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Abstract: Emulsions stabilized by solid nanoparticles, referred to as Pickering emulsions, are becoming
increasingly important in applications as they are free of surfactants. However, the bulk properties
and stability of Pickering emulsions are far from being well understood. In this work, the rheological
behavior and catastrophic phase inversion of emulsions in the presence of starch nanoparticles were
studied using in-situ measurements of viscosity and electrical conductivity. The aqueous phase
consisting of starch nanoparticles was added sequentially in increments of 5% vol. to the oil phase
under agitation condition to prepare the emulsions. The emulsions were water-in-oil (W/O) type at low
to moderate concentrations of aqueous phase. At a certain critical volume fraction of aqueous phase,
catastrophic phase inversion of W/O emulsion to oil-in-water (O/W) emulsion took place accompanied
a sharp jump in the electrical conductivity and a sharp drop in the emulsion viscosity. The W/O
emulsions were nearly Newtonian at low concentrations of aqueous phase. At high concentrations of
aqueous phase, prior to phase inversion, the W/O emulsions exhibited a shear-thickening behavior.
The O/W emulsions produced after phase inversion were shear-thinning in nature. The comparison of
the experimental viscosity data with the predictions of emulsion viscosity model revealed only partial
coverage of droplet surfaces with nanoparticles. With the increase in the concentration of starch
nanoparticles (SNPs) in the aqueous phase of the emulsions, the phase inversion of W/O emulsion to
O/W emulsion was delayed to higher volume fraction of aqueous phase. Thus SNPs imparted some
stability to W/O emulsions against coalescence and phase inversion.

Keywords: emulsion; nanoparticles; starch; Pickering; rheology; viscosity; phase inversion;
emulsion stability; non-Newtonian

1. Introduction

Emulsions are defined as dispersions of two immiscible liquids. They find applications in various
fields such as petroleum, pharmaceuticals, foods, cosmetics, paints, etc. [1-8]. Emulsions can be
broadly classified into two groups: oil-in-water (O/W) emulsions, where an oil forms the dispersed
phase and water forms the continuous phase, and water-in-oil (W/O) emulsions, where water forms the
dispersed phase and an oil forms the continuous phase. Some other emulsions (oil-in-oil and multiple)
fall outside this classification but they are uncommon. Emulsions are thermodynamically unstable
systems. In the absence of an effective interfacial stabilizer, the bare droplets of emulsions tend to
coalesce readily. Consequently, emulsions separate out into oil and water phases when the mechanical
agitation is stopped. In order to impart kinetic stability to emulsions various interfacial stabilizers
such as surfactants and solid nanoparticles are utilized. As an example, Figure 1 shows a schematic
diagram of the surfactant-stabilized and nanoparticle-stabilized oil droplets in an O/W emulsion.

Emulsions stabilized with solid nanoparticles are called Pickering emulsions. Stabilization of
emulsions by solid nanoparticles, instead of surfactants, is preferred in many applications as solid
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nanoparticles offer higher resistance to coalescence [9-18]. Furthermore, the usage of solid nanoparticles
as stabilizers eliminates the adverse side effects of surfactants such as irritancy and hemolytic behavior.
More recently, a growing awareness of using environment friendly products has led more and
more researchers to develop and modify natural materials as interfacial additives for emulsions.
Starch nanoparticles are considered to be suitable candidates as interfacial stabilizers for emulsions
because they are environmentally friendly, safe and non-toxic [19,20]. Also, from a practical point of
view, starch nanoparticles are of low cost, and the rheological properties of emulsions can easily be

controlled with the help of such additives.
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Figure 1. A schematic diagram of surfactant-stabilized and nanoparticle-stabilized oil droplets in an
oil-in-water (O/W) emulsion (adapted from [16]).

A good understanding of the rheological behavior and instability of Pickering emulsions is
important in the formulation, mixing, storage and pumping of such fluids. However, only a few
studies have been published on the rheological properties and instability of Pickering emulsions
in the presence of starch nanoparticles. The main instability of emulsions is known to be phase
inversion. When phase inversion occurs in emulsion, the dispersed phase becomes the continuous
phase and vice versa. There are two types of phase inversion in emulsions: catastrophic and transitional.
The catastrophic phase inversion in emulsions is induced by varying the ratio of oil-to-water whereas
the transitional inversion is induced by changing the hydrophilic-lipophilic balance (HLB) or affinity
of the stabilizer (surfactant or solid nanoparticles) for the two phases. When phase inversion takes
place, the physical properties of emulsion such as viscosity and electrical conductivity undergo sharp
changes. Pal’s group [17] recently studied the effects of hydrophilic and hydrophobically-modified
starch nanoparticles on catastrophic phase inversion of Pickering emulsions. Ogunlaja et al. [17]
found that both hydrophilic and hydrophobically-modified starch nanoparticles are effective in
delaying the catastrophic phase inversion of emulsions from W/O to O/W type. However, the work
of Ogunlaja et al. [17] was restricted to the study of only catastrophic phase inversion in Pickering
emulsions. No work was done on the rheology of emulsions in the presence of solid nanoparticles.

The broad objectives of this work are as follows: (a) to study the rheology of emulsions using
different concentrations of starch nanoparticles as interfacial additives; and (b) to simultaneously
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investigate catastrophic phase inversion in emulsions in the presence of starch nanoparticles at
different concentrations.

2. Experimental Setup

The experimental set-up is shown in Figure 2. The emulsions were prepared in a cylindrical
glass vessel equipped with a variable-speed Greerco Gifford-Wood homogenizer (rotor-stator type,
model 1-L; supplied by National Oilwell Varco, Dayton, OH, USA) to provide the necessary shear
and mixing of fluids. The of capacity of the mixing vessel was approximately 20 L and had the
following dimensions: Inside diameter = 29 cm, height = 29.5 cm, and glass wall thickness = 7 mm.
A dual channel electrical conductivity probe (range 0-200 mS/cm) with a built-in temperature sensor
connected to a Thermo Orion 3 Star conductivity meter (manufactured by Thermo Fischer Scientific Inc.,
Beverly, MA, USA) was used to continuously monitor the electrical conductivity and temperature of
the emulsions while the homogenizer was on.

Viscometer
Homogenizer 1D
c Conductivity
meter
1 oil phase water droplets

Figure 2. Schematic diagram and photograph of the experimental set-up for the in-situ measurement
of the viscosity and conductivity of emulsions (adapted from [16]).

A Brookfield LVT viscometer (manufactured by AMETEK Brookfield, Middleboro, MA, USA)
equipped with an enhanced UL adapter was used for in-situ measurements of the viscosity of emulsions
at different shear rates while the homogenizer was on. The enhanced UL adapter of the viscometer
consisted of a solid cylindrical spindle that rotated inside a cylindrical tube chamber. To vary the shear
rate, the spindle could be rotated at eight different speeds ranging from 0.3 to 60 rpm. A schematic
diagram and photograph of the UL adapter assembly is shown in Figure 3. The diameter of the
inside solid spindle was 18.84 mm and the inside diameter of the outer cylindrical tube chamber was
27.62 mm. Thus, the gap width in which the emulsion is sheared was 4.39 mm. The height or length
of the spindle was 74.93 mm. The spindle was immersed in the tank and the viscous drag exerted
by an emulsion was measured at different rotation speeds (rpm). To confirm the reproducibility,
measurements were repeated at least three times for each rpm and the average value is reported.
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Figure 3. Enhanced UL adapter spindle assembly attached to the Brookfield LVT viscometer.

The emulsion viscosity as a function of shear rate was determined from the viscometer dial
readings at different speeds of rotation of the viscometer spindle. The shear rate in the fluid was
calculated from the following expression [16]:

2R? o
o C _
y = [RZC - R% )(_60 ) \ = (O.391)N 1)

where Rc and Rp are the radii of the outer tube chamber and inner spindle, y is the shear rate, and N is
the speed of rotation of spindle in rpm. The range of shear rate was from 0.117 to 23.46 s~!. The shear
stress in the fluid, in units of Pa, was calculated from the viscometer dial reading as follows:

M _
T= [ZHR%L](DRHOO) = (16.14x107%)DR )

where L is the length of the spindle, M is the torque factor, and DR is the dial reading.

3. Experimental Work

3.1. Materials

The emulsions were prepared using the following materials: Deionized water, high-purity NaCl,
starch nanoparticles (SNPs), and ultrapure food grade white mineral oil. The SNPs were experimental
grade starch nanoparticles provided by EcoSynthetix Inc. (Burlington, ON, Canada). They are engineered
starch biopolymer nanoparticles with primary application as a binder in the paper industry. They are
obtained through reactive extrusion by modifying native starch. The mean diameter of the SNPs was
approximately 21 nm as reported in our earlier study [17]. The oil used was Petro-Canada white
mineral oil (code: Purity FG WO-15), supplied by Boucher and Jones Fuels, Waterloo (ON, Canada).
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The viscosity of the batch of oil used in this study was 26 mPa-s at 21 °C. Sodium Chloride (99% purity)
was supplied by Sigma Aldrich Canada Co. (Oakville, ON, Canada).

3.2. Preparation of Starch Dispersions

The starch nanoparticle dispersions were prepared by slowly sprinkling the known amount of
SNPs into a 0.01 mol/L NaCl aqueous solution and ensuring that no clumps of particles were formed.
The sole purpose of adding NaCl to the aqueous phase was to increase the electrical conductivity
of the solution. To ensure complete dissolution, the solution was homogenized using a high shear
Gifford-Wood homogenizer (model 1-L) at 5000-6000 rpm for a duration of at least 60 min at room
temperature 22° +2 °C.

3.3. Preparation of Emulsions

Water-in-oil (W/O) emulsions were prepared at room temperature using aqueous dispersions
of starch nanoparticles as the dispersed phase and oil as the continuous phase. The aqueous phase
(SNP dispersion) was added sequentially into the oil phase in increment of approximately 5% by volume
while maintaining mixing and shearing by a homogenizer at 5000-6000 rpm. At each concentration of
the aqueous phase, the electrical conductivity and viscosity versus shear-rate data of emulsion were
collected. The experiments were repeated by varying the concentration of starch nanoparticles in the
aqueous phase. The starch nanoparticle concentration was varied from 0.25% to 2% by weight based
on the aqueous phase. The range of aqueous phase volume concentration covered in the experiments
varied with the SNP concentration of the aqueous phase. For example, when the SNP concentration was
0.25% by weight, the range of aqueous phase volume concentration covered was 0-49.6%. When the
SNP concentration was 2% by weight, the aqueous phase volume concentration covered was 0-69.7%.
It should be noted that emulsions were of W/O type only up to a certain critical volume fraction of
aqueous phase. Above the critical volume fraction of aqueous phase, catastrophic phase inversion
of W/O to O/W emulsion took place accompanied by a sharp increase in the electrical conductivity
of emulsion. The emulsions produced, before and after inversion, were generally unstable under
quiescent (no mixing) conditions. The samples of emulsions when left unstirred in a graduated cylinder
separated into oil and water phases within a 24 h period. Thus in-situ measurement of rheology and
conductivity under mixing conditions was necessary.

4. Results and Discussion

4.1. Rheological Behavior of Emulsions

Figure 4 shows the viscosity versus shear rate plots of emulsions before and after catastrophic
phase inversion. The aqueous phase of the emulsions was 0.25% wt. SNP dispersion. The emulsions
were W/O type up to the aqueous phase volume percent of 39.5 and oil phase volume percent
of 60.5. The catastrophic phase inversion of W/O emulsion to O/W type emulsion occurred at the
aqueous phase concentration of 44.5% vol. The W/O emulsions were nearly Newtonian up to an
aqueous phase (0.25% wt SNP dispersion) volume percent concentration of 29.5. At higher aqueous
phase concentrations, the W/O emulsions showed some degree of shear-thickening, that is, the
viscosity increased with the increase in shear rate. For example, the flow behavior index (n) of
34.4% vol. W/O emulsion was 1.14. Wolf et al. [21] also reported shear-thickening in Pickering
O/W emulsions stabilized by hydrophilic silica nanoparticles. Shear-thickening is often observed
in suspensions of solid particles, but not in conventional surfactant-stabilized emulsions. The exact
mechanism of shear-thickening in Pickering emulsions is not clear. According to Wolf et al. [21],
shear-thickening is observed in Pickering emulsions as the droplets behave more like rigid particles
due to coating of droplets by a monolayer of solid nanoparticles. Thus, shear-thickening observed in
W/O emulsions of this study could be due to rigidity of water droplets coated with starch nanoparticles.
It could also be due to shear-induced changes in the morphology of the emulsion prior to phase



ChemEngineering 2020, 4, 57 6 of 15

inversion. Interestingly, the O/W emulsions obtained after phase inversion were shear-thinning, that is,
the viscosity decreased with the increase in shear rate. For example, the flow behavior index (n) of
O/W emulsion (44.5% vol. aqueous phase) obtained after phase inversion was 0.71. The shear-thinning
observed in O/W emulsions is probably due to de-flocculation of flocs of oil droplets with the increase
in shear rate.
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Figure 4. Flow behavior of emulsions with SNP concentration of 0.25% wt. in the aqueous phase.
The dashed lines are shown as a guide to the eye. The percent concentrations indicated on the figure
are volume percent of aqueous phase.
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It should also be noted that the viscosity of W/O emulsion increased with the increase in the
aqueous phase concentration whereas the viscosity of O/W emulsion decreased with the increase in
aqueous phase concentration (see Figure 4). The viscosity of an emulsion is known to be strongly
dependent on the volume fraction of the dispersed phase [1,6,7,22]. It increases with the increase
in the dispersed phase concentration [1,6,7,22]. In the case of W/O emulsions the dispersed phase
was water and therefore, the viscosity of W/O emulsion increased with the increase in aqueous phase
concentration. The dispersed phase of O/W emulsions was oil. With the increase in aqueous phase
concentration of O/W emulsion after phase inversion, the dispersed phase (0il) concentration decreased
and therefore, the viscosity of O/W emulsion decreased.

Figure 5 shows the variation of viscosity versus shear rate for emulsions prepared using 0.5% wt.
SNP dispersion as the aqueous phase. The emulsions were W/O type up to aqueous phase concentration
of 44.5% by volume.
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Figure 5. Flow behavior of emulsions with SNP concentration of 0.50% wt. in the aqueous phase.
The dashed lines are shown as a guide to the eye. The percent concentrations indicated on the figure
are volume percent of aqueous phase.
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Catastrophic phase inversion of W/O type emulsion to O/W type occurred at the aqueous phase
concentration of 49.6% vol. The flow behavior of emulsions was similar to that observed at 0.25% wt.
SNP concentration. The W/O emulsions were nearly Newtonian at low concentrations of aqueous phase.
At high concentrations of aqueous phase, the W/O emulsions exhibited a slightly shear-thickening
behavior. Upon phase inversion of W/O emulsion to O/W emulsion, the inverted emulsions exhibited
a high degree of shear-thinning.

The viscosity versus shear rate plots for emulsions prepared using 1.0% wt. SNP dispersion as
the aqueous phase are shown in Figure 6. Trends similar to the previous emulsion (Figure 5) were
observed for a higher concentration of nanoparticle dispersion. Increasing the SNP concentration
raised the phase inversion concentration of aqueous phase. The phase inversion point shifted from
49.6 to 59.6 vol.% aqueous phase upon increasing the nanoparticle concentration from 0.5 to 1 wt %.
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Figure 6. Flow behavior of emulsions with SNP concentration of 1.0% wt. in the aqueous phase.
The dashed lines are shown as a guide to the eye. The percent concentrations indicated on the figure
are volume percent of aqueous phase.
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Figure 7 shows the variation of viscosity versus shear rate for emulsions prepared using the
aqueous phase with the highest concentration of SNPs, that is, 2.0% by wt. Once again, the flow
behavior trends exhibited by these emulsions were similar to those of other emulsions at lower SNP
concentrations except that the catastrophic phase inversion was now delayed further to 64.7% by
volume aqueous phase.
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Figure 7. Flow behavior of emulsions with SNP concentration of 2.0% wt. in the aqueous phase.
The dashed lines are shown as a guide to the eye. The percent concentrations indicated on the figure
are volume percent of aqueous phase.
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4.2. Viscosity-Concentration Behavior of Emulsions

The viscosity data of W/O emulsions at a low shear rate of 4.69 s are plotted in Figure 8 as a
function of volume fraction of aqueous-phase (droplets). Note that the aqueous phase of the emulsions
consisted of different concentrations of SNPs. The viscosity of W/O emulsion increased with the
increase in the volume fraction of the aqueous-phase droplets. However, there was no clear trend of the
effect of SNP concentration on emulsion viscosity. The highest viscosity was observed with 0.25% wt.
SNP and the lowest viscosity was observed with 1% wt. SNP. The data with 0.5% wt. SNP and 2% wt.
SNP fell in between. The reason for this variation of viscosity with SNP concentration is not clear
at present.
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175 © 0.5%wtSNP = 'l
© 1% wtSNP ” 1
150 O 2%WwtSNP ” f
= = = == Pal model (mobile interface) l’ © o "
|:‘|.6 125 = = = = Pal model (rigid interface) ” ,‘
£ ’ ’
< 100 7 i
'E ’I 8 ’I
F4 ’ ’
a 75 ’,’ g é ’O’
s i | 2
50 -8 g o e
. - - 0— - -
25 o= G=T ‘g'
0
0 0.1 0.2 0.3 04 0.5 0.6 0.7

Volume fraction of droplets

Figure 8. Comparison of experimental viscosity versus volume fraction of water droplets data of W/O
emulsions with model predictions.

The experimental viscosity data for W/O emulsions are compared with the predictions of the

following Pal model [22]:
20, + 512 L0 ~25¢m 5
T2+51 7 o ®)

where 17, is the relative viscosity of emulsion defined as the ratio of emulsion viscosity 1 to
continuous-phase viscosity 7, A is the ratio of dispersed-phase viscosity to continuous-phase viscosity,
¢ is the volume fraction of droplets, and ¢, is the maximum packing volume fraction of droplets.
For random close packing of spherical droplets, ¢, = 0.637. Equation (3) can be applied to emulsions
with mobile interfaces (no additive present at the interface) as well as immobile interfaces (a rigid layer
of interfacial additive present at the interface). In the case of immobile interfaces, emulsion droplets
behave as solid particles and Equation (3) reduces to the following suspension viscosity model:

(. i )—2.5<7>m
Mr ( Om 4)

The experimental viscosity data for W/O emulsions (see Figure 8) fell in between the predictions
of Equations (3) and (4) indicating that the droplets were neither completely rigid nor completely
fluidic in nature. Thus it is likely that the surfaces of the droplets were only partially covered with the
starch nanoparticles. This is consistent with our earlier study [17] where we found that the interfacial
tension of the water/oil interface continued to decrease as the droplet aged at a given nanoparticle
concentration of the aqueous phase due to adsorption of starch nanoparticles at the interface. In other
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words, the droplet surfaces were not saturated with the nanoparticles even after waiting for 3 h.
Furthermore, the contact angle made by the particles with the water/oil interface was 46° measured
through the aqueous phase, that is, the starch nanoparticles were more hydrophilic and were probably
not absorbed strongly at the oil/water interface.

4.3. Catastrophic Phase Inversion in Emulsions

When the volume fraction of the dispersed phase of an emulsion is increased gradually under
agitation conditions, a point is reached where the droplets come too close to each other. With further
increase in the dispersed phase concentration, the emulsion becomes unstable and undergoes
catastrophic phase inversion whereby the original dispersed phase now becomes the continuous phase
and the original continuous phase becomes the new dispersed phase. The process of phase inversion
of W/O emulsion to O/W type emulsion is illustrated in Figure 9. When water is added to the oil phase,
a W/O emulsion is formed initially. Upon gradually increasing the water concentration of the emulsion,
a point is reached where the emulsion becomes unstable and forms bi-continuous structure and with
further increase in the water concentration, the emulsion becomes O/W type. The phase inversion
point can be detected by monitoring the electrical conductivity of the emulsion. A sharp change in the
conductivity is expected upon phase inversion.

| A} e
__ (" i
. J | -5
(& ] i
Pee % :I
= — o
P Y =
fI i ‘(‘_\l
g SR

Increase in water volume fraction

Figure 9. Catastrophic phase inversion of W/O emulsion to O/W emulsion (adapted from [23]).

Figures 10-13 show the plots of electrical conductivity and viscosity simultaneously for emulsions
containing different concentrations of starch nanoparticles in the aqueous phase. In this study,
the aqueous phase was added sequentially to the emulsion in increments of 5% by volume. As the
aqueous phase content of the emulsion increased, the electrical conductivity remained nearly zero as
the emulsion was W/O type with non-conductive oil as the continuous phase. However, the viscosity
increased steadily with the increase in the dispersed-phase of the W/O type emulsion. With the continued
addition of the aqueous phase, a point was reached where a sharp increase in the conductivity took
place indicating inversion of W/O emulsion to O/W emulsion. As the continuous phase of the O/W
emulsion was electrically conductive, phase inversion was accompanied by a sharp increase in the
conductivity. Interestingly, phase inversion was simultaneously accompanied by a sharp drop in
the emulsion viscosity. This is not unexpected as the continuous-phase of the inverted emulsion
(O/W type) was much lower in viscosity as compared with the continuous-phase of the W/O emulsion.
The oil viscosity was nearly 26 times that of water at room temperature. Also note that after phase
inversion, the electrical conductivity of O/W emulsion continued to increase with the increase in water
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concentration due to an increase in the proportion of electrically conductive matrix phase (water) of
the emulsion.
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Figure 10. Variations of electrical conductivity and viscosity of emulsion with the increase in
aqueous-phase concentration. SNP concentration of aqueous phase is 0.25% wt.
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Figure 11. Variations of electrical conductivity and viscosity of emulsion with the increase in
aqueous-phase concentration. SNP concentration of aqueous phase is 0.50% wt.
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Figure 12. Variations of electrical conductivity and viscosity of emulsion with the increase in
aqueous-phase concentration. SNP concentration of aqueous phase is 1% wt.
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Figure 13. Variations of electrical conductivity and viscosity of emulsion with the increase in
aqueous-phase concentration. SNP concentration of aqueous phase is 2% wt.

Figures 10-13 further reveal that phase inversion of W/O to O/W emulsion was delayed to higher
aqueous phase concentrations with the increase in SNP content of the aqueous phase. This can be seen
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more clearly in Figure 14 where the critical phase inversion concentration of aqueous phase is plotted
as a function of the SNP concentration in the aqueous phase.
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Figure 14. Effect of SNP concentration of aqueous phase on the critical volume fraction of aqueous
phase where phase inversion of W/O to O/W emulsion takes place.

Thus the increase in SNP concentration of the aqueous phase improved the stability of W/O
emulsion with respect to phase inversion. With the increase in the SNP concentration, it was likely that
the amount of starch nanoparticles adsorbed at the water/oil interface increased resulting in an increase
in the stability of W/O emulsion against coalescence and inversion. This observation is consistent with
our earlier study [17] on catastrophic phase inversion of emulsions.

5. Conclusions

The incorporation of starch nanoparticles into the aqueous phase of emulsions assisted in the delay
of catastrophic phase inversion of W/O emulsion to O/W emulsion. The starch nanoparticles imparted
some stability to W/O emulsions against coalescence and phase inversion. This effect increased with the
increase in the concentration of starch nanoparticles. The W/O emulsions prepared from aqueous phase
containing starch nanoparticles behaved like Newtonian fluids at low concentrations of aqueous phase.
At high concentrations of aqueous phase containing starch nanoparticles, the W/O emulsions exhibited
shear-thickening effect. While the exact mechanism of shear-thickening observed in W/O emulsions is
not clear, it could be due to shear-induced changes in the morphology of the emulsion. The rigidity of
water droplets coated with starch nanoparticles could also be a factor in the observed shear thickening
behavior of W/O emulsions. The O/W emulsions obtained upon catastrophic phase inversion of W/O
emulsion to O/W emulsion generally exhibited shear-thinning behavior. Upon comparison of the
experimental viscosity data for emulsions with the theoretical viscosity model of suspensions and
emulsions, it was found that the data fell above the emulsion viscosity curve but below the suspension
viscosity curve, that is, the droplets were neither completely fluidic nor completely rigid in nature.
Thus, it is likely that the water droplet surfaces of W/O emulsions were only partially covered with the
adsorbed starch nanoparticles.
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