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ABSTRACT:

A series of fumed silica nanoparticles were used as an additional emulsifier for highly concentrated (HC) water-
in-oil (W/0) emulsions. These nanoparticles, with different hydrophobicity index (HI) inthe 0.60-1.34and HI >3
range, were mixed with the conventional low molecular weight surfactant, sorbitan monooleate (SMO), in the
oil phase prior to the emulsification process. The rheological properties of these emulsions were measured and
compared with the properties of emulsions stabilized with SMO alone. In the mixed emulsifier system, the
changes in rheological parameters were clearly expressed as a function of HI. The mixture of silica nanoparti-
cles and SMO significantly increases the yield stress and plateau modulus of fresh emulsion, compared to the
SMO only system. The effect was found to be more pronounced with a decrease in the HI. This is probably relat-
ed to the reduction in micelle content with the decrease in HI, owing to a concomitant increase in the amount
of SMO adsorbed onto the particle surface. Then, interestingly, the Foudazi-Masalova model recently developed
for surfactant-stabilized highly concentrated emulsions (HCE) was found to describe successfully the rheologi-
cal behavior of emulsions in the presence of a mixture of surfactant and fumed nanosilica.

ZUSAMMENFASSUNG:

Mehrere pyrogene Silika-Nanopartikel wurden als zusétzliche Emulgierungsmittel fiir hochkonzentrierte (HC)
Wasser-in-Ol (W/0)-Emulsionen verwendet. Diese Nanopartikel, die unterschiedliche Hydrophobizitatsindizes
(H1) im Bereich von 0.60 bis 1.34 und HI > 3 besitzen, wurden mit einem konventionellen, niedermolekularen Sur-
faktanten (Sorbitanmonooleat, SMO) in die Olphase vor dem Emulsifikationsprozess gemischt. Die rheologi-
schen Eigenschaften dieser Emulsionen wurden gemessen und mit den Eigenschaften der mit dem SMO allei-
ne stabilisierten Emulsionen verglichen. Bei den gemischten Emulgierungsmitteln waren die rheologischen
Eigenschaften eindeutig vom HI-Wert abhadngig. Die Mischungen der Silika-Nanopartikel und dem SMO erhéh-
teninsignifikanter Weise die FlieBspannung und den Plateau-Modul der frischen Emulsion im Vergleich zu dem
System, das mit SMO alleine stabilisiert wurde. Der Effekt trat deutlicher bei einem geringeren HI-Wert auf. Dies
steht wahrscheinlich mit der Abnahme des Mizellengehaltes aufgrund der als Begleiterscheinung auftretenden
Zunahme des SMO-Gehalts in Zusammenhang, das auf der Partikeloberflache adsorbiert ist. Weiterhin
beschreibt interessanterweise das Foudazi-Masalova-Modell, das kirzlich fir mit durch Surfaktanten-stabili-
sierte hochkonzentrierte Emulsionen (HCE) entwickelt wurde, das rheologische Verhalten der Emulsionen mit
Surfaktanten und pyrogenen Nanosilikapartikeln.

RESUME:

Une série de nanoparticules de fumée de silice a été utilisée comme émulsifiant additionnel d’émulsions eau-
dans-huile (W/0) concentrées. Ces nanoparticules, possédant différentsindexd’hydrophobicité (Hl) dans lagam-
me 0.6—-1.34 et HI > 3, ont été mélangées avec du surfactant conventionnel de bas poids moléculaire, du mono
oléate de sorbitane (SMO), dans une phase d’huile, avant le procédé émulsifiant. Les propriétés rhéologiques de
ces émulsions ont été mesurées et comparées avec celles des €mulsions stabilisées seulement par le SMO. Dans
le systeme d’émulsifiant mixte, les changements des paramétres rhéologiques avec le Hl sont clairement révé-
Iés. La mixture de nanoparticules et de SMO augmente significativement la contrainte seuil et le module pla-
teau de I'’émulsion fraiche, comparé au systéme avec le SMO seul. L'effet s’est avéré plus prononcé lorsque le HI
décroit. Ceci est probablement lié a la réduction du nombre de micelles avec la baisse du HI, du a I'augmenta-
tion correspondante de la quantité de SMO adsorbé sur la surface de la particule. Ensuite, de maniéere intéres-
sante, le modéle Foudazi-Masalova récemment développé pour les émulsions concentrées stabilisées par du sur-
factant (HCE), décrit avec succés le comportement rhéologique en présence du mélange de surfactant et de
fumée de silice.
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1 INTRODUCTION

Highly concentrated emulsions (HCE) represent
arather special class of colloids. As with any oth-
er emulsion, they are a mixture of two incom-
patible liquids usually stabilized with a surfac-
tant. But in contrast to standard emulsions, the
concentration of the dispersed phase in HCE
exceeds the limit of the closest packing of regu-
lar spheres (app. 0.74), which is possible because
of the ‘compressed’ state of droplets that have a
polyhedral shape. The subject of this investiga-
tion is water-in-oil super-concentrated emul-
sions (9o vol.%), with oversaturated aqueoussalt
solution as dispersed phase, as in liquid explo-
sives. The determination of the rheological char-
acteristics of suchemulsionsiscrucial,astheyare
used as the base for transport and technological
applications of these systems. Moreover, in some
of their technological applications, a high yield
stressis usually desirable, as it enables the emul-
sion to resist water intrusion, retain its stability
and be able to resist flow under the action of
gravity [29].

The rheology of these emulsions was stud-
ied and described by the research group in sev-
eral publications [1—9]. However, in all previous
studies, standard surfactants usually used in
technology — derivatives of poly (isobutylene)
succinic anhydride — were used as emulsifiers. In
this case high yield stresses are usually obtained
by subjecting the emulsion to a process referred
to as homogenization, whereby the droplet size
is significantly reduced. The latter process, how-
ever, results in an increasing tendency of the
oversaturated aqueous salt solution in the dis-
persed phase of the emulsion to crystallize,
because of the high shear conditions. Thus, for a
given composition, thereisa practical limittothe
degree of homogenization that can occur before
crystallization of the oversaturated aqueous salt
solutioninthedispersed droplets becomes unac-
ceptable [29].

Nanosilica as an emulsifier in Pickering emul-
sions is well known in applications to dilute or con-
centrated emulsions and the resulting emulsions
are reported to demonstrate outstanding stability,
particularly with regard to coalescence and unusu-
al rheological behavior [10-13, 25, 44, 48, 49]. How-
ever, only few studies have reported the possibility
of forming high internal volume fraction Pickering
emulsions using chemically treated nanoparticles

[25, 28]. In addition, there is no data on the stabili-
tyorrheological properties of such emulsions, espe-
cially when the internal phase is an oversaturated
aqueoussalt solution. We attempted to prepare HC
W/O Pickering emulsions (90 vol.%) using fumed
nanosilica particles with different hydrophobicity
index (HI) as emulsifiers. Our preliminary experi-
ments showed that nanoparticles with intermedi-
ate HI (0.97 < HI <1.34) can form W/O emulsions
with aqueous phase concentration of up to 77-79
vol.% only, and the resulting emulsions are charac-
terized by high instability under shear [14]. Then we
attempted toincrease the dispersed phase volume
fraction by mixing silica nanoparticles with a typi-
cal low-molecular weight emulsifier-sorbitan
monooleate (SMO), as it is well known that SMO
alone can form stable HC W/O emulsion up to 9o
vol.% [34—36]. Additional interest in this kind of
mixtures is related to the possibility of modifying
the particle hydrophobicity in a wide range, and
consequently varying its interaction with SMO and
both phases of emulsions. Tambe and Sharma
focused on idealized systems of naturally occurring
oil-brine emulsions, using barium sulphate, calci-
um carbonate and silica [40—42]. Stearic acid was
used as a surfactant emulsifier. It was found that
surfactant addition to particle mixtures led to
emulsion stability far greater than found with
either particles or surfactant alone. This synergy
wasattributedtothe surfactant’sabilitytoincrease
the particle contact angle on adsorption. In a simi-
larapproach, Gosa and Uricanu found that systems
of silica and PEO-PPO-PEO block copolymers
caused synergisticstability[so]. They attributed the
synergy to principally increased flocculation of sili-
ca with surfactant adsorption. Midmore furthered
thesefindings, in systems of silicaand both PEO [43]
and HPC [38, 39] surfactants. Again clear synergy
was found between silica and each of surfactants.
There was evidence for increased flocculation of sil-
ica with surfactant addition, and increased contact
angle. Recently Binks and co-workers looked at the
synergy between moderate concentrations of
nanosilica (20 nm) and non-ionic PEO type surfac-
tants [37]. For systems with high stability clear evi-
dence of small aggregate formation was present,
confirmed with bulk rheology tests showing
increases in viscosity linked to this flocculation.
Despite some activity in this area, system-
atic studies of stability and rheology of HC W/O
emulsions using mixtures of a low-molecular
weight surfactant and surface-active particles
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with varying hydrophobicity are lacking. This
method of HCE stabilization is especially inter-
esting for emulsions with aqueous phase con-
taining high concentration of salts like in liquid
explosive emulsions. We studied in detail stabil-
ity with time or aging, and stability under the
action of high shear (during the emulsification
process and pumping) of these emulsions, and
the results were published elsewhere [14]. This
work is completely devoted to the rheology of
HCE with mixed Nanosilica/SMO emulsifier with
different hydrophobicity of the solid particles as
the base for transport and technological appli-
cation of these systems. We intended to try to
describe the rheological behavior of the emul-
sion with mixed Nanosilica/SMO emulsifier
based on existing rheological models developed
for HCE in the surfactant only systems or for par-
ticle dispersions.

1.1 RHEOLOGICAL MODELS FOR HCE OR
PARTICLE DISPERSIONS

By studying the flow behavior of HCE stabilized
with surfactants, Princen and Kiss [30] proposed
the flow curve prediction in terms of shear stress
as follows:

=1, +64(¢—0.73)—Ca'
d
- 0)

Where 7, is the yield stress, ¢ the dispersed
phase volume fraction, o the interfacial tension,
d32 the area-volume mean diameter, and Ca the
capillarynumber.The latteris defined asthe ratio
of hydrodynamic stress 7.y, which tends to
stretch the droplet into a filamentary shape, to
theinterfacial stress o/R which tends to contract
the droplet into a sphere of radius R.

Ca= Y.
o/R 2)

Where 1, is the viscosity of the continuous phase
and vy is the shear rate. It should be noted that
this model is identical to a Herschel-Bulkley
model Equation 3 with flow behavior index n
equal to one half.

T=1 ,+Ky"
oY 3)
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wherenand Kare empirical constants. Inthe par-
ticular case of highly concentrated particle dis-
persions, Windhab [16] proposed the flow curve
prediction in terms of shear stress as follows:

_1]
7*

The Windhab model includes the directly mea-
sured yield stress To and the high shear viscosi-
tyn_.Italsoconsidersthe crossover point (hump)
7,,0bserved atintermediate shearratey *.7  has
been introduced in this model as a secondary
yield stress. A similar kind of flow curve showing
a hump at intermediate shear rate has been
recently reported in the flow behavior of HCE
belonging to the class of HCE with a supercooled
dispersed phase [6, 7]. To better describe this
rather unusual kind of flow behavior of HCE of
supersaturated aqueous solution in oil, the
Windhab model (developed for particles disper-
sions) was modified by Foudazi et al. [18] and the
analytical equation of the latter model is pre-
sented below:
_1]
,)'/*

whereTyIisan asymptoticvalueoftheyield stress
value that corresponds to the transition (hump)
in the flow behavior at shear rate y* and K is an
empirical constant. It is should be noted that all
the above models were developed for particle
dispersions or HCE stabilized by conventional
surfactants, with no particles present.

1—exp

T:Tyo—'_nocj/—'_(‘ryl_‘ryo) ( )
4

T:Tyo+Ky°'5+(Ty, —Tyo> 1—exp

(5)

2 EXPERIMENTAL

2.1 SAMPLES

Highly concentrated emulsions used for investiga-
tions in this work belong to the class of HCE with a
supercooled dispersed phase. They are emulsions of
the water-in-oil type. One canfind the details of the
composition of these emulsions in our earlier pub-
lications [1-7], therefore only their basic character-
istics will be mentioned here briefly. The concen-
tration of the disperse phase in the real technolog-
ically valid recipes is 9o—96 wt.%. This phase in the
standard technological formulation is a super-



cooled aqueous solution of mainly ammonium
nitrate (AN) salt with a minor proportion of Ca and
Na nitrates in water. Water comprises < 20% by
mass of this phase. So, the salt concentration
exceeds 80 %. The equilibrium temperature of dis-
solving for such concentration is about 65 °C. This is
much higher than the room temperature at which
experiments in this work have been performed.

As a low-molecular-weight surfactant, a
well-known commercial product SMO was used
(purity = 99 %, Lake International Technologies,
Republic of South Africa, commercial trade mark
is Span®80).This is an ester formed between sor-
bitan and oleic acid (oleic acid is a C18 fatty acid
with a single cis double bond, written as C18:1).
The structure of SMO is given below in Figure 1.
Themolecularweightof SMOis 428, withthe HLB
number about 4.3. The oil phase was Ash-H, a
paraffin compound (Lake International Tech-
nologies, Republic of South Africa). Table 1 sum-
marizes the chemical composition and physical
properties of Ash-H according to the supplier.

Five types of commercial fumed nano-silica
powders were used as co-emulsifiers. The extent
of their surface modifications was characterized
by the hydrophobicity index (HI). The latter can be
determined from infrared spectra [31] and is
defined in terms of a ratio between the absor-
bance values at 2970 (due to C-H stretching, i.e.,
from trimethylsilyl groups, which are responsible
for the hydrophobic characteristics) and 3750 cm
' (representing isolated silanol groups). Simovic
and Prestige [31] observed a strong correlation
betweenHlandthe contactanglesattheoil-water
interface. The values of HI reported in Table 2 were
takenfrom[31]. Properties of thesilica particles are
summarized in Table 2. It should be noted that the
primary particle diameter of the silica particles
presented in Table 2 was 7—50 nm with an aver-
age specific surface area (BET) of 157 + 35 m?/g. All
materials were used with no further purification
or modification of their properties. It is worth not-
ing that the amounts of emulsifiers (particles or
SMO) used inthis study are based on oil phase, not
on total sample.

The protocol of sample preparation was as
follows. SMO surfactant was dissolved and parti-
cles dispersed in the oil phase prior to emulsifica-
tion. The emulsions were prepared with 9o vol.%
of the dispersed phase. The dispersed phase of
emulsion comprised 8o wt.% of ammonium
nitrate (AN) in distilled water. All samples under

Chemical composition

Iso-paraffins [%] 85
n-paraffins[%] 4.8
HO Cyclopa.raﬁ;ins[%] 10
\CHCO.0(CH),CH=CH(CH,),CHs A =
HO,
Y Physical properties
Density 22°C [kg/m3] 794
HO’ Viscosity 30°C [mPas] 2.9
Refractive index [-] 1.443
Boiling point [°C] 295
Figure 1 (left above):
o Structure of SMO.
Silica type Surface chemistry |7 Indox H) Y
ww Table 1 (right above):
Ms N N 060 Cabot Corp. Chemical compqsition and
P physical properties of Ash-H
according to the supplier
R 816 \::,'\/\/\/ AR, o072 Degussa (Lake I.nternatior?al Tech-
p nologies, Republic of South
T Aftrica).
R X
m o9 Degussa Table 2 (left below):
Properties of fumed silica
LAl nanoparticles.
R 610 ‘c ; ::: w: 134 Cabot Corp.
TS 720 [c»s é e o >3 Cabot Corp.

study contained 6 wt.% of fumed silica nanopar-
ticles and 5 wt.% of SMO in the oil phase. These
optimum concentrations of emulsifiers in the oil
phase were determined from our preliminary
results. Indeed 5 wt.% SMO was found as the min-
imum surfactant concentration where, regardless
of the Hl, stable emulsions (with respect to the
crystallization of AN in the dispersed phase) could
be obtained with the mixed emulsifier system.On
the other hand, the results showed that the emul-
sion stability increases with increasing the parti-
cles’ concentration and 6 wt.% particles were
foundtobethe upperlimitabove which the oil vis-
cosity was too high to allow any emulsification in
our experimental conditions. The effect of parti-
cle hydrophobicity on rheological properties was
studied using nanosilica with five different
hydrophobicity index listed in Table 2. The emul-
sification process was conducted in 2.5 kg batch-
es by Hobart Nso mixer (manufactured and sup-
plied by the Hobart Corporation).

The oil phase, consisting of mixtures of sur-
factant and fumed nanoparticles, was first
placed in the bowl, mixed gently (gear 1) and
heated above 80 °C. Then, the hot ammonium
nitrate solution was slowly added, while stirring
was maintained to ensure emulsification (aver-
age drop size d,, = 17 um). Rapid mixing at high-
er speed of mixer (gear 3 = shear rate of 380 s7)
was done subsequently for all formulations to
achieve the desired sample formulation for the
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Figure 2:

Shear rate dependence of

the shear stress for 6 wt.%
nanosilica dispersion in oil
with particles of different

Hi.

Table 3:
Refinement time (from
d,,=17umtod,,=10 um).

T, Pa

= HI=0.60 « HI=0.72  HI=0.97

x HI=1.34 « HI>3

study (droplet refinement). Our preliminary
results showed that the mixing time required
during the refinement process was strongly
dependent of the HI (Table 3).

2.2 INSTRUMENTATION

2.2.1Emulsion preparation

The Hobart Nso mixer was used to manufacture
all the samples under study. In it simplest form
it consists of an agitator unit (a ‘D’ wire whisk)
which can be operated at three different mixing
speeds and a bowl for mixing. An annular casing
of stainless steel made around the bowl, allows
the glycol bath supplied by the Haake tempera-
ture controlled system to circulate around the
bowl to provide heat required for the emulsifica-
tion of W/O emulsion with a supercooled dis-
persed phase (85 °C).

2.2.2 Optical methods

The optical microscopy was used for visual obser-
vation of any structural change in the emulsion
(change in droplet size or crystallization of salt in
the dispersed phase) before and after rheological
measurements. The analyses were carried out with
a Leica optical microscope equipped with a digital
camera. Laser diffraction for measuring the size dis-
tribution of dispersed droplets was carried out with
the Mastersizer 2000 device (Malvern Instruments
Co.). The procedure for measuring is based on sam-
ple dispersion under software control and the mea-
surement of angle dependence of the intensity of
scattering of a collimated He-Ne laser beam. Parti-
cle size can be measured in a range from 0.26 to
1500 um. Each emulsion sample (a small amount of
sample was taken) was dispersed in the large vol-
ume of oil to reach a very dilute concentration of
aqueous droplets in oil and to avoid the formation
of agglomerates. The average value d,, was used as
a measure of droplet size in this study.

Emulsifier | HI>3 Hl =134 Hl=0.97 Hl=0.72 Hl=0.6 SMO

+SMO +SMO +SMO +SMO +SMO
Refinement | 2.2 2.5 4 25 45 3
time [min]

Applied Rheology
Volume 23 - Issue 6

2.2.3 Rheological methods

All rheological studies were conducted using a
rotational stress rheometer MCR 300 (Paar Phys-
ica) with bob-in-cup measuring units with a sand
blasted bob surface in order to minimize the pos-
sibility of slip [4].The experiments were carried
out at 30°C in mainly the following two defor-
mation modes:

m Scanning (sweep) shear rate measurements,
with decreasing shear rate from 102to 1075 s™,
which were found to be physically meaning-
ful and which identify the flow curve of the
emulsion [3, 5],

® Amplitude sweep oscillations in the range of
strains from 0.1 to 200 % at the constant fre-
quency of 1.59 Hz.

2.2.4 Bottle test

A rapid indication on oil aggregation properties
of particle dispersions in oil was given by the bot-
tle test method by monitoring the extent of flow
five minute after the bottle have been fully
inverted [44].

3 RESULTS AND DISCUSSION

3.1 RHEOLOGICAL PROPERTIES OF THE OIL PHASE

Firstly, the flow properties of pure paraffin oiland
paraffin oil in the presence of 5 wt.% SMO were
determined. Measurements of the apparent vis-
cosity as a function of the shear rate demon-
strated that the oil is a purely Newtonian fluid
with a viscosity of 3 mPas at 30 °C. It was further
found that the addition of 5 wt.% SMO has vir-
tually no effect on the flow properties of paraf-
fin oil (viscosity 3.15 mPas at 30 °C). Then, the rhe-
ological properties of paraffin oil dispersions in
bulk were measured for particles with and with-
out SMO.Inthiscase ashearrate sweepinginthe
decreasing mode from 10% to 1075 s, was used.
The flow curves obtained for silica dispersions
(Figure 2) demonstrate the existence of the yield
stress r,  and solid-like behavior at low stresses.

The existence of the solid-like behavior is visu-
ally demonstrated by the following experiment
(Figure 3). Vessels were filled with 6 wt.% silica par-
ticles of different HI dispersed in the oil phase and
then inverted. Particle dispersions containing the
most hydrophilicsilica did not show any flow 5 min
afterinvertingthe vessels (right sectionin Figure 3).
It is thus evident that silica nanoparticles create
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spatial structure with quite discernible strength.
The maximal values of the yield stress achieved for
compositions with low HI is 15.5 Pa, while the
increase in HI (left photographs in Figure 3 or bot-
tom part in Figure 2) leads to the decrease in 7
down to 0.3 Pa. Evidence for the solid-like structure
can be also obtained by measuring the elastic mod-
ulus. It is worth mentioning that the elastic modu-
lus does not depend on the frequency, which is usu-
al for solid-like structures in dispersions below the
yield stress [45, 46]. Figure 4 demonstrates the
amplitude dependencies of the elastic modulus at
constant frequency (f = 1.59 Hz). As was expected
from the yield stress values, the plateau modulus
at low strains with maximal elastic modulus was
found for hydrophilic particles and its values
decrease with the increase of HI. The latter is pre-
sented in Figure 5. As seen, highly hydrophobic par-
ticles cannot create structure in an oil medium. This
is a consequence of the mechanism of formation of
the structure via hydrogen bond [47], and this pos-
sibility decreases with the increase in hydropho-
bicity on nanoparticles [15, 44].

The disappearance of the plastic solid-like
behavior of oil dispersion with the addition of SMO
seems to be the result of a combination of two
mechanisms. Firstly, adsorption of SMO onto silica
nanoparticle surface increases the particles’ hydro-
phobicity and consequently reduces their ability to
create a spatial structure via hydrogen bonding.
Secondly, keeping in mind that 1—2 wt.% SMO are
required to fully cover the particle surface [26], and
that the CMC of SMO is 0.003 wt.% [14], one can
conclude thatthe amount of surfactant used in this
study (5 wt.%) is enough to generate spherical
micellesintheoil phaseasevidentfromSmallAngle
Neutron Scattering (SANS) studies [19—21]. Itis well
known that a fraction of micelles could become
charged via a disproportionation process in which
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= 5% SMO; 6% HI=0.97 m Ash-H

- 5% SMO; 6% HI=0.60 in Ash-H
— 5%5MO i Ash-H

two neutral micelles interact to form one positive-
ly-charged and one negatively-charged micelle [22,
23, 27]. In this case the cations are expected to be
very small compared to the anions. By adding silica
particles in such environment, positive charges
together with single SMO molecules adsorb onto
particles surfaces, leaving the anions and neutral
micelles in the oil phase [26]. The presence of elec-
trical charges on the particle surfaces is expected to
generate a strong electrostatic repulsion between
them, consequently destroying their gelling ability.

3.2 RHEOLOGICAL PROPERTIES OF EMULSIONS
STABILIZED WITH MIXED NANOSILICA/SMO
EMULSIFIER

The volume fraction of the dispersed phase was
fixed at 9o % for all samples. The droplet size dis-
tributions of samples used in this study are giv-
en below (Figure 6).It is clear that all samples for
which the mixed emulsifier systems were used,
as well as the one for which the SMO alone was
used, had same droplet size(10 um) and similar
dropletsizedistributions. The typical structure of
HCE under study is shown in Figure 7.
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Figure 3 (left above):
Photograph of 6 wt.% nano-
silica dispersion in oil 5 min
after inverting the vessels.

Figure 4 (right above):
Amplitude dependence of
the elastic modulus for

6 wt.% nanosilica dispersion
in oil with particles of differ-
ent HI.

Figure 5 (left below):
Dependence of dispersion
elasticity on hydrophobicity
of silica nanopatrticles.

Figure 6 (right middle):
Histogram of drop size dis-
tribution of the emulsion
prepared with SMO alone
and the SMO/nanoparticles
mixtures (d = 10 um).

Figure 7 (right below):
Microscopic image depicting
the typical structure of HCE
(Scale bar = 10 um).



Figure 8 (left above):

Flow curves of emulsions
prepared with 5 wt.% SMO
and 6 wt.% particles of dif-
ferent HI.

Figure g (right above):
Typical best fittings of Her-
schel-Bulkley, Windhab and
Foudazi-Masalova’s models
on flow curves of particles/
SMO stabilized emulsions.

Figure 10 (left below):

Best fittings of Foudazi-
Masalova’s (continuous
line) modelon flow curves
of particles/SMO stabilized
emulsions.

Figure 11 (right below):
Effect of HI of nanoparticles
on viscoelastic properties of
HCE stabilized with
SMO/particles mixtures.

Table 4 (above):

Plateau modulus of oil dis-
persions with and without
SMO (* 6 wt.% of silica,
**6 wt.% of silica and
5wt.% of SMO).

Table 5 (below):

The yield stress of oil disper-
sions with and without SMO
(* 6 wt.% of silica, ** 6 wt.%
of silica and 5 wt.% of SMO,).

1000

* HI=0.60 = HI=0.72
x HI=0.97 + HI=1.34
* HI>3 4+ SMO

1
0.0001 0.001 0.01 0.1 1 10 100 1000

+ HI>3 « HI=0.60

+HI=0.72
= HI=1.34

x HI=0.97
4+ SMO

1
0.00001 0.0001 0.001 0.01 0.1 1 10 100

Flow curves obtained foremulsions stabilized
with mixed emulsifier (5 wt.% of SMO and 6 wt.%
of silica) with nanoparticles of different HI are
shown in Figure 8. As is seen, the emulsions show
a pronounced yield stress and a hump in the
flow curve in the range of moderate shear rates
(0.4-0.6 57").The stress associated with the hump
has been described by the Windhab model [16] as
a secondary yield stress. The physics of this phe-
nomenon was explained in publications [s5, 7]. It
wasfoundthatatshearrates abovethe hump, the
droplets are deformed during flow, while the
rolling of droplets over one another is the domi-
nant mechanism of flow at shear rates below the
hump. It was suggested that this transition is con-
trolled by the capillary number of systems under
flow [5] and the inter-droplet interaction [17]. To
better describe the flow behavior of HCE of super-
saturated aqueous solution in presence of the
mixed emulsifier system, we tried to fit our exper-
imental data using three different models of flow
curves (Herschel-Bulkley, Windhab and Foudazi-
Masalova). It is worth mentioning that all the

HI 0.60 0.72 0.97 1.34 >3
Gp [Pa] (silica)* 812 571 540 484 33
Gp [Pa] (silica/SmO) ** 6 0.7 2.5 o o

I
HI 0.60 0.72 0.97 1.34 >3
7y [Pa] (silica)* 15.5 1.9 7.1 4.5 0.3
7y [Pa] (silica/SMO) ** 0.07 0.03 0.02 o o
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above models were developed either for particles
dispersions or for HCE stabilized by conventional
surfactants, with no particles present. So choos-
ing one of these models to describe emulsion flow
in the presence of a mixture of traditional surfac-
tants and nanoparticles was not fortuitous. As it
can clearly be seen from Figure 9, the Foudazi-
Masalova model fits our experimental data well.
Thus this model was used to describe the flow
curves (Figure 10). The fitting values of the model
parameters are summarized in Table 6.

These data allow us to compare the rheolo-
gy of different compositions and the role of
hydrophobicity of nanoparticles.It is seen that
while emulsions prepared with SMO alone have
relatively lowyield stress, the addition of nanosil-
ica significantly increases the magnitude of the
true and secondary yield stress. The effect of
nanoparticles on the yield stress of SMO-based
emulsion is amplified with reduction of HI
(decrease in hydrophobicity).The yield stress of
samples has the following trend in the HI influ-
ence: Hl=0.60>Hl=0.72>HI=0.97>HI =134
> (HI>3). Treating the yield stress as the measure
of the strength of a structure formed in emul-
sions, one can say that HI = 0.60 provides the
highest rheological characteristics of HCE.

As evidenced by the qualitative bottle test
and the rheology of oil dispersions in the pres-
ence of 5 wt.% of SMO (Table 4 and Table 5), the
nanosilica network in the interfacial layers be-
tween droplets is broken. Moreover, HCE can
exist only because SMO covers the interface.
Therefore we may conclude that the formation



of a network of silica particles in the bulk phase,
and the interfacial tension or elasticity, are not
the (only) controlling parameters of the flow
behaviorin accordance withthe model advanced
in[17]. Structureformationin HCEin the presence
of mixtures of SMO and different Hl is confirmed
by the results of measurements of the elastic
modulus. The frequency dependence of the elas-
tic modulus is absent in a wide frequency range
that s typical for solid-like behavior of emulsions
at low amplitude of deformation. Therefore we
can consider the plateau modulus values as the
characteristic of elasticity of emulsions with a
mixed emulsifier system. Then, as in Figure 4, it
is reasonable to consider the amplitude depen-
dence of the elastic modulus, bearing in mind
that the values obtained at low amplitudes cor-
respond to the linear viscoelastic behavior of
emulsions. Experimental data obtained for HCE
stabilized with mixtures of SMO and particles of
different Hl are presented in Figure 11.

It is seen that the low-amplitude plateau
modulus G, pursues the same trend as for the
yield stress, decreasing with an increase of HI. It
is clear that scaling of the storage modulus by
Laplace pressure does not result in superimposi-
tion of values corresponding to different compo-
sitions. Again we can conclude that the forma-
tion of a network of silica particles in the bulk
phase, and the interfacial tension or elasticity,
are not the (only) controlling parameters of the
HCE elasticity thatisinaccordance with the mod-
eladvancedin [17]. The following evaluations are
interesting in comparing the role of SMO in
mixed emulsifier systems. Calculations show
that about 0.65 wt.% of the full amount of SMO
is sufficient to cover completely the area of dis-
persed droplets for emulsion with d, = 10 um.
The other share remainder of a surfactant re-
mains in the oil phase adsorbed onto particles,
and forms micelles. Keeping in mind that small-
angle neutron-scattering studies have revealed
a spherical shape for SMO micelles with a mean
radius of 22 A° [19, 20], particles sized 7-50 nm,
and assuming the inter-droplet thickness of the
order of 100 nm [6], one can expect the presence
of micelles and silica nanoparticles in the inter-
droplet layer. A reduction in micelle content is
expected as the particle HI decreases. Indeed, as
HI decreases, more surfactants are likely to
adsorb onto particles’ surface due to the con-
comitant increase of both the surface density of

SMO, wt%

OH-groups [31] and their surface activity [14, 32].
It is worth mentioning that our previous publi-
cation [33] demonstrated that for an HCE pre-
pared with surfactant only, any decrease in
micelle concentration increases both the yield
stress and the plateau modulus of an HCE. It is
worth checking the validity of the latter state-
ment in the presence of a mixture of surfactant
and nanoparticles. A new set of HCE was then
prepared where the particles’ concentration was
kept constant, 6 wt.%, in the oil phase, while the
HI was varied in the range 0.60-1.34 and HI > 3.
The SMO concentration in the oil phase was var-
ied in the 3—7 wt.% range while the dispersed
phase volume fraction, the droplet size and
droplet size distribution of the resultant emul-
sions were controlled and kept the same in all
samples. The rheological properties of the fresh
emulsions were then investigated and the main
results are presented below.

The following can be clearly seen from Fig-
ure 12. Firstly, regardless of the particle HI, the
elastic modulus was found to decrease with the
increase of SMO concentration. Then, interest-
ingly, low values of HI give rise to a high elastic
modulus in the entire range of SMO concentra-
tion as fewer micelles are expected to remain in
the oil phase due to a large adsorption of SMO
molecules onto the particles’ surface. Thirdly,
emulsions prepared with SMO only, showed the
lowest elasticity for the entire range of SMO
concentration. Again the significant effect of
micelles is evident in both the plateau modulus
and theyield stress (not shown here), even in the
presence of nanoparticles. Based on the above
arguments, one might suggest the following to
explain the observed influence of HI of nanopar-
ticles. Firstly, we can presume that the increase
in the micelle concentrations with an increase in

HI 7y [Pa] v* 7y [Pa] K
0.60 92 0.55 250 27
0.72 483 0.5 190 33
0.97 39 0.4 172 25
134 34 0.4 151 23
>3 24.2 0.4 122 22
SMO 1.7 0.2 60 16
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Figure 12:

Dependence of HCE elastici-
ty on SMO, wt.% for silica
nanopatrticles with different
hydrophobicity index.

Table 6:

Parameters of the Foudazi-
Masalova model for emul-
sions with nanoparticles of
different HI.



HI enhances the rolling mechanism because of
decreasing the friction between interfacial lay-
ers [33]. Secondly, as was mentioned previously,
particle surfaces are expected to carry positive
charges in the presence of SMO micelles. The
electrostatic interaction generated by charged
particles in the thin film between drops can be
considered as a possible additional source of
elasticity in HCE. Thus, the higher concentration
of micelles (higher HI) increases the possibility of
charged micelles, resultinginadecreasein Debye
length of electrostatic forces, and hence the
decrease in electrostatic repulsion. Less electro-
static repulsion leads to less stored additional
energy and resistance to flow [17]. Thirdly, it was
demonstrated experimentally [24] that, in the
presence of silica, SMO builds up lamellar struc-
tures between the droplets and the silica blocks.
This layer ordering can be considered as another
source of elasticity.

4 CONCLUSION

We have investigated the influence of particle
hydrophobicity on the rheological properties of
highly concentrated water-in-oil emulsions with
a super-cooled dispersed phase. The fumed silica
nanoparticles were mixed with a low molecular
weight conventional surfactant SMO. The results
obtained were compared with the properties of
emulsions where only SMO was used as emulsi-
fier. When only SMO acts as the emulsifier, sta-
ble HC W/O emulsion up to 9o vol% can form. In
the mixed emulsifier system, the changes in rhe-
ological parameters were clearly expressed as a
function of HI, despite the fact that all the inves-
tigated emulsions seem to present similar inter-
facial properties (SMO alone is likely to cover the
interface) and the silica particle network in the
thin film between droplets is in a completely bro-
ken state (because of SMO adsorption onto the
silica surface).

Indeed, the mixing of SMO and silica nano-
particles significantly increased rheological
properties responsible for solid-like behavior of
emulsions (theyield stress and plateau modulus)
compared to the SMO only system. The effect
was found to be more pronounced with a reduc-
tion of HI. Thus the formation of a network of sil-
ica particlesinthe bulk phase, and the interfacial
tensionorelasticity, are not the (only) controlling
parameters of the flow behavior that is in accor-
dance with the model advanced in [17]. The
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observed effect of HI on the rheological proper-
tiesof emulsions is probably related to the reduc-
tion in micelle content, with the decrease in HI
due to a concomitant increase in the amount of
SMO adsorbed onto the particle surface. Inter-
estingly, the Foudazi-Masalova model recently
developed for surfactant-stabilized HCE was
found to describe the rheological behavior of
emulsions successfully in the presence of a mix-
ture of surfactant and fumed nanosilica.
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