peak: 2kgT at
2:4nm (e) 0:1M NaCl, 5mV. (", 78.54,a, 125nm, T, 298:15K, A, 6:3 10 21 ],

,3:29 10'nm 1)
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Fig. 4.3 Size distribution of 20vol: % oil-in-water Pickering emulsions stabilised by
3:45wt: % of silica nanoparticles at high salt :66 M, black, D [4,3], D, (10), Dy
(50), Dy (90): 36:3um, 17:9 um, 34:3um and 58:9 um, uniformity, span: 0.382,
1.196) and low salt concentration ¢ 10 M, red, D [4,3], D, (10), Dy (50), Dy
(90): 31:7 um, 18:0 um, 29:8 um and 48:4 um, uniformity, span: 0.373, 1.153) as
measured by laser di raction.

average size distributions of a set of attractive and repulsive emulsions are shown. Figure
[4.3 shows a largely monomodal size distribution at 34 pm and 30 um for the attractive
and repulsive emulsions respectively. The numerical analysis of this data is listed in Table

4.2, and provides evidence that the size distributions of each emulsion are similar.

Light microscopy of both high, medium, and low salt emulsions show a marked di erence
in the bulk structure of the samples. Low magni cation images of these low, medium, and
high salt emulsion are displayed in Fig.[ 4.4. Figurd 4]4 demonstrates the di erences in
the network structure of the three emulsion systems, with the low salt (Fig.[ 4.4p) showing
a number of well separated oil droplets, with no signi cant contact between each droplet.
The medium salt image (Fig. [4.4B) demonstrates a number of individual droplets (or
small ocs), alongside a large network of droplets. This shows the intermediate structure
of the medium salt emulsion, sharing some the of features from both the high and low salt

systems. The image for the high salt emulsion (Figc) has a considerably larger number
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Table 4.2. Droplet size analysis of high1:66 M) and low (1 10 #M) salt 20 vol: % oil-
in-water Pickering emulsions stabilised by3:45wt: % of silica nanoparticles
demonstrating the similarities between the two emulsion preparations.

D[4,3] Dy (10) D, (50) Dy (90)

Salt Uniformity Span
pm pm pm pm

Low 317 18.0 29.8 48.4 0.373 1.153

High  36.3 17.9 34.3 58.9 0.382 1.196

of droplets forming groups or ocs, consistent with the attractive interaction between the
oil droplets, leading to formation of a network structure.

When the groups of droplets are imaged at a higher magni cation, the di erences be-
tween the droplet interactions are further evident (Fig. ). Figure shows the low salt
emulsion with limited contact between oil droplets. When comparing the high salt emul-
sion, the network structures between the oil droplets become more evident, with droplets
overlapping both in and out of the focal plane of this image (Fig.).

Confocal microscopy allows imaging of only a single focal plane through a material. This
allows the core and shell of the emulsion droplets to be clearly imaged with limited inter-
ference from other focal planes. The use of uorescent dyes demonstrates the separation
of the oil, and aqueous phase, provides further evidence that an oil-in-water emulsion, sta-
bilised with a particle shell has been formed. This is demonstrated in Fi§ 46, where the
oil phase of the emulsion is coloured red, and the silica in the aqueous phase is coloured
blue.

Figure [4.684 demonstrates the distribution of Nile Blue and Red in the low salt Pickering
emulsion systems. The Nile Red dye is located in the spherical oil droplets, and is evenly
distributed throughout these drops. In comparison the Nile Blue dye is located outside
these spherical droplets, in shells surrounding each oil droplet, and in a relatively homo-
geneous network throughout the aqueous phase. This demonstrates that the silica present
in the aqueous phase is located both at the interface between the oil and water (acting as
a Pickering stabiliser, stabilising the emulsion), with the remaining silica residing in the
bulk aqueous phase.

When Fig. [4.6H is considered a similar image was captured. The Nile Red is again
located inside the spherical oil droplets, and is homogeneous in its distribution inside said
droplets. The Nile Blue is again located in the aqueous phase, with dense shells forming
around each oil droplet, and the remaining silica distributed throughout the aqueous phase.

However, comparing the confocal micrographs for the low and high salt, there do appear
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(@) (b)

(©

Fig. 4.4 Optical micrograph (10 objective) of 1:25vol: % oil-in-water Pickering emul-
sions stabilised by3:45wt: % of silica nanoparticles demonstrating the morphol-
ogy of (a) low salt (1 10 #M), (b) medium salt (0:066 M), and (c) high salt
(1:66 M) emulsion systems. The morphology of the droplets is spherical in all
cases, while there is a noticeable di erence in the network structure present.

(@) (b)

Fig. 4.5 Optical micrograph (40 objective) of 1:25vol: % oil-in-water Pickering emul-
sions stabilised by 1:66wt: % of silica nanoparticles demonstrating the mor-
phology of both a (a) low salt (1 10 #M), and (b) high salt (1:66 M) emulsion
systems. The morphology of the droplets is spherical in both cases, while there
is a noticeable di erence in the network structure present.
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(a) (b)

Fig. 4.6 Confocal micrograph of20vol: % oil-in-water Pickering emulsions stabilised by
3:45wt: % of silica nanoparticles demonstrating the morphology and material
distribution of both a (a) low salt (1 10 *M) and (b) high salt (1:66 M) emul-
sion systems.

to be some subtle dierences. The low salt image (Fig.[ 4.6a) appears to have a more
homogeneous distribution of the silica in the aqueous phase, shown by the ner pattern of
dye distributed throughout the aqueous phase. The high salt image (Figb) appears
to have an increase in the coarseness of the silica distributed throughout the aqueous
phase, consistent with silica ocs throughout that phase, an expected occurrence due to

the attractive nature of the interactions between the silica particles.

4.3.3. Rheological measurements

Previous techniques used to analyse these emulsions have demonstrated that the size,
and shape of the emulsion droplets are similar, however, there appears to be di erences
in the network structures formed between the droplets. The di erences in the network

structure between these emulsions was then investigated using rheological techniques.

4.3.3.1. Viscous ow rheology

Viscosity is routinely used to describe the bulk features of viscoelastic materials. As
discussed in Sectiof 1.5.4]1, viscosity is a measure of how resistant a given material is to
ow. The method employed to analyse the viscosity in this work is a viscous ow curve.
Such curves report the viscosity as the shear rate applied to a uid is increased. The e ect

that this increase in shear rate has on the viscosity of the two emulsions is demonstrated
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4.3. Results and discussion

Fig. 4.7 Viscosity response to an increasing shear rate @0 vol: % oil-in-water Pickering
emulsions stabilised with3:45wt: % of silica nanoparticles at low (10 4M,
") and high salt (1:66 M, "). Shaded areas indicate the variation in multiple
measurements of these emulsion systems.

in Fig. .7 This gure shows that both the high, and low salt emulsions exhibit shear
thinning behaviour, becoming less viscous as the shear rate increases. At lower shear rates
(0:1s 1), the viscosities of the two emulsions are substantially di erent, with the high salt
emulsion having a viscosity that is about three orders of magnitude larger than that of the
low salt emulsion. This is detailed in Tabl, which lists the low shear@:1s 1) viscosity

of both the high and low salt emulsions, alongside calculated zero shear viscosities based
on the constituents of the emulsions (Sectiori 1.5.4]1). In addition to the two extremes
of the salt concentration, the viscosity response of the medium salt emulsion was also
investigated. This medium salt system was found to be similar to the low salt system,
indicating that the structure that is present between the intermediate strength silica and
emulsion network is similar to that for the low salt emulsions. The data from the medium

salt emulsion is not displayed in Fig.[4.7 for clarity.

This di erence between the low shear viscosities of the high and low salt emulsions was

expected due to the di erence in interactions between the emulsion droplets. The high
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Table 4.3. Zero shear calculated viscosities from a selection of models and a comparison to
the measured low shear@:1s 1) viscosities of the repulsive low { 10 *M)
and attractive high salt (1:66 M) 20vol: % oil-in-water 3:45wt: % silica sta-
bilised Pickering emulsions presented in this work.

Oil volume Einstein model Batchelor model Kreiger-Dougherty Attractive emulsion Repulsive emulsion

percentage viscosity viscosity model viscosity measured viscosity measured viscosity
(vol: %) (Pas) (Pas) (Pas) (Pas) (Pas)
20% 1:3 103 1:6 10 3 16 10 3 150 60 0:20 0:17

salt emulsion is expected to have an attractive interaction between the oil droplets. This
attractive interaction is anticipated to lead to an increase in the friction between the emul-
sion droplets, resulting in the measured low shear viscosity of the high salt emulsion being
much larger than if there was no attractive interaction between the droplets. The calcu-
lated zero shear viscosities also shown in Table 4.3 demonstrate the predicted viscosities
based on non-interacting hard spheres. This lack of interaction between the model parti-
cles leads to low shear viscosities that are far smaller than both the high salt and low salt
emulsions.

Another feature of the data demonstrated in Fig. [4.7 is the viscosity at high shear
rates (1000s 1) for each emulsion. While the low shear viscosities of each emulsion di er
by about three orders of magnitude, the high shear viscosities di er by only a factor of
two, with the low salt emulsion having a high shear viscosity 0f0:005 0:003 Pas, while
the high salt emulsions high shear viscosity i€9:010 0:005Pas. This decrease in the
di erence between the viscosities at high shear rates can be accounted for by the changes
in the emulsion structure as the shear rate is increased. At low shear rates the emulsions
have di erent network structures (as shown in Fig. ). The extensive network structure
that is present in the high salt emulsion leads to an increased viscosity. As the applied shear
is increased, this network structure will begin to break down, leading to a less extensive
attractive network of droplets. This weakened network will begin to resemble that present
in low salt emulsions, where there are relatively few ocs of oil droplets present (as shown
in Fig. B.5). As the microscopic droplet structures become similar at high shear rates, the
measured viscosities will also become similar and approach those predicted by each of the
models presented.

While monitoring the viscosity of the emulsions as the shear rate was increased, the shear
stress was also monitored within the same experiment. The response of the shear stress
to this change in shear rate is displayed in Fig] 4]8 demonstrates the di erences between

the shear stress response of the high and low salt emulsions (medium salt is not shown for

110



4.3. Results and discussion

Fig. 4.8 Shear rate vs. stress fo20vol: % oil-in-water Pickering emulsion stabilised by
3:45wt: % silica at low (1 10 M, ") and high salt (1:66 M, ~). Shaded areas
indicate the variation in multiple measurements of these emulsion systems.

clarity, and was found to behave in a similar manner to that of the low salt emulsion).

It is clear from the data presented that there is a signi cant di erence in the stress
response of the high and low salt emulsions. Initially the stress response of the high salt
emulsion is insensitive to an increasing shear, until there is a notable decrease in the stress
at about 2s 1. At higher shear rates the measured stress begins to increase with the shear
rate. This behaviour is indicative of anomalous ow regimes (shear banding), and has been
described by other workers[[133, 141, 175 182]. In these previous reports anomalous ow
was described as a transition from a solid-like network structure throughout the material
to smaller ocs or sheets of 2-D networks. These move within the sample, lowering the
stress and viscosity measured during this transition. Once this transition has completed,
the stress begins to increase with shear rate as the break-up of the ocs occurs, leaving
the primary network components. Figure[4.9 demonstrates a schematic diagram depicting
the multiple stage yielding that is proposed to occur within these materials with attractive
network structure. Multiple stage yielding has been demonstrated in a range of materials

including particle suspensions[[12| 13], surfactant stabilised emulsions_[142], and silica
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(@)

(b)

(©)

Fig. 4.9 Schematic diagram demonstrating the multi-stage yielding processes that occur

112

in emulsions with attractive interactions between the oil droplets (red circles)
and silica nanopatrticles (collections of black dots). Arrows indicate the shear
applied to the sample. Silica particles and oil droplets are not drawn to scale
in this diagram. (a) Unyielded emulsion with a network structure formed. (b)
Flocs of oil droplets demonstrating the rst yielding step that attractive colloidal
materials can display, with a limited network between the silica nanoparticles.
(c) Fully yielded emulsion demonstrating droplets with no network structure
present.



4.3. Results and discussion

stabilised Pickering emulsions[[8] when measured through oscillatory rheology. To the best
of our knowledge, this is the rst demonstration of this decrease in the stress response with

an oil-in-water Pickering emulsion.

The stress response that is present in the high salt data appears to demonstrate this
multiple stage yielding behaviour that has been seen in previous materials. The high salt
emulsion displays attractive interactions between the emulsion droplets. This attractive
interaction is assumed here to lead to the formation of an elastic network structure. The
network of attractive emulsion droplets in turn leads to the emulsion structure behaving
in a solid like manner at low applied stresses, in that it does not ow, but instead stores
some of the applied energy in an elastic manner. As the stress increases, the attractive
network structure begins to no longer to be able to store the applied energy, and begins
to fracture into smaller ocs. This is apparent with the decrease in the measured stress.
As the applied shear rate continues to rise, the measured stress begins to increase. This
increase in the stress appears to t the typical behaviour for shear thinning materials that
approach Newtonian-like properties at su ciently high shear rates. This again supports
the proposition that the ocs remaining in the system are beginning to yield, breaking into
smaller groups of droplets. At high shear rates, the measured stress approaches that of
the low salt emulsion, suggestive of both materials being comprised of similar structures at
high shear rates. This indicates that droplet network structures comprising each emulsion
have been broken down into similar sized components (e.g. individual or small groups of

network elements).

In comparison to this, the stress response of the medium, and low salt emulsion shows
a marked increase in the measured stress, from a low value, as the shear rate is increased.
This increasing stress is typical stress shear rate behaviour of a shear thinning uid that
approaches Newtonian-like behaviour as the applied shear increases and the component
emulsion droplets begin to move independently of one another. This typical behaviour can
be tted with a number of models in order to extract the yield stress parameter as shown
in Fig. §.10.

The yield stress parameter was discussed in Chaptéi 3, and is the force that is required
to make the material begin to yield and ow. A yield stress was extracted from both
the low, medium, and high salt emulsion samples. As the high salt emulsion displayed
relatively linear behaviour, only an average was tted to the data, leaving the tting of
models for the low salt emulsion. Three di erent methods are used to extract a yield stress

from the low salt emulsion, with the low shear average, a Binghani [102] (Equatiop 1.19),
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4. Using salt to manipulate the ow behaviour of Pickering emulsions

and a Herschel-Bulkley t [101] (Equation [1.20).

The data in Fig. [A.1J demonstrates that both the medium and low salt emulsions
show similar yield stresses for each emulsion (medium sal@:03 Pa when tted with both
Herschel-Bulkley and Bingham models, low salt0:03  0:02 Pa when tted with both a low
shear average and Herschel-Bulkley mode:04 0:02 Pa when tted with the Bingham
model). This was an unexpected result, as the medium salt emulsion was expected to
show a yield stress that was between the high and low salt emulsions. The similarity
demonstrates that the network formed between the groups of droplets in each of these
emulsions is a relatively weak structure. Surprisingly, the medium salt remains at this
yield stress over a large shear rate range, giving an indication that the yielding process
for the medium salt emulsion is a more complex process when compared to the low salt

system.

The high salt system however, displays an attractive network formed between the oil
droplets that is extensive, and robust. This attractive network results in a high viscosity
system, that demonstrates interesting stress response behaviours. The tting of a yield
stress curve to the high salt emulsion is a somewhat more challenging proposition. As
is displayed in Fig. [4.10, two di erent averages were applied to the high salt data. The
rst of these was taken across the full range of the data presented, and was calculated as
an average. This average of the full curve gave a yield stress 8f 4Pa. In addition to
this, the stress response belovts ! was also averaged separately. This data was tted
independently of the full data due to the decrease in the stress response after this point.
As the reasons for this decrease in the stress response has been proposed in this work as
being due to the breakdown of the network structure of the emulsion, tting this initial
section will give a yield stress that corresponds to the full network of the material. The

yield stress attributed to this section was15 6Pa.

Comparing these values with those of the low and medium salt emulsions, the high salt
emulsion shows an increased yield stress. These di erences between the yield stress values
of these emulsions is consistent with the proposed changes in the network structures of the
emulsions. At low salt levels the network structure formed between the emulsion droplets
is expected to be weak. This weakness will lead to emulsion systems that are able to yield

and ow with the application of a small stress.

Optical microscopy of the medium salt emulsion demonstrated the intermediate struc-
tures present in the emulsion system (Figb) as evidenced by network structure present

between a number of droplets, while a number of individual droplets were found to still be
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Fig. 4.10 Shear rate vs. stress fo20 vol: % oil-in-water Pickering emulsions stabilised by
3:45wt: % silica at low salt (1 10 #M, "), intermediate salt (0:066 M, "), and
high salt (1:66 M, 7). Lines demonstrate the ttings of these data with each
of the applied models. With the high salt emulsion, the solid black line is the
average over the full data range 8§ 4Pa), while the dashed black line is an
average below a shear rate ofs ! (15 6Pa). With the medium and low salt
emulsions, the solid blue and red lines are the Herschel-Bulkley model (medium
salt, 0:03 Pa; low salt, 0:03 0:02 Pa), while the dashed blue and red lines are
the Bingham model ttings (medium salt, 0:03Pa; low salt, 0:04 0:02 Pa).
The medium and low salt emulsions were also tted with averages to the low
shear plateau (not shown here) (medium salt0:04 Pa; low salt, 0:03  0:02 Pa).
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separate from the network structures. These changes point to a structure containing ocs
of droplets that do not form a strong cohesive network throughout the full emulsion sam-
ple. These changes were demonstrated in the stress response for the medium salt emulsion,
with the lack of a network throughout the emulsion leading to a low yield stress, while the
attractive ocs result in the yielding process occurring over a larger shear rate range as
the ocs break-down. Contrasting these with the high salt emulsion, the measured yield
stresses are greater, indicating that there is signi cant network structure formed between

the oil droplets. This network a ords the emulsion an increase in solid like behaviour.

4.3.3.2. Amplitude analysis

Oscillatory rheology is used in this chapter to give insight into, and demonstrate the
di erences between, the elastic properties of the emulsion systems. The rst demonstra-
tion of the elastic properties of these emulsions was the strain sweep experiment. This
experiment measured the storage and loss moduli as the oscillation strain was increased,
allowing the elastic properties of the material to be investigated. The results of this exper-
iment are shown in Fig. and demonstrates the stark di erences between the elastic
properties of the high and low salt Pickering emulsions, while also demonstrating the novel
intermediate behaviours in some medium salt emulsions. Again, the high salt emulsion ex-
hibits much greater structural properties when compared to the low salt emulsion. This
is best indicated by the di erences in the rst displayed values of the storage moduli of
the linear viscoelastic region of each emulsion. The high salt emulsion has a storage mod-
ulus that is 100 Pa, compared to 0:004 Pa for the low salt emulsion. This di erence is
again consistent with the di erence between the proposed network structures formed by
the two emulsions. In addition to the di erences between the two extremes, the medium
salt emulsion shows elastic properties that lay between the high and low salt systems with
the initial storage modulus of 0:9 Pa.

The high salt emulsion data shown in Fig. [4.I]l is indicative of typical viscoelastic
behaviour [183[184]. At low strain percentages the high salt emulsion data shows a storage
modulus that is insensitive to an increasing oscillation strain. This is known as the linear
viscoelastic region, and demonstrates the region in which the materials properties are
elastic-like [103]. As the strain is increased through this linear viscoelastic region the loss
modulus of the high salt emulsion increases to a peak approaching the storage modulus. As
the strain is increased further, the storage modulus begins to decrease, intersecting the also

decreasing loss modulus. There are key points in this plot, each of which can be used to
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Fig. 4.11 Response of the elastic storage modulus (lled symbols) and the viscous loss
modulus (un lled symbols) of 20vol: % oil-in-water Pickering emulsions sta-
bilised by 3:45wt: % silicalow (1 10 *M, "), medium (0:066 M, "), and high
(1:66 M, ) salt to changes in the applied oscillatory strain at a constant os-
cillation frequency (1rads 1). Shaded areas indicate the variation in multiple

measurements of these emulsion systems.
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describe properties of the material. The rst key point is the end of the linear viscoelastic
region, where the solid like behaviour of the material begins to decrease. This point
can be identi ed by tting an average to the linear viscoelastic region, and a power law
curve to the decreasing slope, as illustrated in Fig[ 4.12. Following this, the intersection
between the storage and loss moduli is the point at which the liquid like behaviour of
the material becomes the dominant property, and the material is able to readily ow.
Each of these points can be considered to be classed as the yield stress (as discussed in
Chapter @, and the values extracted from each of these methods are demonstrated in Table
[4.4, showing that the yield stresses obtained using these oscillatory methods are larger than
that measured from the ow curves shown earlier (Fig.). One further notable feature
of this high salt data is the broad nature of the loss modulus peak. The width of this peak
is an indication that the peak may be comprised of multiple di erent yielding events that

occur at similar strain percentages.

Some interesting behaviour is found for the medium salt emulsion. In comparison to the
high salt system which demonstrates a single power law decrease in the storage modulus
during the shear thinning phase, the medium salt system shows a clear deviation at about
10% strain. This deviation indicates that multiple yielding events occur within this oil-
in-water Pickering emulsion system that have attractive interactions between the emulsion
droplets. In addition to being present in the storage modulus, this behaviour is found, to
some extent, in the loss modulus of the medium salt system. Due to these indications of
multiple yielding steps, the data was tted to extract each of the two yield stresses present.
The rst yield stress was extracted as the in ection point between the linear viscoelastic
region and the rst decrease, while the second yield stress was taken as the in ection point
between the nal decrease in the storage modulus and the medium strain plateau. In
addition to these two points, the cross over between the storage and loss moduli was also

measured, and displayed with all of the yield stress data in Tablé 4]4.

When the data from the high and medium salt emulsions are compared with that for
the low salt system, it is clear that there are signi cant di erences. In comparison to the
higher salt systems, which shows a linear viscoelastic region at low strain, the low salt
emulsion shows no such behaviour. Instead, the low salt emulsion demonstrates storage
and loss moduli which are almost equal at low strain. As the strain is increased the storage
modulus decreases while the loss modulus stays relatively constant, leading to a cross-over
point. The behaviour of this low salt emulsion demonstrates that this emulsion is unable

to store any signi cant amount of energy in an elastic manner. This behaviour is not

118



4.3. Results and discussion

Fig. 4.12 Response of the elastic storage modulus ( lled) and the viscous loss modulus
(unlled) of 20vol: % oil-in-water Pickering emulsions stabilised by3:45wt: %
silica at low (1 10 #M, "), medium (0:066 M, ~), and high (1:66 M, ") salt
to changes in the applied oscillatory strain at a constant oscillation frequency
(Lrads 1). Solid lines are tted to the storage modulus, while dashed lines
are tted to the loss modulus. Circles highlight the cross-over points at which
G" = G¥, one measure of the yield strain, from which a yield stress can be found
(low salt: yield strain, 20 60 %); yield stress,0:01  0:01 Pa; medium salt: yield
strain, 160 %; yield stress, 0:01 Pa; high salt: yield strain, 270 100 %; yield
stress, 14 10Pa). The in ection point of the high salt storage modulus are
indicated with ,14 (yield strain, 20 20%; vyield stress,13 10 Pa), while the
two in ection points of the medium salt emulsions are labeled , (yield strain,
1:8 %; vyield stress,0:02 Pa), and ,%,l (yield strain, 46:4 %; yield stress,0:03 Pa).
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unexpected, as the repulsive interactions between the emulsion particles do not enable the
formation of a coherent network structure throughout the bulk material. The lack of a
full network throughout the emulsion leads to a material that has signi cant liquid-like
properties, resulting in a material that dissipates energy in a viscous manner. Due to the
lack of a linear viscoelastic region, tting of the storage modulus above and below the
in ection point cannot be carried out for this data. The yield stress obtained from the

cross over point is displayed in Table[4.4, and is found to be similar to that measured with

the ow curve (Fig. 4.8).
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Table 4.4. Yield stress values obtained from the strain sweep measurements of high and low salt silica stabilised Pickering emulsions.

Cross over of Cross over of * * % %
Emulsion type, X G! and G" as G'and G” as a as a strain percentage as a yield stress as a strain percentage as a yield stress
a strain percentage (%) yield stressia) (%) (Pa) (%) (Pa)
High (H) 270 100 14 10 20 20 13 10 - -
Medium (M) 160 0:01 1:8 0:02 46:4 0:03
Low (L) 20 60 0:01 0:01 - - - -
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4. Using salt to manipulate the ow behaviour of Pickering emulsions

The power law tting parameters that were applied to the decreases in both the storage
and loss moduli can also be compared with each other, giving some more information about
these emulsion systems. As was discussed in Sect[on 33.3, it has been proposed that the
shear thinning behaviour in the G¥ will result in a power law where the G exponent (n)
is about one half of the exponent associated withG'(m) [166 169]. The coe cients of
the power laws for each emulsion are shown in Table 4.5. The ratios displayed in Table
4.5 are in near agreement with this assertion for most of the data. When the high salt
emulsions are considered, the=m ratio is found to be 0.62. As the high salt emulsion has
been demonstrated to have attractive interactions between the oil droplets, it is proposed
here that this attractive interaction results in the slopes of the storage and loss moduli
decreasing with strain at a similar rate. This is due to the breakdown of the network

between the emulsion droplets requiring a higher applied strain to break the ocs.

As the medium salt emulsion demonstrated two yield events, there were two coe cients
used to t each of the shear thinning sections of the storage modulus. The rst decrease
in the storage modulus was tted with a power law with a coe cient of G' / 18, higher
than that found with the high or low salt emulsions, indicating that the yielding process
here was di erent to that occurring in the other systems. The second decrease was tted
with a power law of G' / 12, similar to that for the high salt emulsion. This is an
indication that the yielding processes that occur in this second step, and the high salt

emulsion are similar.

When compared with the low salt data, which has been demonstrated to have repulsive
interactions between the oil droplets, it is clear that there is a signi cant di erence in the
ratio of slopes. In the low salt emulsion, the shear thinning behaviour of the loss modulus
is very negligible (as demonstrated by the near horizontal shape to the loss modulus curve),
while the storage modulus decreases with shear rate. This demonstrates the rapid break
down of the weak repulsive network structures that have been found to be present in the

low salt emulsion system.

While also monitoring the storage and loss moduli response to an increasing strain, the
corresponding oscillatory stress was also measured for both the high, medium, and low
salt emulsions. The data from this stress vs. strain experiment is displayed in Fid. 4.13.
Once again there are notable di erence between the data for the high, medium, and low

salt emulsions.

The high salt data shows behaviour that is typical for viscoelastic materials, with a

power law increase in the measured stress as the oscillation strain increases at low strain
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Table 4.5. Power coe cients for the ts of the storage and loss moduli of high and low
salt emulsions. Power law ttings were applied to the shear thinning section
of the curves.

Salt Level Coe cient value Ratio
0 1:3 0:3
High G/ nem = 0:62
gy 08 02
Firstinection, G'/ 16 mn=0:44
Medium Second inection, G’/ 12 ey =0:58
gy 07
0 0:4 0:1
Low G/ n=m = 0:25
GOO/ 0:1 0:1

Fig. 4.13 Responses of oscillatory stress to an increasing oscillatory strain faé vol: %
oil-in-water Pickering emulsions stabilised by3:45wt: % silica at high, (1:66 M,
"), medium (0:066 M, "), and low salt (1 10 M, ") concentrations. Shaded
areas indicate the variation in multiple measurements of these emulsion systems.

123



4. Using salt to manipulate the ow behaviour of Pickering emulsions

Table 4.6. Yield strain and yield stress values obtained from stress strain measurements
of high (1:66 M), medium (0:066 M), and low salt (1 10 M) 20vol: % oil-
in-water Pickering emulsions stabilised by3:45wt: % silica.

1 1 2 2
X X X X
Salt level, X . .
as a strain percentage as a stress as a strain percentage as a stress
(%) (Pa) (%) (Pa)
High (H) 17 5 15 10 - -
Medium (M) 2 0:03 50 0:03
Low (L) - - - -

percentages. An in ection point is then reached where this power law behaviour ceases,
and the measured stress becomes relatively insensitive to any further increase in the applied
strain percentage across the range applied. This in ection point is an important feature
that can be used to describe the yield stress of the material. The in ection point of the
high salt data was found by tting a power law to the low strain section, and an average to
the high strain section. The intersection of these two ts marks the yield stress and yield
strain of the material. The resultant values are shown in Tablg 4.6. The exponent of the
power law at low strain percentages was found to be %®’. The curves which were tted

to the data are shown in Fig.[4.14.

The medium salt emulsion again shows non-standard behaviour, with one main in ection
point, followed by a secondary peak. Power laws were t to multiple sections of the curve to
describe each of these in ection points as the yield stresses apparent in these intermediate
strength emulsions. The in ection points, 3, and ,%,, found from these ttings are shown
in Table [AE The exponents of the power law tted at the low strain percentage was 11,

while at intermediate strains before the second yield event was®46,

When the data for the low salt emulsion is considered the behaviour displays a substantial
di erence. The low salt data lacks any notable in ection point, indicating that there is no
signi cant structural change in the emulsion as the strain percentage is increased. This is
likely due to the material yielding at a very low strain, with the behaviour demonstrated
here likely being the strain hardening region of the curve [185187]. The strain hardening
region of these curves will show an exponential increase in the measured stress until the
material fractures, at which stage the stress will decrease rapidly. In this repulsive emulsion
as the applied strain is increased the oil droplets will become increasingly interlocked. This

will result in a hardening of the material at short time scales.
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Fig. 4.14 Fitted responses of oscillatory stress to an increasing oscillatory strain for
20 vol: % oil-in-water Pickering emulsions stabilised by3:45wt: % silica at high
(1:66 M, ~), medium (0:066 M, *), and low salt (1 10 *M, ~) concentrations.
Lines indicate the ttings that were applied to each data, with } (15 10Pa)
pointing to the in ection point in the high salt emulsion, ,{,, (0:03Pa) and ,%,l
(0:03Pa) mark the two in ection points seen in the medium salt data.
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Fig. 4.15 Response of the elastic storage modulus (lled) and the viscous loss modulus
(un lled) of 20vol: % oil-in-water Pickering emulsions stabilised by3:45wt: %
silica at high (1:66 M, "), medium (0:066 M, °), and low salt (1 10 *M, ")
to an increasing oscillation frequency at a oscillatory strain 0f0:4% to 1%.
Shaded areas indicate the variation in multiple measurements of these emulsion
systems.

4.3.3.3. Frequency analysis

Section[4.3.3.2 demonstrated the elastic response of these emulsions to a varied strain
percentage at a set oscillatory frequency. This section probes the elastic behaviour of
a varied oscillatory frequency at strain percentages betweef:4% and 1%. The strain
percentage chosen for these measurements was selected as a value in the linear viscoelastic
region of each emulsion. This allowed the elastic behaviour of the material to be probed
as a function of the applied frequency. The response of the storage and loss modulus to

the increasing frequency is demonstrated in Fig[ 4.15.

This gure shows both the high, medium, and low salt storage and loss moduli responses
to an increasing frequency, and again show a signi cant di erence between the data mea-
sured for the low, intermediate, and high salt emulsions. When the high salt data is

considered, there is a di erence between the storage and loss modulus by over an order of
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maghnitude. This demonstrates the solid-like elastic behaviour of the high salt emulsion.
The high salt emulsion also shows remarkably little change in the storage and loss mod-
uli across the range of frequencies probed, indicating that the system is able to store the
applied energy in an elastic manner within the attractive network formed between the oil
droplets [188].

The medium salt emulsion data shows signi cant elastic behaviour at low frequencies.
This is demonstrated by the storage modulus being nearly one order of magnitude larger
than that of the loss modulus. Another feature of this curve is the power law increase
in both the storage and loss moduli as the angular frequency of the applied oscillation
increases. This feature is known as a glassy transition, that indicates that the system is
no longer able to dissipate the applied energy in a viscous manner at the short time scales
of the oscillations [103]. This is observed as a hardening of the material.

The low salt emulsion shows di erent behaviour from the high salt system. Initially, the
di erence in values between the storage and loss moduli is considerably smaller than those
for both the high and medium salt emulsions. This indicates that the emulsion is able to
store much less energy elastically when compared to the high and medium salt systems
and is an expected result for this emulsion system. The low salt system has been shown
to have repulsive interactions between the oil droplets which will result in any network
forming when the emulsion is in a static (or close to) state being very weak. Such weak
networks are unable to store signi cant amounts of energy elastically, and instead will
dissipate the applied energy in a viscous manner through the motion of droplets. The
low salt emulsion also demonstrates a glassy transition as the frequency of the applied
oscillation increases, showing that the viscous dissipation process for this material occurs

at longer time scales than the frequency of the applied strain.

4.4. Comparisons and discussion

Work carried out by other groups has investigated the rheological behaviour of glassy
colloidal suspensions, surfactant, and Pickering stabilised emulsions, with attractive and
repulsive interactions between the colloidal particles or emulsion droplet$ [3 10, 12, 13, 15,
130,[142]. For example, Datta et al. [[142] investigated a sodium dodecyl sulphate (SDS)
silicone oil in water emulsion (with a droplet radius of 250 nm). The interactions between
the oil droplets were altered through changes to the SDS concentration. When the SDS
concentration is below but close to that of the critical micelle concentration, 8 mM), the

depletion interaction between droplets in the system is limited, and droplets display a very
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weak attractive interaction. A strong attractive interaction is obtained by adding SDS to
the system, increasing the concentration signi cantly greater than the critical micelle con-
centration. They found that at high droplet volume percentages (greater than the random
close packing volume, %4 %) the elastic potential of both strongly and weakly attractive
emulsions are similar to each other, indicating that the elastic potential was largely domi-
nated by topological interactions . However, when the droplet volume percentage is lower
than 64 %, the weakly attractive emulsions become signi cantly weakened when compared
to their strongly attractive counterparts. Another notable feature of the rheology of these
two di erent emulsion systems were the speci ¢ shapes of the oscillatory rheology curves.
The strongly attractive emulsions demonstrate two distinct peaks in the loss modulus dur-
ing the yielding process. This dual peak behaviour is not observed in the weakly attractive
interactions; instead, the materials yield with a standard single peak prole. The inter-
esting yielding behaviour demonstrated by these workers has highlighted how surfactant
stabilised emulsions, comprised of relatively small droplets, can form an interconnected

elastic network, which adds signi cantly to the bulk structure.

Pham et al. [12,[13] investigated similar behaviour with two di erent colloidal glasses
made of hard spheres. The rst was poly-methylmethacrylate spheres (with particle
radii of 130nm) suspended incis-decalin, with and without short-range attractive in-
terparticle interactions induced by adding a non-absorbing polymer (polystyrene radius
of gyration 11nm. The second glassy material investigated was a suspension of poly-
methylmethacrylate spheres stabilised by chemically grafting with poly-(12-hydroxystearic
acid) in cis-decalin. The interactions in this colloidal suspension were also altered through
the addition of a non-absorbing polymer (polystyrene), which induced attractive deple-
tion interactions between the colloidal particles at su ciently high concentrations. These
colloidal suspensions were prepared at high particle loading 60vol: %). When these
materials had attractive interactions between the colloidal particles, complex multistage
yielding behaviour was observed in the oscillatory rheology. These multistage yielding
processes were proposed to be due to network breaking, and cage-breaking e ects. The
attractive interactions between the gel particles increased the strength of the materials
compared to that of the repulsive gels at the same volume percentage. As the particle
loading was reduced, the multi-stage yielding processes were still apparent in the systems
with attractive interactions, indicating that this multi-stage yielding was due to the break-
ing of the attractive network formed between the particles, rather than the close packing

of the particles. The multi-stage yielding was not seen in the systems with repulsive inter-
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actions, instead a single yielding process was observed when the particle loading is above

the random close packing percentage.

In a recent study, Katepalli et al. [8] investigated these multistage yielding events in two
Pickering emulsions stabilised by silica nanoparticles with di erent shapes. Both spherical
and fumed silica nanoparticles were used as Pickering stabilisers, with two di erent salt
concentrations (I 10 M and 0:05M NaCl) utilised to alter the interaction between
the particle coated emulsion droplets. The fumed silica coated emulsion droplets formed
at 1 10 *M NaCl had an average diameter of 20 um with a relative broad droplet
size distribution, while those prepared at0:05M NaCl had droplet diameters of 10 um,
again with a broad size distribution. The emulsions used in this study were prepared
at a relatively high droplet concentration of 50 vol: %, near to the random close packing
volume of 64 vol: %. This resulted in many of the oil droplets in these emulsions being in
close contact, aiding in the development of any network structure. The viscosity of these
emulsions were measured across a relatively narrow shear rate rangé$ * to 100s 1), and
the results demonstrated typical shear thinning behaviour with no apparent deviations from
the curve. The elasticity of these emulsions was also investigated with amplitude sweep
measurements, where the applied oscillatory strain was alteredd(1% to 100%). These
results demonstrated two distinct yielding events in the strain sweep rheology of fumed
silica stabilised Pickering emulsions when the salt concentration was 10 *M. When
the salt concentration was raised t00:05M, these two distinct yielding events appear to
have merged into a single broad yield event. The oscillatory rheology of the spherical silica
stabilised emulsions showed the lower strength of the emulsions when compared to those
employing fumed silica. Despite this signi cant reduction in the strength of the emulsion,
the multiple yielding events did still appear to occur, albeit in a less pronounced manner.
This indicates that the multi-stage yielding process was not a product of the interlocking
nature of the fumed silica coated droplets, but rather the attractive interaction between

the silica particles.

The results presented in the present work have demonstrated that the formation of
attractive interactions between colloidal particles, here oil-in-water emulsion droplets sta-
bilised by silica particles, can result in the appearance of multiple yielding events in rheo-
logical measurements. Studies reported by other workers had been carried out at relatively
high volume percentages (350 vol: %), leading to signi cant contact between the particles
or droplets present in the materials. The work presented in this chapter demonstrates

that these multiple yielding events can occur at a signi cantly lower volume percentage
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(20 vol: %) through the controlled alteration of the interaction energies between emulsion
droplets. This was carried out by screening of the repulsive surface charge of the sil-
ica with the addition of NaCl to the aqueous phase altering the interactions between the
drops from repulsive to attractive. Additionally, this study has utilised a wide range of
rheological techniques to characterise the viscous, and elastic properties of low volume

percentage silica stabilised Pickering emulsions.

This chapter has demonstrated that, through the addition of salts to a low volume
percentage Pickering emulsion system, the network structure of the system can be signif-
icantly, and systematically, altered. The interactions between the silica used to coat the
drops was inferred via zeta potential measurements, with the changes further indicated us-
ing DLVO calculations. The predicted changes to these interactions were visually observed
by microscopy techniques, where the low salt emulsion has well dispersed, un occulated
oil droplets. In comparison, the high (attractive), and medium salt (intermediate) emul-
sions contained occulated groups of droplets forming network structures throughout the
emulsion. These changes in the emulsion droplet network were found to signi cantly alter
a wide range of the rheological properties of these emulsions. The rheological properties
have been compared, and some of the notable data points are summarised in Table]4.7,

while the drivers behind these changes are discussed below.

The results presented in Tablg 4./ compare some of the key di erences between the high
(attractive), medium (intermediate), and low salt (repulsive) emulsions. These di erences
are the result of a range of signi cant structural changes caused by changes in the inter-
actions between the emulsion droplets. There are two key properties considered in this
chapter, the presence of an elastic droplet network structure, and the break-up of said

network.

The formation of an elastic network structure in these emulsions is a dependent on
the salt concentration of the emulsion system. Data measured for low saltl( 10 M
NaCl) emulsion systems were consistent with emulsion systems having repulsive interac-
tions between the oil droplets. The repulsive interactions between the oil droplets have
been demonstrated, throughout the range of rheological and microscopic techniques used in
this work, to hinder the formation of an elastic network structure between the oil droplets.
This presents in the low shear viscous ow rheology as signi cantly lower viscosities, about
three orders of magnitude lower than that of the high salt emulsions. This reduced viscos-
ity and stress response indicates that there is little structure present. When the low shear

viscosity of the high salt emulsion is considered, the measured values are demonstrated
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to be signi cantly larger than those for the low salt emulsions ( 3 orders of magnitude
larger). This is ascribed to be the result of the extensive elastic network structure that
is present in the high salt emulsion, and is caused by the attractive interactions between
the silica particles. In addition to the low shear viscosity, the structure of the droplet
network is demonstrated by the value of G’ in the linear viscoelastic regime, as shown
in Table @.7. In the low salt emulsion, there is a very limited linear viscoelastic region,
with a measured G! value of 0:04 0:01Pa. The lack of a signi cant linear viscoelastic
region, and the low G’ value, were perhaps the most convincing evidence for the lack of
any signi cant network between the oil droplets of these low salt emulsions. As the salt
concentration of the emulsion was increased, the linear viscoelastic region becomes more
pronounced. This is the case for both the medium and high salt emulsion systems. The
medium salt emulsion demonstrated a linear viscoelastic regime that was?2 orders of mag-
nitude greater than that for the low salt system, while also being apparent across a wider
range of applied strains. These di erences indicate the presence of a network structure be-
tween the oil droplets, adding to the solid-like properties of the emulsion. The increase in
solid-like behaviour was further demonstrated with the high salt emulsion, withG’ in the
linear viscoelastic region beingl00 50 Pa. This solid-like behaviour indicated by these
measurements is a direct result of the proposed network structure formed between the oil
droplets and silica particles present in the high and medium salt emulsions. These results
have demonstrated the e ect that a cohesive elastic network can have on the bulk proper-
ties of a Pickering emulsion system. This is similar to results obtained previously by other
workers, and outline that alterations to the interaction energies between colloidal particles

yield changes in the rheological properties of a given charged systeni [8, 57].
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Table 4.7. Comparison of high and low salt emulsion data between key measurements for a range26fvol: % oil-in-water Pickering emulsions
stabilised by 3:45wt: % silica where the NaCl concentration of the aqueous phase is altered froln 10 *M (low salt, repulsive), to
0:066 M (medium salt, intermediate), and 1:66 M (high salt, attractive).

Method High salt Medium salt Medium salt Low salt
primary event ( 1,) secondary event (2, )
Low shear viscosity 150 60 Pas 0:20 0:17Pas
G in the linear viscoelastic region 100 50 Pa 1Pa 0:04 0:01Pa
Stress linear t 15 6 Pa 0:04 Pa 0:03 0:02Pa
Bingham t stress 0:03Pa 0:04 0:02Pa
Herschel-Bulkley t stress 0:03Pa 0:03 0:02Pa
G’ and G" cross over stress 14 10Pa 0:01 Pa 0:01 0:01Pa
G in ection point stress 13 10Pa 0:02 Pa 0:03 Pa
Stress vs. strain in ection point stress 15 10Pa 0:02 Pa 0:03 Pa

Low frequency G’ 70 40Pa 0:7 Pa 0:07 0:03Pa
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4.4. Comparisons and discussion

While a material can display signi cant structure at rest, the transition to ow often
gives rise to more interesting measurable phenomena. This was the case with the emulsion
systems measured here, and the results obtained provide insights into the break-up or
disruption of the networks present in these systems. The processes involved in the yielding
of colloidal systems has previously been demonstrated to be related to the types structures
present in the system[[12715,14P[ 189]. The structures present in the emulsions prepared
in this chapter have ranged from weak repulsive materials, with limited structure, to strong
elastic networks. Rheological measurements of the weak repulsive materials show very little
network break-up, due to the limited network structure that is present in this system. This
is demonstrated in Fig. [4.11, in whichG! and G” were measured against an increasing
oscillatory strain. The data in this gure showed a relatively unchanging G? across the
applied strain range, while the G’ component was only slowly decaying from an initially
low value. This is a deviation from the results presented by Katepalli et al. [[8], and
is likely a result of the signi cantly lower volume percentage of the emulsions presented
here. Additionally, the yield stress values for the low salt emulsion system presented in
Table [4.7 were found to be very small in comparison to the high salt emulsion, indicating
that the break-down of any temporary static network structure is a process that does not
require a signi cant amount of force. As the salt level of the emulsion was increased, the
network break-up processes change, and display additional features. The break-up of the
network present in the medium salt emulsion occurs across two distinct events found in the
oscillatory rheology, and a single break-up event in the ow rheology measurements. The
break-up events measured in the oscillatory techniques were found to be due to two separate
processes, a network disruption event at low strains, followed by a cage or oc breaking
event at higher strain percentages[|12, 13, 1%, 142, 188]. Interestingly, these two separate
yielding events were not visible in the ow rheology of the medium salt emulsion. This is
proposed here to be a result of the similarity of the yield stress values measured for each of
the two yielding events. As a result of this similarity, it is expected that the two break-up
processes will not be individually distinguishable in the ow curve, instead appearing as a
single yield process. Increasing the salt concentration to a high salt system further alters
the break-up processes found in the rheology results. Initially, for the ow rheology of the
high salt emulsion the stress demonstrated non-standard ow behaviour, as shown by the
decrease in the measured stress as the shear rate was increased (Fig} 4.8). Flow behaviours
such as these have been reported before, and have been described as anomalous[.ow [175

1717]. Inthis work, these ow behaviours are proposed as being due to two separate break-up
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processes. The initial decrease in the stress results from the break up of the overall network
structure, leaving ocs of oil droplets moving somewhat independently of one another
(network breaking). This is thought to be the rst stage of yielding in this material, which
has been described previously by other groups [12,113,]115, 130, 142]. As the shear rate
is further increased, the stress begins to increase, an indication of the second yield event,
the break-up of the ocs present in the system (cage breaking). Somewhat surprisingly,
these two network break-up events are not easily distinguishable in the oscillatory rheology
measurements for the high salt emulsion. Instead, a single broad break-up is present, likely
the result of the overlap of the two separate events. This overlap has been demonstrated
in previous works investigating emulsion systems with attractive inter-droplet interactions
[8, [142].

The origin and characterisation of multiple yielding events, that have been demonstrated
in the rheology of some colloidal systems, has been an area of interest for some time now
[12Z 15] [142,[189]. This chapter has presented a unique low volume percentage colloidal
system in which these multiple yielding events occur, while demonstrating a wide range of
the techniques that can be used to characterise these systems. Both the bulk rheological,
and the microscopic structure of these emulsion system has been shown to be systematically
tunable through the addition of salt. The ability to control the properties of an emulsion
through this addition provides a foundation to allow the development of products with
the desired bulk properties. The next chapter will investigate a method other than the

addition of salt for modifying the rheological properties of a Pickering emulsion system.

134



5 Using pH to manipulate the ow

behaviour of Pickering emulsions

5.1. Introduction

Previous chapters in this thesis have reported Pickering emulsions that have been sta-
bilised by silica nanoparticles, where the interactions between the nanoparticles were con-
trolled by altering the ionic strength of the solution. In this chapter, the behaviour of
another Pickering stabiliser, titanium dioxide nanoparticles (titania), is considered. These
particles were chosen due to their surface chemical properties, uniform needle-like primary
particle shape, and ready availability with reliable quality. The speci c titania particles
(Eusolex® T-2000) are ellipsoidal particles Q0nm 100 nm) comprised of a core of tita-
nium dioxide and a surface coating comprised of aluminium oxide, simeticone (Fid. §.1),
and titanol (Ti OH) [190, 191], which a ord the particles pH sensitive properties. In
contrast to the work reported in Chapter 4, where salt concentration was used to alter the
Debye length, leading to changes in the interaction strength between the silica particles,
this a ords the opportunity to modify the attractive interactions between the titania par-
ticles through changes to the surface chemistry, and hence the surface charge, by altering

the pH of the suspension.

Fig. 5.1 Molecular structure of simeticone.
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The EusoleX® T-2000 nanoparticles have a surface coating of aluminium oxide, simeti-
cone, and titanol which alter the hydrophobicity of the particles, with the aluminium oxide
and titanol increasing the hydrophilicity, while the simeticone contributes a degree of hy-
drophobicity to the material. The aluminium oxide coating on the nanoparticles is added
as it increases the viability as a UV blocker for use in sun care products. One notable
property of the aluminium oxide coating is the amphoteric nature. This will result in the
aluminium oxide reacting with both acid or base added to the Pickering emulsions, or sus-
pensions. These reactions will alter the pH of the material, and the products may result in
the formation of charged species on the surface of the nanoparticles. The titanol surface
will also demonstrate sensitivity to changes in the pH of the surrounding media, becom-
ing protonated at low pH, and deprotonated at high pH, altering the surface charge of
the nanoparticles. Simeticone is expected to be una ected by the addition of acid or base
(within reasonable limits) due to the stability of the Si-O, and Si-C bonds. The surface
coating of these nanopatrticles results in an apparent contact angle against water @29°

[73].

5.2. Experimental methods

5.2.1. Materials used

Pickering emulsions presented in this chapter were prepared as oil-in-water systems using
a dodecane oil phase (> 99 %, Sigma Aldrich), which was passed through a neutral alumina
column to remove polar impurities. Eusole® T-2000 was used as a stabiliser in this
chapter without further puri cation or pretreatment. This is a synthetic titanium dioxide
nanoparticle that is needle-like in shape with a width of20 nm, and length of 100 nm. These
nanoparticles have a coating of aluminium oxide §wt: % to 11wt: %) and simeticone
(1wt: % to 3wt: %) (Eusolex® T-2000, Merck) [190,[191]. The aqueous phase had a low
background salt level added in the form of NaCl (AR grade, Fisher Scientic) to a nal
concentration of1 10 *molL 1. The acid used in this chapter was37 vol: % hydrochloric
acid (AR grade, Fisher Scienti ¢) which was diluted to the appropriate concentrations,
while the base was sodium hydroxide (AR grade, Fisher Scienti c), which was prepared to

the appropriate concentrations.
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5.2.2. Particle analysis

Before emulsions were prepared at a given pH, the relationship between pH and surface
charge needed to be established. This was carried out in a series of steps. First the pH
of titania suspensions were measured using a pH meter (SevenEasy pH, Mettler Toledo,
Columbus, Ohio, USA) as known concentrations of acid or base were titrated against
dispersions of titania nanoparticles at a range of particle concentrations. This measured
pH was compared against the theoretical calculated pH in order to demonstrate the bu er
capacity of the titania nanoparticles. The theoretical pH was calculated from the volumes
of acid or base added to the aqueous component of the system, assuming no interactions
with other species. Once the e ect of pH was determined, the zeta potential of 0:01 wt: %
and 0:7wt: % dispersions of titania nanoparticles at a range of pH values were measured
using a Malvern Zetasizer Nano with disposable folded capillary cells (DTS1070).

The shape of the titania nanoparticles was con rmed using both transmission electron
microscopy (TEM), and scanning electron microscopy (SEM). This microscopy was carried
out by drying small droplets of suspensions of the nanopatrticles originally at pH 6 and pH
12 onto microscopy stubs before imaging. As the images were taken in a dry state, they
are only representative of the structure of single nanoparticles. TEM and SEM imaging
was carried out by Niki Minards at the Manawatu Microscopy Imaging Centre using a FEI

Tecnai G2 Biotwin TEM and a FEI Quanta 200 Environmental SEM.

5.2.3. Emulsion preparation

To prepare these emulsions dwt: % dispersion of titania was preparedinal 10 “molL !
NaCl solution. This solution was further diluted with 1 10 *molL * NaCl to a nal ti-
tania concentration of 0:7wt: %. To this, a volume of dodecane was added( vol: %), and
the solution was homogenised with a rotor-stator homogeniser (PowerGen 125, Fisher Sci-
entic) at 30000min ! for 2 minutes while moving the homogeniser head throughout the
sample. Once the samples were fully emulsi ed, samples were taken and diluted with the
appropriate acidic or basic solutions to the desired oil volume fraction o80vol: % giving

two emulsions with either a calculated pH of 6 or 12.

5.2.4. Droplet analysis

Droplets were analysed for both morphology and size using optical, confocal microscopy,
and dynamic laser scattering. Optical microscopy was carried out in dilute systems (1:5 vol: %)

in order to reduce excessive scattering with the diluted sample placed in a welled slide.
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Optical micrograph images were captured with ad0 objective on a Zeiss Axiophot Mi-
croscope. Confocal microscopy was carried out on undiluted sample80(vol: %) which
had two di erent uorescent dyes added, one oleophilic dye (Nile Red, 9 10 *M), and
another charged hydrophilic dye (Nile Blue, 9 10 4M). The two dyes were used specif-
ically to demonstrate the oil droplet morphology and distribution (with the oleophilic dye,
Nile Red), and the distribution of titania hanoparticles within the surrounding aqueous me-
dia (with the charged dye, Nile Blue). Excitation of the Nile Red dye was carried out with
a 514 nm laser at 39 % power while the emission was captured betwe&i9nm to 671 nm
for the pH 6 emulsion, and650 nm to 787 nm for the pH 12 emulsion. Nile blue involved
excitation and measurement of emission at di erent ranges for pH 6 and pH 12 samples.
At pH 6 excitation was carried out with a 633 nm laser at 30 % power with the emission
captured between634 nm to 800 nm. At pH 12 the excitation was carried out with both
a 633nm laser at 42 % power and &61nm laser at 45 % power with the emission cap-
tured between 650 nm to 787 nm. These images were captured using &3 oil-immersion
objective attached to a Leica DM6000B SP5 confocal laser scanning microscope witt8a

digital zoom provided via software.

Particle size analysis of the emulsions used a Mastersizer 3000 and was processed with the
accompanying software package (version 3.70). An initial measurement of each emulsion
preparation was measured across a full size range @D1 um to 1000 um, followed by repeat
measurements across a more limited size range bfim to 1000 um, in order to remove the
large broad peak that is associated with free titania particles (individual titania particles

are ellipsoidal with dimensions of20nm 100 nm).

While the optical microscopy methods show the bulk structure of the emulsion droplets,
it is not possible to directly visualize the location of the titania present in the Picker-
ing emulsion system. To better determine the location of the titania in these Pickering
emulsion systems, freeze-fracture cryo-scanning electron microscopy (cryo-SEM) images of
the interfacial structures in the emulsions were obtained. This used a Philips XL30 Field
Emission Scanning Electron Microscope tted with a Gatan Alto cryo-trans system at the
University of Auckland. A few drops of the emulsion were frozen in nitrogen slush. The
frozen emulsion was fractured under ultra-high vacuum and then etched at 95 C for
60s. The fractured surface was coated in platinum {0mA, 105s, 1 mbar argon) before
being transferred to the cold stage ( 170 C) of the SEM. Cryo-SEM (cryo-SEM) was
utilised to identify the distribution of titania throughout the sample. Cryo-SEM images

presented in this chapter were captured by Dr. Catherine Whitby, utilising a 30vol: %
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emulsion stabilised by0:7 wt: % of titania at pH 6.

5.2.5. Rheological measurements

Emulsion samples were left to rest overnight to develop a standard structure before rhe-
ological analysis was carried out (as described in secti.l. While this is a di erent
emulsion, similar results are expected, and as such this standard was maintained). Rheo-
logical measurements were carried out a0 C and with a 40 mm parallel plate geometry
at a gap height of 400 um on a DHR-2 rheometer (TA Instruments). Emulsion samples
were placed on to a rheometer plate with a disposable Pasteur pipette. Preparing the ma-
terial for analysis was carried out by preshearing for 30 seconds #&1rads !, with no
equilibration time before the experiment was carried out. A number of experiments were
run on each emulsion, a strain sweep monitoring the strain dependence of stre&’, and
GY, a frequency sweep monitoring the frequency dependence 6f and G¥, and a ow

curve monitoring stress and viscosity.

5.2.5.1. Strain sweep

Strain sweep measurements were all performed across the strain range ®@01% to
15000 % at a constant frequency ofl rads ! with 5 data points measured per decade with
10s averaging time per point after a5s condition step per data point. The strain vs.
stress, G, and GY curves were measured for the material. The range of strains chosen here
allowed for full coverage of the areas of interest with each emulsion measured, showing
both the elastic state of the emulsions at low strain percentages, and the viscous nature of

the systems at high strain percentage.

5.2.5.2. Frequency sweep

Frequency sweep measurements were performed at a strain percentage found to be within
the linear viscoelastic region from the previous strain sweep measurements. The strain
percentage used for each measurement in these experiments Wag5%. The frequency
range that was used for these experiments was1rads ! to 500rads ! with 5 data points

per decade. Each point was measured by averaging oves after a 5s conditioning step.

5.2.5.3. Flow curve

Flow curve experiments were performed with an increasing shear rate fror@:01s !

to 1s ! with 10 data points per decade with20s of averaging per point measured after
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a 10s conditioning step. Higher shear rates were attempted with these emulsion systems
( 100s 1), however due to emulsion degradation, the shear rate range was reduced (results

not included).

5.2.5.4. Creep and creep recovery

The creep experiment was performed after the ow curve and strain sweep methods due
to the need for some prior knowledge of the approximate range of the yield stress. Creep
measurements were carried out with a range of applied stresses, with sample replacement
between each measurement. The stresses were applied for a minimum3060s, with the
resultant displacement of the sample being measured as the stress was applied. Then,
the sample was left to relax for a minimum of60s with the displacement of the sample
being measured. Errors are not presented for creep experiments due to the nature of the

measurements limiting the ability to average measurements.

5.3. Results

5.3.1. Emulsion microstructure

As pH has been used in this chapter to modify the physical properties of the emulsions,
the e ect that the addition of acid or base has on the overall measured pH of a titania
dispersion was investigated. This was carried out via a pH titration at di erent particle
concentrations, each of which are shown in Fig[ 5]2. This gure shows the typical shape
for a titration curve against a bu er, with the concentration of titania altering the width
of the bu er region of the suspension. This demonstrates the multiple regions that may
display a range of surface potentials with these nanoparticles, below a calculated pH 5, the
bu er region between calculated pH 5 and pH 10, and above calculated pH 10.

Once the e ect that the addition of acid or base had on the pH had been quanti ed,
the e ect that these changes in pH had on the surface potential of the titania suspensions
was measured. This was carried out by measuring the zeta potential of titania suspensions
prepared at a range of calculated pH values and the results of this are shown in Fif. 5.3.

Figure [5.3 shows that altering the calculated pH from 2 to 12 does have a signi cant
e ect on the surface charge of the titania particles. At calculated pH values less than 9,
the value of the zeta potential is positive, and increases in magnitude as the pH is further
decreased. As the pH was increased greater than 10, the zeta potential becomes negative,

and continues towards more negative values with further increases in pH. This ts well
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Fig. 5.2 pH sensitivity of two titania nanoparticle concentrations (0:7wt: %, ~;
0:02wt: %, ). The measured pH is plotted against the calculated pH, which
was calculated from the volumes of acid or base added to the suspensions.

Fig. 5.3 Zeta potential measurements oD:01 wt: % titania suspensions at a range of pH
values demonstrating changes in the surface charge of the titania.
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(a) (b)

Fig. 5.4 Potential energy curves of the interaction between two spherical particles at two
di erent pH values. The dierent pH causes a change in the zeta potential of
the titania nanopatrticles. (a) Calculations for titania suspension at pH 6. (b)
Calculations for titania suspension at pH 12. ( = 78.54, a = 50nm, T =
298:15K, A =60 10 ?21J, = 3:29 108nm 1, "4(pH 6) = 20mV, *4(pH
12) = 40mV).

with the pH titration curve (Fig. with the pH values of 5 and 10 being the bounds
of the bu er region, in which the measured pH is relatively insensitive to the addition of
acid or base. Given these results, two measured pH levels were used to prepare emulsions
throughout this work, pH 6 and pH 12.

The interaction energy pro les of the titania particles can be approximated to demon-
strate the e ect of pH. This was achieved via DLVO calculations, as described in Sections

1.4.1.5 and 4.3.]l. The Hamaker constant that was used for the titania nanoparticles was

60 10 21J [192] and the two particles were assumed spherical with a radius &0 nm

in order to simplify the calculations (chosen to be between the width 20 nm) and length
(100 nm) of the ellipsoidal particles). The results of these DLVO calculations for pairs of
titania nanoparticles at both pH 6 and pH 12 are demonstrated in Fig.[5.4. This gure
shows that at pH 6, the interaction energy is attractive across the full range of separa-
tion distances. When comparing this plot to that of the pH 12 suspension, the di erences
between the samples becomes evident. The calculations for the pH 12 suspension show a
peak of 17k gT at a separation distance of2:1 nm while there is a secondary minimum

at 15:7nm of 0:7k gT. These calculations demonstrate that the pH 6 suspension will
have attractive interactions between the particles, while the pH 12 has an energy barrier

leading to a repulsive interaction between the particles.

The titania nanoparticles used to stabilise the emulsions in this chapter have been re-

ported to have an ellipsoidal shape, or needle-like shape [190]. The shape of the titania
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(a) (b)

Fig. 5.5 TEM images of dried suspensions of titania nanoparticles that, in their suspended
state, were (a) pH 6, and (b) pH 12. This demonstrates that there is no notable
change in the size or morphology of titania particles as the pH is altered.

was investigated as a dried suspension with both TEM and SEM imaging. An example of
the TEM images for both pH 6 and pH 12 suspensions are shown in Fi§. 5.5. These TEM
images demonstrate that the titania particles used in this work do indeed have an ellip-
soidal shape. When comparing the images of the pH 6 and pH 12 suspensions there does
not appear to be any signi cant di erence between the two. This expected result is due
to the requirement of dry samples for TEM imaging. This drying will likely result in ag-
gregation of any particles, leading to results that become very similar. The TEM images
also demonstrated that the size and morphology of the titania particles has not been al-
tered by the changes in pH. SEM imaging was also carried out on these materials, which
demonstrated a relatively even surface coating of titania nanoparticles on the microscopy
stub at each measured pH (results not shown).

Optical micrographs of the emulsions prepared for this chapter are shown in Fig. 5.6.
Both the pH 6 and pH 12 emulsion images demonstrate spherical droplets with a distri-
bution of droplet sizes. Neither the pH 6 nor pH 12 emulsion appear to demonstrate a
signi cant amount of occulation between the oil droplets, likely due to the low droplet
concentration of the samples.

Figure [5.1 demonstrates the shape of the distribution of titania aggregates, emulsion
droplets, and ocs of droplets. Figure[5.74 demonstrates the size distribution of material
present in the initial bulk emulsions prepared. From these initial bulk emulsions, the pH 6

and pH 12 emulsions were prepared by diluting the emulsion with the appropriate agueous
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(a) (b)

Fig. 5.6 Optical microscopy images showing the structure of 1:5vol: % oil-in-water Pick-
ering emulsions stabilised by 0:04wt: % titania at both (a) pH 6 and (b) pH
12.

solutions. This was performed to ensure that each emulsion prepared had a consistent
droplet size. One of the features of Fig[ 5.7a is the shape of the distribution where three
notable peaks in the size distribution are observed; a broad peak centred at roughfyl um,
and two sharper peaks centred at abou0 um and 100 um. Each of these peaks can be
assigned to di erent features present in the emulsion samples. The rst broad peak at
0:1um is thought to be due to free titania in the sample forming aggregates rather than
oil droplets given the methods used to prepare the emulsion not being expected to lead to
droplets of this size [193]. The second sharper peak a0 um is ascribed to single droplets
present in the emulsion sample, an assertion consistent with the microscopy images of Fig.
[5.6. Finally, the last sharp peak at 100 um is present to due to aggregates (or ocs) of

droplets, held together by the attractive interactions between the oil droplets.

When the size distributions present in Figs.[5.7p andl 5.7c are considered it shown that
each of these emulsions demonstrates a slightly di erent distribution of particle sizes. The
pH 6 emulsion demonstrated in Fig.[5.7p shows a similar distribution to that of the initial
bulk emulsion, with three main peaks present in the distribution. This is expected, as the
pH of this emulsion is identical to that of the initial bulk emulsion, with the only di erence
between the two samples being the oil volume percentage. These systems have been shown
to have an attractive interaction between the titania particles, leading to the formation of
ocs, which may not break down into individual droplets in the Mastersizer instrument.

The distribution shown in Fig. does not display the same pattern of peaks. The large
broad peak at small sizes @:1 um) arises due to free titania nanopatrticles in the aqueous

phase, which are assumed to assemble into larger aggregates. Instead of the two sharper
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@)

(b) (©

Fig. 5.7 Size distributions of oil-in-water Pickering emulsion droplets stabilised by
0:7wt: % titania at di erent pH. (a) Initial bulk emulsion. (b) pH 6 emulsion.
(c) pH 12 emulsion.
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peaks in Figs.[5.7a and 5.7b, there is a single peak in the size distribution. This single
peak at 30 um is expected to be due to single emulsion droplets. The lack of aggregates
present in this pH 12 emulsion sample is consistent with the repulsive interactions between
the oil droplets. This repulsive interaction will limit the formation of network structures,

and as such these are less likely to be observed in a dilute system, such as is used in the

Mastersizer instrument.

Confocal microscopy allows the 'slicing’ of the emulsion into almost two-dimensional
slices. This allows the core and shell of the emulsion droplets to be imaged with limited
interference from other z planes (parallel to the viewing plane) that are out of the focal
plane (for example the spherical tops or bottoms of each emulsion droplet). The use of
uorescent dyes highlights each phase of the emulsion. When Figs. 5]8a and 5/8b are
compared, there is a di erence in the distribution of the titania coating (as represented by
the Nile Blue dye). In Fig. titania is largely found to be only coating the oil droplets
with a coat distributed evenly around each of the oil drops. In comparison, Fig[ 5.8b shows
a distribution of titania throughout the aqueous material surrounding the oil droplets with
large clumps of titania forming, and an uneven coating of titania on each oil droplet. These
observations are also described macroscopically with dispersion of titania in di erent pH
solutions. At high pH (pH > 10) titania was observed to aggregate within an hour, due
to the poor dispersibility of the titania nanoparticles. Below pH 10, particle suspensions
were stable over a longer time period, with limited aggregation occurring over the course of
days. Additionally, the pH 12 emulsions were found to be more susceptible to coalescence
than the pH 6 emulsions, likely a result of the incomplete particle shells demonstrated in
Fig/5.80. This resulted in the pH 12 emulsions phase separating in situations where the
sample was not treated in a careful manner, i.e. phase separation occurred if the samples

were shaken vigorously or for long time periods.

The location of the titania nanoparticles was further probed with cryo-SEM. Figure[5.9
shows the shell structures formed by the titania nanoparticles around each oil droplet. In
addition to these shells, there are small ridges distributed throughout the water phase.
These ridges are comprised of dispersed titania particles and may suggested some degree
of network formation between each of the titania nanopatrticle shells, although it is possible

that these features are an artefact of the freezing process.
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@

(b)

Fig. 5.8 Confocal microscopy image of80vol: % oil-in-water Pickering emulsions sta-
bilised by 0:7 wt: % titania. The red colouration is representingthe 9 10 M
Nile Red dye, and the blue colouration is due tothe 9 10 4M Nile Blue dye.

(@) pH 6. (b) pH 12.
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@

(b)

Fig. 5.9 A 30vol: % oil-in-water Pickering emulsion stabilised by 0:7wt: % titania at

148

pH 6 imaged by cryo-SEM. (a) Demonstrates multiple droplet shells distributed
through an aqueous phase containing titania aggregates. Labels are added to
show the outline of a droplet, while also highlighting the titania forming the
droplet shells and the small ridges throughout the dark grey water component.
(b) Shows a single droplet shell, better demonstrating the thin shell, while also
showing the ridges of titania in the agueous phase.
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Fig. 5.10 Shear rate vs. viscosity plot for a30vol: % oil-in-water Pickering emulsion
stabilised by 0:7 wt: % titania at pH 6 (") or 12 (). Shaded areas indicate the
variation in multiple measurements of these emulsion systems.

5.3.2. Viscous ow rheology

As has been discussed in previous chapters, non-Newtonian uids, such as the emulsions
studied in this work, show changes in viscosity as the applied shear rate is altered. This is
apparent in Fig. [5.1Q where the viscosity of two titania emulsions are shown to decrease as
the shear rate is increased. This decrease demonstrates the shear thinning behaviours of
these emulsions. The range of shear rates investigated in this chapter are limited compared
to those in previous chapters due to issues with emulsion stability at higher shear rates,
where the emulsion would destabilise and phase separate at shear rates greater tHas *
(data not shown here). The ratio of the viscosities between each emulsion remains relatively
constant across the range of shear rates, with the pH 6 emulsion being about three orders

of magnitude larger than that of the pH 12 system.

When the low shear viscosities for each emulsion are compared it is apparent that the
pH 12 emulsions are signi cantly less viscous, with a low shearl( 10 2s 1) viscosity

of about 0:7Pas compared to the nearly 700 Pas for the pH 6 emulsion. As has been
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Table 5.1. Calculated initial viscosities from a number of di erent models compared to the
measured low shear@:01 Pas) viscosities of the30 vol: % oil-in-water Pickering
emulsion stabilised by0:7 wt: % titania measured at pH 6 or 12.

Einstein Batchelor pH 6 pH 12
model model Kreiger-Dougherty  emulsion low  emulsion low
viscosity viscosity model viscosity shear viscosity shear viscosity
(Pas) (Pas) (Pas) (Pas) (Pas)
1:5 103 2.1 103 25 10 3 700 200 0:7 0:3

carried out in previous chapters, several models have been used to predict the low shear
viscosity of an emulsion of this volume percentage. Again, these models are based around
non-interacting hard spheres, and are more applicable at very low volume percentages

where these assumptions are more applicable. The results of these calculations, as well as
a comparison to the measured low shear viscosities for each emulsion are provided in Table
5.7

Table shows that the calculated values for the viscosity do not correspond well with
either the pH 6 or pH 12 emulsion systems that have been evaluated here. When the
viscosity of the pH 6 system is considered in comparison with the model systems, it is
apparent that the measured system shows a signi cantly higher viscosity (by 5 orders of
magnitude). This was not an unanticipated result as the pH 6 emulsion was expected to
show attractive behaviour between the particle coated emulsion droplets. These attractive
interactions will lead to an increase in the measured viscosity, such as is demonstrated
here. With the pH 12 emulsion, it can be shown that the initial measured viscosity is
higher than the models used here predict. In these experiments, this pH 12 emulsion is
designed to be an emulsion with repulsive behaviour between the particle coated emulsion
droplets. This repulsive interaction results in a decrease in the measured viscosity of the
bulk pH 12 emulsion system when compared to the pH 6 emulsion system.

The stress response of each of the two measured emulsions is demonstrated in Fig. [5.11.
When the two curves displayed in Fig.[5.I]l are compared it is clear that there is a di erence
between the stress response of the two emulsions. Similar to the viscosity curves of Fig.
, the measured stress of the pH 6 emulsion (low shear value @6 Pa) is signi cantly
greater than that of the pH 12 emulsion (low shear value oD:007 Pa).

The shape of the stress-shear rate relationships is also of interest in gathering information
about the properties of the two emulsion systems. Figuré 5.11 demonstrates the relative
insensitivity of the stress to changes in shear rate, with the pH 12 emulsion showing only

a slight increase from0:8 10 2Pato 2 10 2Pa (with exclusion of the nal few data
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Fig. 5.11 Shear rate vs. stress foB0Ovol: % oil-in-water Pickering emulsion stabilised by
0:7wt: % titania at pH 6 () or 12 ("). Shaded areas indicate the variation in
multiple measurements of these emulsion systems.
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Fig. 5.12 Shear rate vs. stress foB0vol: % oil-in-water Pickering emulsions stabilised
by 0:7wt: % titania at pH 6 (") and pH 12 (*). Lines demonstrate the t-
tings of these data with each of the applied models. With the pH 6 emul-
sion, the solid black line is the low shear average6( 2Pa). For the pH 12
emulsion, the solid red line is the Herschel-Bulkley modelQt004 0:003 Pa),
while the dashed red line is the Bingham model tting (0:008 0:005 Pa).
The pH 12 emulsion was also tted with two averages (not shown here), one
at low shear (0:008 0:002Pa), and one across the full applied shear range
(0:008 0:004 Pa).

points) in stress as the shear rate is increased, while the pH 6 emulsion stays constant at
about 6 Pa to 8 Pa. Due to the lack of change in the stress of the pH 6 emulsion, the tting
of the data was limited to use of an average, while with the pH 12 emulsion, both a low
shear average, and two models (Bingham and Herschel-Bulkley) were applied to extract a

yield stress value.

There are large di erences in the measured yield stresses for the pH 6 and pH 12 emul-
sions. When the pH 6 emulsion was tted with an average the yield stress was found to be
6 2Pa. The pH 6 emulsion data was not tted with either the Herschel-Bulkley or Bing-
ham ts. The pH 12 emulsion was found to have a yield stress 00:008 0:002 Pa from
both the average tting, and the Bingham t, while the tting of the Herschel-Bulkley gave

a yield stress value 0f0:004 0:003Pa. The di erences between the yield stresses of the
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two emulsions supports the hypothesis that the change in interaction between the emul-
sion droplets has resulted in a substantially di erent network structure forming. At pH 6
the interaction between the oil droplets is expected to be attractive, and is proposed here
to result in a network structure which provides the bulk strength of the emulsion. This
leads to the pH 6 emulsion having a yield stress that is much greater than what may have
initially been predicted. At pH 12, the emulsions are expected to have a repulsive inter-
action between the oil droplets. The repulsive interaction between oil droplets would not
be anticipated to result in a network structure forming through the emulsion system and

would lead to an emulsion with much lower bulk strength than that for the pH 6 system.

5.3.3. Oscillatory measurements
5.3.3.1. Strain analysis

As with the work reported in Chapters[3 and[4, oscillatory rheology was used to develop
insight into the elastic properties of these two emulsion systems. The e ect of both the
amplitude and the frequency of oscillations were investigated.

Initially the e ect that an increasing amplitude of oscillation had was investigated for
both the pH 6 and pH 12 emulsions, and the results are displayed in Fig. 5.13. Th&!
and G" for the pH 6 emulsion are signi cantly greater than those for the pH 12 emulsion,
showing an increase in the strength of the system. This is best demonstrated by comparing
the values of the storage modulus in the linear viscoelastic region where the pH 12 emulsion
has an approximate value ofl:1 Pa while the pH 6 emulsion has an approximate value of
85Pa. This dierence is expected for these emulsions, as the pH 6 emulsion will have an
attractive interaction between the oil droplets, leading to an increase in the strength of
the emulsion system. When comparing this with the pH 12 emulsion, which has repulsive
interactions between the titania-coated oil droplets, the strength of the emulsion system
will be diminished.

Fitting of the curves in order to determine the yield stress of the these emulsions was
again carried out in segments, with an average tted to the linear viscoelastic region, and
a power law tted to the decreasing G' at higher strain percentages. In addition to these,
a power law was also tted to the decrease in theGY at high strains. These ttings can
then be used to extract values of the yield stress for these emulsions, through methods
that have been described in Sectioh 2.8.2.2. These ttings are shown in Fi§. 5.14.

The rst method used to determine the yield stress was the cross over point of the two

ttings of the storage modulus of each emulsion. At the intersection of these two ttings

153



5. Using pH to manipulate the ow behaviour of Pickering emulsions

Fig. 5.13 Response of the elastic storage modulus)(and the viscous loss modulus () of
30 vol: % oil-in-water Pickering emulsions stabilised by0:7 wt: % titania at pH

6 (") and pH 12 (7) to changes in the applied oscillatory strain at a constant
oscillation frequency (Lrads ). Shaded areas indicate the variation in multiple

measurements of these emulsion systems.
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Fig. 5.14 Response of the elastic storage modulus (lled symbols) and the viscous loss
modulus (un lled symbols) of 30vol: % oil-in-water Pickering emulsions sta-
bilised by 0:7 wt: % titania at pH 6 (") and pH 12 (") to changes in the applied
oscillation strain at a constant oscillation frequency (rads '). The ttings of
each section of these data are demonstrated by either solid (storage modulus),
or dashed lines (loss modulus). The solid circles demonstrate the crossover
points of the storage and loss moduli for each emulsion (pH 6: yield strain,
74 5%; yield stress, 2:26 0:01Pa) (pH 12: yield strain, 20 10%; yield
stress,0:04 0:02Pa). ¢ and 1, indicate the in ection points in the storage
modulus at pH 6 (yield strain, 7 3%; yield stress,1:1 0:2Pa) and pH 12
(yield strain, 1:8 0:6 %; yield stress,0:03  0:02 Pa).
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(marked x), the strain percentage was identi ed. This strain percentage was converted
to an oscillatory stress using the data in Fig.[5.1p. For the pH 6 emulsion the yield strain
and yield stress were7 3% and 1:1 0:2 Pa respectively, while the values for the pH 12
emulsion were signi cantly smaller at 1:8 0:6 % for the yield strain, and 0:03 0:02 Pa
for the yield stress. In addition to determining the yield stress with the ttings, the yield
stress was also determined by nding the cross over point of the storage and loss modulus
for each emulsion. This cross over point gives a yield strain, which is then translated into
a yield stress. Both the yield strain and yield stress values from this cross-over point for
the pH 6 emulsion were74 5% and 2:26 0:01 Pa respectively. In comparison, the pH
12 emulsion yield strain and yield stress values wer20 10% and 0:04 0:02Pa. This
has shown that the values of the yield stress obtained from each of these two methods are
signi cantly di erent, with the yield stress obtained from the G and G" cross over being
about three times larger than that of the tting intersection method. This discrepancy is
anticipated, as the choice of each point is based largely on operational di erences between

what is classed as the yield stress, as discussed in Chapfér 3.

The pH 6 emulsion demonstrates an interesting behaviour with the changes in the storage
modulus during the yielding process. The yield stresses reported in this section were
measured as a tting of the linear viscoelastic region and the slope of the storage modulus at
high strain percentages. This tting ignores the less pronounced change in the slope of the
storage modulus at intermediate strain percentages. The change in slope at intermediate
strain percentages demonstrates a multiple yielding process that is occurring in the pH 6
emulsion. These multiple yielding events are outlined in Fig.[ 5.15. As was discussed in
Chapter [4, these multiple yielding events have been attributed previously to two di erent
microscopic processes occurring in colloidal systems with attractive interactions between
the particles [12,[13/ 157130, 142]. The initial yield stress was signi cantly lower than that
demonstrated in Fig.[5.14. This initial yield stress was ascribed to being due to the break-
up of the network present in the attractive emulsion system into smaller components, such
as ocs of droplets. The secondary yield event at higher strain percentages was ascribed to
break-up of the ocs of droplets into individual emulsion droplets. The pH 12 emulsion does
not show behaviour with multiple yielding events; instead yielding with a single change in

slope of the storage modulus, until a change in behaviour at high strain percentages.

In addition to considering the storage and loss moduli response to an increase in strain,
it is also possible to measure the stress response to the changes in strain percentage. The

results of this for the two emulsions used here are shown in Fid. 5[16. As with previous
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Fig. 5.15 Multiple yielding processes demonstrated in the response of the elastic storage
modulus (") and the viscous loss modulus () of 30 vol: % oil-in-water Pickering
emulsions stabilised by0:7wt: % titania at pH 6 to changes in the applied
oscillation strain at a constant oscillation frequency (rads ). & and 2
indicate the two in ection points of the storage modulus, each of which can be
taken as a separate yielding event. The rst in ection point ( }) occurred at a
yield strain of 0:55 %, corresponding to a yield stress 00:32 Pa, each of which
were signi cantly lower than the second in ection point ( 2) values of55% and

2:2 Pa for the yield strain and yield stress respectively.
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Fig. 5.16 Responses of oscillatory stress to an increasing oscillatory strain f80 vol: %
oil-in-water Pickering emulsions stabilised by0:7 wt: % titania at pH 6 () and
12 (). Shaded areas indicate the variation in multiple measurements of these
emulsion systems.

data for these two emulsions, there is a signi cant di erence in the strength of these two
emulsions. Both emulsions show an increase in the measured stress at low strain rates,
up to a point where the stress begins to level o in each emulsion. The stress at this
in ection point is another point that can used to describe the yield stress of the emulsion.
The tting of power law curves above and below the in ection point allows a yield stress

to be determined. The yield strain values were found to be:55 % and 55 % for the rst
and second in ection points respectively. Each of these yield strain values were converted
to a yield stress value, giving0:32 Pa and 2:2 Pa for the rst and second in ections points

respectively.

Comparing the values of the yield stress for each emulsion demonstrates a further sig-
ni cant di erence in the strength of these two emulsions. At pH 12 the yield stress was
two orders of magnitude smaller than that for the pH 6 emulsion. This di erence is again
attributed to being due to the di erences in network structure formed within the emulsion

samples. At pH 6 the emulsions has been shown to have attractive interactions between
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Fig. 5.17 Fitted responses of oscillatory stress to an increasing oscillatory strain for
30vol: % oil-in-water Pickering emulsions stabilised by0:7 wt: % titania at pH
6 (") and 12 (). Solid lines indicate the ttings that were applied to each
data, with ¢ and 1, pointing to the in ection points (yield stresses) in the
stress response of the pH 62(25 0:50Pa) and pH 12 (0:2 0:1Pa) emulsions
respectively.
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the oil droplets, which is anticipated to lead to a network structure forming throughout
the emulsion, increasing the measured yield stress of the emulsion. When the pH 12 emul-
sions are considered, the oil droplets will have repulsive interactions between each droplet.
These repulsive interactions will lead to little to no network structure forming between the
oil droplets. This lack of network lowers the bulk strength of the emulsion, leading to a

much lower measured yield stress.

The pH 6 emulsion exhibits multiple changes in the stress response as the applied strain
percentage is increased. The ttings applied, and the intersections of these ttings are
demonstrated in Fig. [5.18. The yield stress values for each of the yield events were
measured ag:48 Pa for the rst in ection point (), and 2:5Pa for the second in ection
point ( 2). These demonstrate that the rst yield event appears at lower strain than the
single value measured in Fig] 5.17. This rst yield event is due to the breakdown of the
attractive network between the ocs of droplets, into smaller components that are able
to move independent of each other. The secondary yield event demonstrated occurs at a
higher stress, similar to that evident in Fig. [5.17. This second yielding event is due to the

break-up of the ocs of droplets into single emulsion droplets.

5.3.3.2. Frequency analysis

In addition to altering the strain percentage applied to these two Pickering emulsions,
the applied frequency of oscillation was varied. This frequency sweep analysis allows the
elasticity of the emulsions to be measured and analysed. The results of these measurements
are shown in Fig.[5.19.

Figure shows a notable di erence between the pH 6 and pH 12 emulsions. Ti&
and GY for both emulsions show little sensitivity to the increase in oscillatory frequency be-
low an angular frequency oflOrads 1. This insensitivity demonstrates the ability of each
emulsion to absorb the energy from the applied oscillations. As the applied oscillation fre-
quency is increased abovéOrads 1, the pH 6 emulsion still shows very little change in the
G and G", demonstrating the elastic strength of the attractive network structure present
in that emulsion system. In contrast, the pH 12 emulsion shows a signi cant increase in
both G’ and G¥ above the in ection point (20rads ). This increase is indicative of the
emulsion no longer being able to dissipate the oscillatory deformations at such a high fre-
guency, leading to a sti ening of the emulsion material. This sti ening is due to the lack of
an elastic attractive network formed between the droplets, resulting in the droplets lock-

ing together, and becoming more solid like in their behaviour. The pH 6 emulsion does
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Fig. 5.18 Multiple yielding events as demonstrated in the tted response of oscillatory
stress to an increasing oscillatory strain for a30vol: % oil-in-water Pickering
emulsion stabilised by0:7 wt: % titania at pH 6 ( *). Solid lines demonstrate the
ttings applied to the data. } and Z indicate the two in ection points of the
oscillatory stress response each of which is due to a distinct yielding process.
The rstyield event (%) occurred at a stress 00:48 Pa, signi cantly lower than
the second yield event (2) which was found to be2:5 Pa.

161



5. Using pH to manipulate the ow behaviour of Pickering emulsions

Fig. 5.19 Response of the elastic storage modulus (lled symbols) and the viscous loss
modulus (un lled symbols) of 30vol: % oil-in-water Pickering emulsions sta-
bilised by 0:7wt: % titania at pH 6 (") and pH 12 (") to an increasing oscil-
lation frequency at a oscillatory strain of 0:25%. Shaded areas indicate the
variation in multiple measurements of these emulsion systems.
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Fig. 5.20 Creep and creep recovery tests for 30 vol: % oil-in-water Pickering emulsions
stabilised by 0:7 wt: % titania at pH 6. The creep is applied at the given stress
(see legend) for300s, after which the applied stress is released fo80s. The
groupings of the data demonstrate the yield stress to be betwee#:.05Pa to
4:10 Pa.

not demonstrate this locking e ect as the attractive network formed between the emulsion
droplets and titania nanopatrticles is able to move in an elastic manner, storing the applied

energy.

5.3.4. Creep test and creep recovery

As has been described in Section 2.8.2.3, the creep and creep recovery experiments
are another method that can be used to evaluate the yield stress where these are used
to measure a yield stress by establishing the stress at which the strain response of the
material increases dramatically over time. The results of this creep experiment for the pH
6 emulsion are demonstrated in Fig[ 5.20.

As shown in Fig.[5.20 the yield stress was found to be betweeh05 Pa to 4:10 Pa. This
was determined as the stress at which the two groupings of data were found to dier.
When stresses are applied below the vyield stress of the material, the material does not

signi cantly move, indicating that the applied stress is absorbed elastically by the material.
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As the stress applied in each experiment is increased above the yield stress, the material
becomes unable to continue to store the applied stress elastically, and instead viscously
dissipates the energy by owing. The recovery phase of each measurement below the yield
stress shows a small elastic bounce back as some of the elastically stored energy allows
the material to return towards its original state. Above the yield stress this behaviour is
not apparent; instead the material remains at the nal strain, indicating that the material

in these cases has yielded, and has viscously dissipated the applied stress. Interestingly,
repeating the measurement a# Pa did not result in exactly replicated data. The origin of
this discrepancy is not immediately clear, although the variations in the measured creep
data throughout this thesis point towards the stochastic nature of measurements with
these emulsion systems. This highlights one of the di culties with creep measurements for
the emulsion systems investigated in this work, with the range and variation in the data

obtained.

Creep experiments carried out on the pH 12 emulsions are shown in Fi§. 5]21. These
creep experiments show multiple groupings of data, however the data does not appear

to show an unambiguous yield stress. Both Fig.[ 5.21a and 5.2]Lb show data that are

inconsistent with each other. This is likely due to the low vyield stress of this pH 12
emulsion leading to chaotic data particularly as it is likely close to the operational limits

for the rheometer setup used for these measurements. This is shown at by the ringing seen
in Fig. 5.214. Ringing similar to this has been observed previously, and was attributed to
inerto-elastic ringing which is a result of instrument inertia artefacts. Another feature of
these pH 12 creep tests is the lack of a notable recovery phase in any of the measurements

[194].

The use of these measurements here has once again demonstrated that the creep experi-
ments can be a useful tool for the determination of the yield stress of the material in some
cases. The yield stress that was measured for the pH 6 emulsion was found to be about
4.05Pa to 4:10 Pa, between that of the oscillatory and ow rheology techniques. However,
these creep experiments can also fail in certain situations, and do not yield results that are
useful. This was shown with the pH 12 emulsion, where the creep experiments gave results
that were inconsistent, likely due to the low, and variable, yield stress of the repulsive pH

12 emulsion.
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(@)

(b)

Fig. 5.21 Creep and creep recovery tests for 8 vol: % oil-in-water Pickering emulsions
stabilised by 0:7 wt: % titania at pH 12. The creep is applied at the given stress
(see legend) for300s, after which the applied stress is released fo80s.
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5.4. Comparisons and discussion

As has been discussed in the previous chapter, altering the interactions between the par-
ticles in a colloidal material can dramatically change the bulk properties of the materials.
In the previous chapter, the alteration of these interactions was carried out by adding salt
to screen the surface changes of a silica stabilised Pickering emulsion. The work carried
out in this chapter alters the interactions between Pickering emulsions but, in this case,
the interactions were altered by pH. The use of pH to alter the properties of an emulsion is
not a new area of study, with previous groups working with pH to not only alter the bulk
strength of Pickering emulsions, but to also de-emulsify Pickering emulsions on demand
[1,14,[195[202]. The ability to control these emulsions with the simple addition of acid or
base allows the development of products that can exhibit novel and interesting properties.
This chapter has demonstrated a further method to alter the properties of an emulsion

material with variations in pH.

There have been many di erent Pickering stabilisers used to prepare emulsions since the
inception of Pickering emulsions over a century agd |66, 67, B9, 201]. The previous two
chapters investigated silica nanoparticles as a Pickering stabiliser. This chapter moved on
from silica nanoparticles, and utilised titanium dioxide nanoparticles. Titanium dioxide
(titania) has been used, both alone, and in combination with other Pickering emulsi ers in
order to stabilise emulsions[[ 70, 742, 73, 203]. These previous works have shown that due to
the hydrophobicity of di erent types of titania nanoparticles, that the titania can be used
to stabilise Pickering emulsions. These previous works used microscopy, conductivity, and
light scattering methods. While these other works have shown the ability to prepare these
titania stabilised emulsions, they had not demonstrated the di erent rheological behaviour
of these materials. This chapter has worked to Il that gap, with new understandings of

how the structural properties of these materials can be altered through variations in pH.

The Pickering stabiliser used for the work in this chapter were commercially available
titanium dioxide nanoparticles, EusoleX’ T-2000. These nanoparticles have a surface
chemistry that includes titanol groups, which allows the surface charge of the particles to
be altered through the addition of acid or base to the system. This surface charging e ect
was investigated through a combination of pH titration and zeta potential measurements.
The pH titration demonstrated the bu er-like behaviour, with the theoretical calculated
pH of the suspensions matching the measured pH at low (< 5) and high pH (> 10), while

there is a linear bu er region where the measured pH is insensitive to the addition of acid or
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base between these two values (Fi@.Z). This bu er region is expected to be a consequence
of the surface titanium hydroxide groups reacting with the added acid or base, which will
result in the surface of the nanoparticles becoming charged. The charging behaviour of
these particle suspensions at di erent pH levels was measured by zeta potential. The
zeta potential measurements demonstrated that as the measured pH increased, the zeta
potential decreased from a positive initial value, and became large and negative (Fi§. 5.3).
This results from the deprotonation of the titanol surface groups, leaving an excess of Ti O
surface groups, giving the surface of the nanoparticles a net negative charge. As the pH is
increased past the bu er region of the nanoparticles (pH > 6), the net negative charge will
increase further. These changes in the surface charge with variations in pH demonstrate
the ability to tune the interactions between these nanoparticles in a controllable manner
and in turn alter the bulk properties of emulsions prepared with these titania nanoparticles

as a Pickering emulsi er.

Another feature of the titania stabiliser used throughout this chapter is the particle
shape. The titania particles used in this chapter are an ellipsoidal needle-like structure
with a length of 100nm, and a width of 20 nm, giving an aspect ratio of 5. The e ect
of anisotropic Pickering emulsi ers has been investigated previously by Madivala et al.
[155]. In this previous work Madivala et al. sets of Pickering emulsions prepared with
particle stabilisers with aspect ratios ranging from 1 to 9. They demonstrated that stable
Pickering emulsions can be prepared from high aspect ratio stabilisers. They investigated
the interfacial rheology of these anisotropic particles, and found that increasing the aspect
ratio resulted in the formation of more elastic monolayers. This increase in elasticity was
attributed to the attractive shape induced capillary interactions between the ellipsoidal
nanopatrticles, which leads to the formation of aggregates [204]. These previous works
demonstrated the ability to form stable Pickering emulsions with the use of anisotropic
particles, and provide some understanding of the forces behind the formation of aggregates

at the droplet interfaces.

Titania stabilised oil-in-water Pickering emulsions prepared at pH 6 and pH 12 have

been compared throughout this chapter, and some key di erences have been highlighted.

The emulsion prepared at a pH 6 has been demonstrated through the measurement of
zeta potentials and the subsequent DLVO calculation to display an attractive interaction
between the titania nanoparticles. This attractive interaction is best demonstrated through
the laser di raction results presented in Fig. [5.70, where the droplet size distribution is

multi-modal (with peaks centred at about 30 um and 100 um, an indication of occulation of
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the droplets. Confocal microscopy demonstrated oil droplets coated with full particle shells,

however there did not appear to be an excess of titania nanoparticles in the continuous
phase of this system (Fig[5.8p).

The attractive interactions between the titania particles of the pH 6 emulsion in uenced
the rheological properties of the emulsion system. The in uence of this attractive inter-
action was demonstrated in the viscous ow rheology, where the low shear viscosity was
700 200Pas, signi cantly greater than that of the components of this emulsion system
(the viscosity of wateris 8:9 10 “Pas, and dodecaneis 13 10 “Pas). This demon-
strates that the attractive interactions between the emulsion droplets has contributed sig-
ni cantly to the structure of the emulsion system through the formation of a network

structure.

The elasticity of this network was demonstrated through oscillatory rheology. The strain
dependence of3! and G¥ for the pH 6 emulsion, shown in Fig.[5.1B, demonstrates signi -
cant elastic structure, as seen by the magnitude of th&' in the linear viscoelastic region.
The formation of an elastic network within an emulsion system with attractive interac-
tions between the droplets is not a new phenomenon, and the data presented here shows
similar traits to those seen previously [[8[ 12/ 13,90, 142, 171]. As discussed in Chagjtér 4,
work by Katepalli et. al. [8], investigated how the use of fumed or spherical silica as Pick-
ering stabilisers e ected the rheology of attractive, or repulsive emulsion systems. They
demonstrated that the shape of the particles used had a signi cant e ect on the magni-
tude of G’ and G", and the response over the range of strains applied. This was seen with
a fumed silica particle a ording the emulsion a much greater elasticity when compared to
the data presented using spherical silica particles when both systems display net attractive
interactions between the particles. Katepalli attributed this di erence to the interlock-
ing nature of the fumed silica nanopatrticles, which results in the formation of an elastic
network between the emulsion droplets, and through the excess silica in the continuous
phase. This elastic network is not apparent to the same extent when the spherical silica is
considered, resulting in lower measured rheological parameters. Katepalli attributed this
lowered elasticity to the lack of any volume- lling network formed between the spherical

silica particles.

The results reported by Katepalli [8] demonstrate the signi cant di erences that particle
shape can have on the rheology of a Pickering emulsion system, and bears similarities to
the results presented in this chapter. The titania particles used to stabilise the emulsions

presented in this chapter are not spherical however, they are a uniform, smooth ellipsoidal
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particle, as shown in Fig.[5.5. Despite these di erences in particle shape, the rheological
properties of the titania stabilised emulsions and the spherical silica stabilised emulsions
presented by Katepalli were found be similar, an indication of similarities between the
droplet network structure in each system. The network formed in the pH 6 emulsion
is expected to be comprised only of droplet-droplet interactions, rather than the elastic
network of particles and droplets that are often seen in other Pickering emulsions (e.qg.
Chapters [§ and[4). Oscillatory rheology measurements of the pH 6 titania emulsions
uncovered similar results to that of Katepalli, with a limited viscoelastic region in response
to an increasing strain, before the emulsion yields through what appears to be a two-step
process. These multi-stage yielding processes have been discussed in Chdgter 4, and are the
result of two distinct microscopic processes, a network breaking, and a cage breaking event,
as outlined in Fig. [5.22. The two yielding processes were demonstrated experimentally
by each of the in ection points in the curve and have a yield stress corresponding with
each. The initial in ection point is the result of the break down of the network into ocs

of attractive droplets. The second in ection point was a result of the break down of the
ocs present in the system, into individual oil droplets that are able to move independently

of each other [12[ 18, 15].

The pH 6 emulsion demonstrated an elastic network structure across the range of other
rheological measurements carried out in this chapter. This included the response of the
shear stress to an increasing shear rate (Figl 5J11). With this, the stress response was
found to be linear, with little change in the measured stress across the range of applied
shear rates. This was attributed to the emulsion not fully yielding at the shear rates
applied. The data were not tted with the Herschel-Bulkley or Bingham models due to
the linear shear stress response; instead an average was used and a yield stre$s of Pa
was extracted. This is yet another demonstration of the strength of the network formed

between the emulsion droplets in this system.

When the pH 12 emulsion was considered, it is clear that there are signi cant di erences
in the structure when compared to the pH 6 emulsion. These di erences are expected
due to the zeta potential and DLVO calculations demonstrating a repulsive interaction
between the titania particles. This repulsive interaction was found to alter the droplet
size distribution measured by laser di raction (Fig. [5.7d), with a monomodal distribution
centred at approximately 30 um. Confocal microscopy of the pH 12 emulsion provided an
interesting insight into the distribution of titania particles surrounding the oil droplets.

In comparison to the complete shells of titania seen in the pH 6 system (Figa), the
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(a) (b)

(©

Fig. 5.22 Schematic diagram demonstrating the multi-stage yielding process that occurs

170

in an attractive Pickering emulsion stabilised by titania nanoparticles. Arrows
indicate the shear applied to the sample. Titania particles and oil droplets are
not drawn to scale in this diagram. The orientation of the particles at the inter-
face presented is a schematic, the actual orientation is unknown. (a) Unyielded
emulsion with a network structure formed between the droplets, with no excess
titania shown in the continuous phase. (b) Flocs of oil droplets demonstrating
the rst yielding step that attractive colloidal materials can display, with ocs

of droplets breaking away from the full network. (c) Fully yielded emulsion
demonstrating droplets with no oc structures present.
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particle shells in the pH 12 emulsion appeared incomplete although su cient to impart
stability against coalescence in quiescent emulsions (Fib), with aggregates of titania
remaining in the continuous phase. This incomplete shell appears to have resulted in the
emulsion becoming less stable when exposed to high shear, resulting in the range of shear

rates applied being limited [54].

The rheology of the pH 12 emulsion demonstrated the limited strength of any network
that forms between the droplets. This was rst shown by the low shear viscosity of the
system Q:7 0:3Pas), roughly three orders of magnitude lower than that of the pH 6
system (Fig. ). This demonstrates that there is limited friction between the emulsion
droplets, allowing the system to ow with relative ease. It is important to note however
that this value is still greater than the viscosities of the component liquids by about three
orders of magnitude. The shear stress response was also evident from the ow rheology
(Fig. ), and was shown to increase slightly across the range of shear rates applied, until
there was a slight dip at the upper limits of the applied shear. The decrease in the stress in
the pH 12 response at high shear rate is likely due to unstable ow, leading to shear banding
or phase separation[][205, 206]. The shear stress response was tted with three di erent
models to extract yield stress values, an average at low shear rate8:Q08 0:002 Pa), a
Bingham curve (0:008 0:005Pa), and a Herschel-Bulkley curve 0:004 0:003 Pa). Each
of these demonstrates the limited force required to initiate ow in this emulsion with
repulsive interactions between the oil droplets, further indicating the lack of signi cant

particle structure present in the continuous phase of the system.

Oscillatory rheology of the pH 12 emulsion further demonstrated the limited structure
present in the system. The response @’ and G” to an increasing strain demonstrated data
that was approximately three orders of magnitude lower than that of the pH 6 emulsion
(Fig. B.13). In addition to the lower magnitude, the shape pro le of G’ and G? was also
found to be signi cantly dierent. The pH 12 emulsion demonstrated a limited linear
viscoelastic region, before a single yield event occurs as the system transitions into a
viscous regime. The yield stress values obtained from the oscillatory rheology were larger
than those measured via the ow methods, with the yield stress from the in ection point
at 0:03 0:02Pa, and the crossover point at0:04 0:02 Pa. The frequency response o0&
and GY for the pH 12 emulsion did display some interesting features. At low frequencies
the G' and G" values were found to be similar, an indication that the system is almost
uid-like at this point. As the applied oscillatory frequency was increased, the material

began to demonstrate viscoelastic behaviour, with theG’ being larger than the G". At
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high frequencies bothG! and GY increase, demonstrating what could be considered strain-
hardening behaviour. This behaviour has been observed previously, and was thought to
be due to a transition to a glassy state; with the material becoming unable to viscously
dissipate the applied strain at the measurement frequency [103]. This glassy state transition
results in the materials becoming more solid like [[103].

This chapter has reported the development of a new tuneable Pickering emulsion system,
and has investigated the structure and rheology of these systems. In contrast to the work
reported in Chapters[3 and 4, the stabiliser used to form these emulsions does not appear
to have formed a volume- lling network throughout the continuous phase of the emulsions.
The tuning of the interactions between the nanoparticle stabilisers used here resulted in
some interesting changes to the particle distribution surrounding the oil droplets, which
altered the shear stability of the emulsion system. In addition to altering this distribution,
the tuning of the interactions between the particles has been demonstrated to dramatically
a ect the rheological properties of the emulsion systems, with the attractive emulsion
(pH 6) demonstrating signi cantly more elastic structure when compared to the repulsive
system (pH 12). The ability to control the properties of these emulsions, and create systems
with altered stabilities is something that may be very useful for future developments.
The next chapter will compare the results presented here with the other chapters in this
work, while also drawing some overall conclusions about the progress made, before nally

providing some future direction based on the research presented.
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6.1. Introduction

The work in this thesis has centred on developing an understanding of the rearrangement
processes under shear that occur in Pickering emulsions with attractive or repulsive inter-
droplet interactions. This chapter will summarise how this has been carried out though
a selection of emulsions prepared with a range of interparticle properties, and the specic
techniques used to understand their properties. Additionally, comparisons are made with
work carried out by previous workers, demonstrating the similarities and di erences be-
tween the emulsions presented here, and those previously studied. Finally, areas in this
research that could be expanded upon, as well as possible avenues of investigation that
may yield interesting results in future studies are outlined.

This work started with developing an understanding of the multiple methods used for
measuring and classifying the yield stress of Pickering emulsions (Chaptéff 3). This work
was based on an approach taken in a previous study of surfactant stabilised emulsions
[I31]. The results for Pickering emulsions obtained in the present work demonstrated yield
stress values which varied signi cantly with the range of methods utilised (approx. 0.5
to 1 order of magnitude di erence between the measured values at di erent oil volume
percentages). This is similar to the results obtained by Dinkgreve et al., where they
investigated surfactant stabilised emulsions, and found that the method used signi cantly
altered the yield stresses measured (approx. 0.5 order of magnitude di erence between
the measured values across the range of oil volume percentages presented), demonstrating
that care must be taken when making comparisons between the yield stress properties of
emulsion systems[[131].

Over the course of the present investigation multi-stage yielding features became appar-
ent in the amplitude sweep rheological data for these silica stabilised emulsions across a
range of oil volume percentages, an indication of structural rearrangements in the emulsion

systems. The multi-stage yielding features were investigated by preparing emulsions with
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tuneable interactions between the Pickering stabilisers, ranging from repulsive to attrac-
tive interactions (Chapter E[) This was carried out by varying the NaCl concentrations

of the aqueous phase of an o/w emulsion system stabilised by fumed silica particles, in
order to alter the Debye length of the material, in turn selectively creating attractive or
repulsive interactions between the emulsion droplets. These changes in interactions were
utilised to understand the multi-stage yielding that has been observed in concentrated sur-
factant stabilised emulsions previously[[142]. The work carried out here aimed to identify
and develop a greater understanding of the microscopic rearrangement processes that occur
during these multi-stage yielding processes, while demonstrating the ability to control the
bulk physical properties of silica stabilised Pickering emulsions 54, 68, B9, 160, 207, 208].

Following this, a second o/w emulsion system was prepared and the rheological properties
were investigated (Chapter[?}). The bulk rheological properties of this emulsion system
were also varied, this time by varying the pH of the aqueous phase, leading to changes
in the surface charge of the Pickering stabiliser. Alterations to the surface charge of
the stabiliser allowed for the interactions between the particles ranging from attractive
to repulsive. These variations were found to demonstrate multi-stage yielding properties,
which were shown throughout a number of rheological measurements. This second emulsion
was stabilised by a smooth needle-like titania nanoparticle. The work presented in this
thesis is thought to be the rst investigation into the rheological properties of attractive
and repulsive Pickering emulsions stabilised by titania nanoparticles. As such, this presents
an important step forward in the understanding of both titania stabilised system, and
Pickering emulsions with tunable properties.

This chapter outlines some of the main comparisons, both within the work carried out
here, as well as with previously published results. General conclusions on the work carried
out in this thesis are presented, before nally some future directions are proposed for
further development of tuneable Pickering emulsions, with discussions of areas of research
that will aid in fully understanding the yielding processes that have been shown in this,

and previous works.

6.2. Comparisons

The questions that in uenced the experiments conducted in Chaptef B revolved around
how to best de ne, and measure, the yield stress of Pickering emulsions. This required a
range of rheological experiments be carried out on a number of silica stabilised Pickering

emulsions with varied volume percentages of the dispersed phase. The resulting data
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showed a strong dependence between oil volume percentage and the key data measured,
such as the yield stresses, viscosities, and elasticities. This increase in rheological properties
with the oil volume percentage is similar to that seen in a range of other rheology studies
on materials including polymer blends, gels, food additives, and concentrated emulsions

[209 213]. The dependence of the yield stress on oil volume percentage was tted with

12 2:4

Equation [3.3, which demonstrated a power law relationship of y o + 4 #* when

measured by viscous ow methods, andy  yo+ & %2

when measured with oscillatory
methods. Both the oil droplets and the excess silica patrticles (silica particles located in
the continuous phase not at the oil-water interface) contribute to the structure in the
emulsion, resulting in changes to the rheological properties. As the oil volume percentage
in the emulsion increases, the concentration of the excess silica in the agueous phases also
increases (as a consequence of the emulsion dilution), making it di cult to separate the
e ect of each. The increase in oil volume percentage and excess silica leads to the formation
of network structures throughout the emulsion system (as shown by microscopy), adding
signi cantly to strength of these low volume percentage emulsions. The e ects of weight
percentage of particle suspensions, and the oil volume percentage of emulsion systems had
been previously investigated by Dinkgreve et al. [[131]. These workers demonstrated a
relationship of (wt: %)%18 petween weight percentage of a particle suspension and
the yield stress of the system. The relationship between oil volume percentage and the
yield stresswas y  ( oil 64:5%)2, where 64:5% is the random close packing percentage.
Studies reported by Buscall et al. [[214] 215] investigated the e ect of volume percentage
on strongly- occulated suspensions of fractal-like nanoparticles. In this investigation they
demonstrated a relationship between both compressive and shear yield stresses, and volume
percentage of the suspensions. They found that the shear yield stress scaled according to
3a 2, with a being the particle radius. It was suggested that this scaling behaviour
occurs as a result of the fractal aggregates that form the network structures throughout the
material. The relationships these researchers established are signi cantly less dependent
on volume fraction when compared to those presented in this work, indicating signi cant
interactions between the particle-coated Pickering emulsion droplets and the excess particle

network present in the systems prepared for this thesis.

Previous works by Ganley and van Duijneveldt[90] demonstrated that the oil droplets in
Pickering emulsion systems can either interact with a nanoparticle network, or disrupt the
nanoparticle network as a non-interacting ller. This e ect was demonstrated by a scaled

storage modulus increasing with oil droplet concentration when droplets are interacting

175



6. Summary and conclusions

with the network. Conversely, when the ller droplets do not interact with the particle
network the scaled storage modulus is shown to decrease with oil droplet concentration. In
the work presented here the linear viscoelastic region storage modulus is found to increase
with droplet concentration (Fig. , indicating that the droplets are interacting with the
network structure that is comprised of the excess silica particles in the emulsion system

(similar to what is proposed in Fig. [4.9).

Another notable di erence between the data presented by Dinkgreve et al.[[131] and
the work here is the volume percentages of emulsion systems investigated. The emul-
sion systems investigated by Dinkgreve et al. were highly concentrated, with oil volume
percentages ranging from66 to 78vol. %, greater than those investigated in this work
(25 to 50 vol: %). The emulsions investigated by Dinkgreve et al. were all above the ran-
dom close packing percentage of 64:5vol: %, leading to close contact, and deformation
of the emulsion droplets. In comparison, the emulsions presented in this work had volume
percentages lower than the random close packing percentage, indicating that the emulsion
droplets will not necessarily be in close contact or forced to deform due to packing. Despite
the more dilute nature of the systems in this work, aggregation of both emulsion droplets
and the nanoparticle network were shown through a number of microscopy techniques. Ag-
gregation of components has been demonstrated to contribute to the signi cant elasticity
of some Pickering emulsions systems well below the random close packing volume [216].
This was found to be the case throughout the present work as shown through the rheo-
logical properties of the systems investigated, with signi cant increases in the measured

properties as both the oil volume percentage and particle concentration were increased.

Five dierent methods (viscous ow curve, storage/loss moduli cross over, in ection
point in the storage modulus, in ection point in the stress-strain curve, and creep/creep
recovery) were utilised to measure the yield stress of the emulsions studied in this work, with
each method resulting in slightly di erent average values. Figurg 3.13 shows the resultant
values of the yield stress measured by each method. This demonstrated that the two creep
experiments both established the highest values for the yield stresses measured. This is in
contrast with the data reported by Dinkgreve et al., where the creep experiments gave one
of the lower vyield stress values [131]. They found that the Herschel-Bulkley tting of the
ow curves resulted in the lowest yield stress values. This was not the case with the results
obtained in this thesis, where each of the ow curve tting methods gave signi cantly higher
yield stress results when compared to the oscillatory methods. This was an unexpected

result as the yield stresses measured (the static yield stress) is the minimum stress required
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to initiate ow in a material, as opposed to the dynamic yield stress which is the stress
at which the material transitions from having liquid-like to solid-like properties [132,[133].
There is often a di erence in the measured value between the static and dynamic yield
stress due to the method with which each value is obtained. Measurements of a dynamic
yield stress for these materials may have resulted in a lower stress values; however, these

measurements were not carried out in this work.

Fitting of stress-strain curves and the storage moduli of the strain sweep resulted in lower
yield stress values than the other methods utilised. This was due to these intersection points
being the point at which the emulsions begin to display liquid-like behaviour. Finally, the
crossover of the storage and loss modulus gave yield stress values that bridged between
the two extremes. While the vyield stress values from this were not as large as those
obtained from the ow curve measurements, the values are not considered here to be an
accurate measure of the yield stress. This is due to the signi cant viscous dissipation that
is underway at the point of crossover, indicating that the materials have already begun
yielding. This viscous dissipation is thought to arise from the network structure between
the emulsion droplets being stretched, and fracturing, leading to the separation of emulsion
droplets from the bulk network structure. As the strain applied to the material increases,

the network structure continues to break-down, until the system is completely yielded.

During the measurement of the yield stresses across the range of oil volume percentages,
some interesting multi-stage yielding features were found in the rheological results. A
broad peak observed in the loss modulus of Figl 3.9 at certain volume percentages was
taken as evidence of multi-stage yielding. These multi-stage yielding features demonstrated
in the rheology of silica-stabilised emulsions was further investigated. This was carried
out by altering the interaction energies between the silica nanoparticles stabilising the
emulsions. The interaction energies were systematically varied through alterations of the
Debye length, achieved by the addition of salt which screens the surface charges present on
the nanoparticles. Similar screening e ects have been noted with silica previously where
the stability of silica suspensions was studied (i.e. not Pickering emulsion systems) [24,157].
One of these previous results investigated the surprising stability of suspensions of silica
nanoparticles, and noted that this stability was likely due to the hydration forces that are
not considered in the classical DLVO theories. Chen et al. [57] noted that the addition of
salt (or a decrease in the pH) to an aqueous suspension of silica nanopatrticles results in a
decrease in the repulsive interactions between the particles. This was also found to be the

case in the present work with Pickering emulsion systems. In addition to calculating the

177



6. Summary and conclusions

interaction energies between nanoparticles, Chen et al__|57] found that the addition of salt
signi cantly increased the elasticity of the silica suspensions as measured with a frequency
sweep measurement. The increase in the elasticity was also demonstrated in the present
work with silica stabilised Pickering emulsions in Chapter[z}l, where the attractive (high
salt, 1:66 M) emulsions were found to be far more elastic and viscous than the repulsive

(low salt, 1 10 *M) emulsions.

These attractive and repulsive emulsions were prepared with the goal of further in-
vestigating the multi-stage yielding processes previously reported in emulsion (and more
broadly, colloid) systems [8,12[ 13 142]. Multi-stage yielding was seen in the intermedi-
ate salt emulsion presented in this work, but were not apparent in the high salt system.
Interestingly however, the high salt system had a very broad single peak in the loss mod-
ulus. This is interpreted here to be due to the yielding events occurring at very similar
yield stresses, and as such, overlapping in the resultant data. Multi-stage yielding be-
haviour similar to this has been seen previously in two sets of Pickering emulsion systems
[8]. In this previous work, a single broad yielding event was seen in the oscillatory rheol-
ogy of a fumed silica stabilised50 vol: % oil-in-water Pickering emulsion in 50mM NacCl.
Katepalli et al. [B] also reported the oscillatory rheology pro le of a spherical silica sta-
bilised 50 vol: % oil-in-water Pickering emulsion in 50 mM NaCl to demonstrate two yield-
ing events. The systems investigated by Katepalli et al. were prepared at a higher volume
percentage than those prepared in this work, and demonstrated an increased elasticity.
This increase in elasticity compared to the emulsions presented in the present work is ex-
pected to be due to the increase in the oil droplet concentration, increasing the contact
between emulsion droplets. In addition to these Pickering emulsions, which were prepared
at oil volume percentages below the random close packing percentage, concentrated sur-
factant stabilised emulsions have also demonstrated multi-stage yielding behaviour [142].
Datta et al. reported that surfactant stabilised emulsion systems with attractive inter-
actions can demonstrate multi-stage yielding processes when the oil volume percentage is
above the random close packing percentage. These peaks are attributed to two di erent
yielding processes that occur; a network breaking, and then oc breaking events. Overlap
of the two yielding events was also proposed to occur in certain cases in the data presented
by Datta et al. [L42] where, as the oil volume percentage was decreased, the yield events

moved to closer strain percentages, eventually presenting as a single peak.

As the study of the rheological properties of attractive and repulsive titania stabilised

Pickering emulsions in the present work is thought to be the rst investigation into the
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rheology of titania stabilised emulsions, comparisons to previous or similar results cannot
be made. Instead of this, comparisons are made to previous colloid and emulsion systems
that have the interactions between the particles or droplets altered. Previous investigations
have demonstrated that changes in pH can signi cantly alter the mechanical properties of
an emulsion [49[ 69, 208, 217 222]. A number of these studies have demonstrated di erences
in the rheological properties of these pH altered system5149, 217, 218]. These studies found
that as the pH is altered, the surface charge of the emulsion stabiliser (or gel particles)
is also changed. As the surface charges of these systems tend to zero, the interactions
between the particles in the systems become attractive, leading to systems that display an
increase in solid-like behaviour. These e ects were demonstrated in the titania stabilised

emulsions shown throughout this work.

In addition to making the obvious comparisons with pH altered colloidal systems, com-
parisons to ionic strength altered systems were made. As has been discussed throughout
this work, Katepalli et al. have demonstrated the e ect that changes in salt concentra-
tion have on two separate emulsion system, one stabilised by fumed silica, and one by
spherical silica nanoparticles[[B]. A comparison has been made between the spherical sil-
ica results presented by Katepalli et al. and the titania stabilised emulsions prepared here.
While the titania and spherical silica nanoparticles are di erent in terms of overall shape
(titania is a needle-like ellipsoid, while the silica is spherical), these are smooth, regular
particles, leading to particle networks which are proposed to not have the interlocking ca-
pability of fractal-like fumed silica particles. In comparison, the fumed silica nanoparticles
used both in Chapters[3 and #, as well as by Katepalli et al. have an irregular, fractal-like
shape, which are proposed to result in an interlocked network forming between the parti-
cles. These dierences in the particle morphology have in both the work by Katepalli et
al., and the work presented here appeared to result in signi cant di erences in the rheolog-
ical properties of the prepared emulsions, demonstrating that the e ect of particle shape
and roughness could be an interesting area to investigate further. Katepalli et al. found
the fumed silica particle coated emulsions to have &’ value of the linear viscoelastic re-
gion that was approximately an order of magnitude larger than that of the spherical silica
stabilised emulsion. In addition to the di erence in magnitude of the results, the shape
of the G! and GY responses also di ered, with the spherical silica yielding at much lower
strains, through a clear multi-stage yielding process. The fumed silica demonstrated an
elastic structure over a wide strain range, before yielding with a broad single peak in the

GY response. These di erences were attributed to the excess fumed silica particles forming
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a volume lling network throughout the continuous phase of the emulsion, a feature that

was not determined to happen with the spherical silica.

Similar comparisons can be made between the silica stabilised, and titania stabilised
emulsions demonstrated throughout the work presented here. The fumed silica nanopar-
ticles used in Chapters B and # have been shown to develop extensive particle networks
throughout the continuous phase when the interactions between the particles are attractive
with confocal microscopy, and cryo-SEM. In comparison, the titania stabilised emulsions
reported in Chapter[5 did not demonstrate a particle network throughout the continuous
phase when the interaction between the nanoparticles was attractive. It is proposed that
these di erences in the network structure in the continuous phase result in alterations to
the rheological properties of the emulsions. One demonstration of this is the values &f in
the linear viscoelastic region for each emulsion. Both the attractive silica stabilised emul-
sions 0 vol: %) reported in Chapter@, and the higher volume percentage titania stabilised
emulsion (30 vol: %) reported in Chapter [5 were found to have aG! value in the region of
100 Pa. As the volume percentage of the titania stabilised emulsion was greater than that
of the silica stabilised system, it would be expected that theG’ value would increase ac-
cordingly. Due to the di erences in network structure present in the continuous phase, this
increase has not occurred. Instead, the titania stabilised emulsion is found to be weaker
when compared to the silica stabilised system (yield stresses of approximately Pa for the
attractive silica stabilised system, compared to 2 Pa for the attractive titania stabilised

system).

Comparing the response o6G' and GY to variations in applied frequency for the attractive
silica and titania emulsion systems gave an interesting insight into their elastic behaviour.
The attractive silica-stabilised emulsion studied in Chapter[4 showed a di erence irfG' and
GY of up to two orders of magnitude as the frequency of the oscillations was varied (Fig.
[4.15). This demonstrated the signi cant elastic strength of this system, a likely result
of the network formed between the emulsion droplets and silica in the continuous phase.
The attractive titania-stabilised emulsion system investigated in Chapter[$ demonstrated
a di erent response of G! and G” to variations in the applied oscillation frequency (Fig.
). While G! was still larger than G¥ across the full range of frequencies investigated,
the magnitude of this di erence was reduced, withG' up to one order of magnitude greater
than G”. This indicates that the attractive titania-stabilised emulsion system is still elastic,
but the strength of this elasticity is reduced. This reduced elasticity of the titania-stabilised

system is proposed to be due to the lack of an interacting network between the oil droplets
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and any excess stabiliser in the agueous phase.

6.3. Conclusions

This work has investigated a range of properties and e ects that are shown in a num-
ber of Pickering emulsion systems. This started with investigations into methods for the
measurement of the yield stress of Pickering emulsion materials. From this investigation,
it was demonstrated that the chosen de nition of the yield stress can alter the yield stress
values obtained. The tting of the in ection point from the linear viscoelastic region and
shear-thinning region of the oscillatory rheology methods t well with the yield stress def-
inition of being the point at which a material begins to ow in a viscous manner. As the
linear viscoelastic region is the region in which the material behaves in a solid-like manner
before viscous dissipation occurs, the in ection point at the end of this region aligns well

with the yield stress de nition.

The ow curve methods that were used to measure the yield stress gave consistently
high yield stresses in Chaptef 3, compared to those reported by others for near-comparable
systems|[[131]. While these methods are a fast, and commonly used method to measure the
yield stress of a material, they do require extrapolation in order to quantify a yield stress
from the material [223]. The creep and creep recovery experiments have demonstrated
to be a useful, albeit cumbersome tool, largely due to the time required to carry out the

measurements.

The ability to signi cantly alter the bulk rheology properties of an emulsion by either
altering the Debye length through the addition of salt (Chapter@), or by altering the sur-
face charge of the Pickering emulsi ers (Chaptef 5) was demonstrated in this work. It was
shown through DLVO calculations that the interaction energies between the nanoparti-
cles coating the Pickering emulsion droplets can be altered in a predictable manner. These
alterations lead to signi cant changes in the elasticity of these emulsions. The e ect of par-
ticle shape on the strength of the resultant emulsions has also been demonstrated through
comparisons between Chapterg|4 and 5, with the fractal-like fumed silica particles leading
to the development of extensive elastic networks throughout the emulsion systems. This
work adds to the sets of controllable colloids that have been previously demonstrated. The
control of emulsion materials such as these open up the opportunity to develop products

or procedures that require speci c properties into the future.
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6.4. Future work

The measurement of the yield stress of Pickering emulsions was demonstrated through
a number of methods in this work, with the choice of method a ecting the resultant value.
This outlined the fact that di erent de nitions of the yield stress alter the choice of the most
appropriate method to measure the yield stress. The yield stresses that were measured
with the ow curve experiments in this work were a static yield stress. The static yield
stress is de ned as the minimum stress required before ow begins from a static state.
This di ers from the dynamic yield stress, which is the stress at which the material will
cease to ow. If a material is thixotropic, the static yield stress will often dier from
the dynamic yield stress. In order to compare these two yield stresses, it is common to
measure a ow curve with both an increasing and decreasing applied shear. In this work,
the shear was applied in an increasing manner, and not in the reverse. Repeating these
experiments with the measurement of the dynamic yield stress may add extra information

to the understanding of these emulsion materials.

One of the centre points of this work has been the demonstrations of the ability to control
the bulk rheological properties of Pickering emulsions, through control of the aqueous
continuous phase. The ability to control the ow and structural properties of an emulsion
system on demand in a predictable manner is a vital tool that may nd further use in a
range of commercial or industrial processes, such as cosmetic and food manufacture, or oil
recovery. One current limiting factor for this however is the range of emulsion stabilising
materials that demonstrate these novel and useful properties. Currently, these changes
in the properties of these systems are seen throughout the previous and the present work
to be specic cases, with specic oils, Pickering stabilisers, and aqueous phases. These
speci ¢ cases are an important starting point for future research into other (Pickering)
emulsion materials with a range of oils, stabilisers, and aqueous phases, such as food-safe

ingredients, or heavy oils.

It has been demonstrated in this work that the nanopatrticles used to stabilise Pickering
emulsions can have a large e ect on the bulk properties of the systems. As was mentioned
in the comparisons presented in this chapter, understanding the e ect of particle shape
and surface roughness is an area that could be further developed. It is hypothesised here
that an increase in the surface roughness of the nanoparticles would lead to an increase in
the interactions between neighboring particles, and therefore lead to larger changes in the

bulk rheological properties measured. Modi cation of nanopatrticles to increase the steric
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interactions between the particles could be carried out in a number of ways, including
chemical modi cation or etching of the surfaces, mechanical grinding of microscale parti-
cles, or through heating processes similar to that used in the preparation of fumed silica.
Characterisation of the surface roughness of nanoparticles can be achieved through the
use of electron microscopy techniques. The e ect of this roughness would be best under-
stood in a simple colloidal dispersion, with the nanoparticles dispersed through a liquid
phase, with the viscous and elastic properties of such a material providing insight into the
interactions between the nanopatrticles, before investigating the use in Pickering emulsions.

In addition to understanding the e ect of the shape and surface roughness of the Picker-
ing stabilisers, the e ect of particle loading on network formation and emulsion structure,
is an area that could be explored with rheological methods. The patrticle loading of the
Pickering emulsions prepared for Chaptef 3 was altered (fron2:5wt: % to 5wt: %) as a
consequence of dilution of the emulsions, and the rheological properties of the systems were
demonstrated to change. Indications of the expected trend in the rheological data were
seen, with the elasticity decreasing as the particle loading was lowered. However, the oil
volume percentage was also decreased, so the relative contribution of each component to
the overall is not able to be quanti ed. Future work could quantify the contribution to
the bulk rheological properties of nanoparticle suspensions, separating the e ect which the
particle concentrations have on the physical properties.

Finally, the microscopic imaging of the multiple yielding events shown in both Chap-
ters [4 and[5 would provide insight into the structural rearrangements occurring during
these yielding events. These yielding events are attributed to two di erent speci c yield-
ing events that are proposed to occur in colloidal materials with attractive interactions
between the particles. Other groups have described this in the past, speci cally for col-
loidal glasses and surfactant stabilised emulsions [1215, 742, 167]. Despite this interest,
and thoughtful descriptions of what may be occurring in these materials, to the best of the
author's knowledge, no successful imaging of these two yielding processes has occurred.
The main limitations in imaging these interactions revolved around the speed at which the
emulsion droplets are moving at strains close to the yielding events. The speed of these
droplets, coupled with the current standard camera frame rates available has made the
imaging of these emulsions complex. Future improvements in camera technologies, imag-
ing techniques, or experimental methods may allow the accurate measurement of these
yielding events, and may nally lead to a de nitive understanding of the yielding processes

occurring in these complex soft materials.
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