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Abstract Rheological properties of concentrated oil-in-water
emulsions containing dissolving polymers in both phases, par-
tially playing a role of surfactants, were studied. Additionally,
nanoparticles were added to the aqueous phase, and they had
an influence on rheological behavior and emulsion stability.
The main peculiarity of the objects is the superposition of
viscoelastic properties related to the presence of polymers
and to interface interactions. Emulsion viscoelasticity were
characterized by three separate relaxation modes with very
different relaxation times. They reflect relaxation processes
of polymeric origin inside both phases, which are dilute poly-
mer solutions, and elasticity of interface layers. Presence of
nanoparticles strongly affects the rheological properties lead-
ing to the increase in the apparent viscosity, elastic modulus,
and yield stress of emulsions.

Keywords Concentrated emulsions - Viscoelasticity -
Viscosity bifurcation - Nanoparticles - Interface layer

Introduction

So-named Pickering emulsions stabilized by solid micro- or
nanoparticles were studied in numerous publications [1-8].
Usually the subject of these studies was classical oil-in-water
or reverse emulsions. We have chosen a rather peculiar emul-
sion, which can be called a “polymeric emulsion” because
different polymers are present in both phases. Naturally, poly-
mers give their own input into viscoelastic properties of emul-
sions in addition to viscoelasticity provided by surface effects.
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Besides, one expects that polymer components can have an
influence on stability of emulsions [9].

One of the components in emulsions was an aqueous solu-
tion of hydroxypropyl cellulose (HPC) and the second one
was an oil solution of polyisoprene. These polymers are not
real surfactants, but there are some indications on surface ac-
tivity of HPC [10-12]. Additionally, different nanoparticles
were added to the aqueous solution.

Perspective field for application of such a complex system
composed of two polymers is using these emulsions as pre-
cursor for pressure-sensitive adhesives. In particular, polyiso-
prene [13], block copolymers [14, 15], and HPC [16]-based
adhesive of such a kind are known. Using polymer blends is
useful for controlling morphology [17, 18] and increasing
tackifier of adhesives [19]. Besides, such pressure-sensitive
adhesives can be used for transdermal drug delivery systems
[20, 21].

The goal of this work was to understand the role of solid
particles for emulsions in which both phases consist in poly-
mer solutions, and one can suspect that a superposition of
polymer and solid particles as co-surfactant takes place.

Materials and methods

The object of this work is the rheology of direct emulsions of
the oil-in-water type. The following phases were used: 5 wt.%
solution of HPC (Klucel JE, M,,=1.4-10%) in distilled water
and 5 wt.% solution of cis-1,4-polyisoprene (Isolene 400,
M,=9.0-10% in n-pentadecane.

Nanoparticles—0.5 wt.% of Na-montmorillonite Cloisite
Na" (MMT) or ultradispersed nanodiamonds of the detonation
synthesis (NaD) nanoparticles—were added to the aqueous
phase. The characteristic size of the NaD elementary unit is
5 nm, but they are inclined to agglomerate forming structures
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with size of 80—140 nm. Particles of MMT form aggregated of
the similar size.

The imposition of solid additives and emulsification were
performed using the disperser IKA Ultra-Turrax T18. The rate
of the agitator rotation was 24,000 rpm, and processing time
was 15 min. As a result, homogeneous (on the macroscopic
level) emulsions were obtained. No foaming took place. The
droplet diameter lies in the interval of 2—6 um. The droplet
size of the disperse phase in a system without solid particles
was close to the upper boundary of the specified range, while
addition of MMT shifted the characteristic size to the lower
boundary. The emulsions under study without nanoparticles
were stable during at least a week. Stability was understood as
the absence of evident phase separation of emulsion into two
layers. The introduction of NaD increased stability up to
2 weeks, and nothing happened in the systems with MMT
during at least a year.

Weight content of an oil phase in emulsions was 50 wt.%
(56.6 vol.%). So, it was a concentrated emulsion but below the
limit of the closest packing. Rheological properties of less
concentrated emulsions were also measured. The content of
the disperse phase was 12.6, 24.5, 35.8, 46.4, 56.6, and
66.1 vol.% (consequently, 10, 20, 30, 40, 50, and 60 wt.%).

Rheological measurements were carried out mainly on a
Physica MCR 301 (Anton Paar) rheometer. The cone-and-
plate pair was used. The diameter of the cone was 50 mm,
and the angle between plate and cone surface was 1°. Addition-
ally, rheological properties of samples were measured using a
RheoStress 600 (Thermo Scientific HAAKE) rheometer with a
20-mm parallel plate cell. The gap between plates was 1 mm
and the surface of plates was either smooth or grooved.

The interfacial properties were studied using the Physica
MCR 301 rheometer and a bicone arrangement (d=68.28 mm,
a=2x5°) placed in a cylindrical cell (=80 mm) at the bound-
ary between oil and water phases [22, 23].

All experiments at steady shear flow were carried out in
two regimes. The viscosity, 77, were measured either at rate-
controlled or at stress-controlled shearing. The complex mod-
ulus and its elastic G'and loss G"” components were measured
at harmonic oscillations.

Measurements of the properties were carried out in the
following modes of deformation:

— frequency dependencies of the components of the
complex modulus (G'and G") at low strains corresponding
to the linear region of viscoelasticity at frequencies ranging
from 0.0628 to 628 s ';

— amplitude dependence of the large-strain elastic modulus
by amplitude scanning at a fixed angular frequency of
6.28 s ' [24];

— dependencies of shear stress on shear rate (flow curves)
by scanning along the shear rate in the range between
0.001 and 1000 s ' at duration of every step of 3 min
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and the rate interval between steps equal to one fifth of
the decimal order.

Results and discussion
Viscous flow

Flow curves of emulsions are shown in Fig. 1. Emulsions
additionally stabilized by nanoparticles possess higher viscos-
ity in comparison with emulsions stabilized only by polymers
solved on both phases. However, it is worth mentioning that
the change of Na-MMT for hydrophobic organo-modified
MMT (Cloisite 20A or Cloisite 30B) or replacement of
nanodiamonds for carbon nanotubes in equivalent content
did not allow us to obtain stable emulsions. They were
disintegrated into separate phase in several minutes. It is the
same regardless whether these components are placed either
into aqueous or oil phase.

According the used protocol, the flow curves in Fig. 1 were
obtained in the rate-controlled scanning mode. Then the max-
imal Newtonian branches should be discussed to answer
whether they respond to the steady flow regimes. This prob-
lem became actual in light of the publication [25], where it
was stated that the Newtonian branches in visco-plastic media
are artifacts obliged to the fact that transient states of defor-
mations were practically measured. An analogous result was
earlier obtained in [26], where a systematic transformation
from the Newtonian flow to the yield stress behavior was
observed and that was treated as rheopexy in the behavior of
concentrated emulsions.

To answer this concern, an independent experiment has
been performed. Shear stress evolution (and consequently,
the apparent viscosity) was observed at prolong fixed rate
shearing. Figure 2 demonstrates the results of the “apparent
viscosity” measurements (defined as the ratio of current stress-
es to a specified shear rate). As is seen, a pronounced transient
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Fig.1 Flow curves of oil/water emulsions with concentration of disperse
phase 56.6 vol.%. Emulsions have been stabilized by polymers (/) or
additionally with 0.5 wt.% NaD (2) or MMT (3)
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Fig. 2 Growth of the “apparent viscosity” of a dispersion containing
MMT at a fixed shear rate of 1-107° s~

process happens reflecting the unlimited increase of apparent
viscosity with the tendency to the yield stress, just as was de-
scribed in [25-27].

So, the “observed” Newtonian plateau in Fig. 1 seems not
to have any physical meaning and is an artifact, indeed. Its
apparent values are related to the method of measuring based
on scanning with a rather short step. Actually, we have to
consider these dispersions as a visco-plastic medium with
flow curves which should look as shown in Fig. 1 by thin lines
corresponding to the yield stress.

Meanwhile, the picture is somewhat more complicated. If
the experiment is carried out at a very low fixed stress, evolu-
tion of the apparent viscosity looks as shown in Fig. 3. These
data demonstrate the existence of a clear limit, i.e., the New-
tonian plateau. So, this dispersion demonstrates a dualism of
the rheological behavior (or viscosity bifurcation) at the low
stress/rate limit depending on the mode of deformation
[28-30].

Not quite “traditional” shape of flow curves with the bend
in the middle part also draws attention. The same shape of
flow curves was observed in [26] for highly concentrated
water-in-oil emulsions. Bends on the flow curves were ex-
plained (and experimentally proven by direct observations)
by the change in the mechanism of flow—from the rolling
of larger droplets over smaller ones to bulk shear deformation
of droplets. Possibly, an analogue effect may be proposed in
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Fig. 3 The growth of “apparent viscosity” of a dispersion containing
MMT in time at the specified shear stress of 0.1 Pa

this case. However, the droplet size in our case is essentially
smaller than used in [26], and it makes hardy possible carrying
out optical observations.

The above presented and discussed results on measuring
viscous properties of emulsion were obtained using the cone-
and-plate instrument with a small angle between cone and
plate surfaces. So, the stress field was homogeneous through-
out a sample.

Meanwhile, in many publications of the last decade (e.g.,
[29, 31-36]), it was shown that layer stratification (“shear
banding”) can take place in the flow of numerous multi-
component systems and emulsions, in particular. So, it seems
reasonable to compare the above presented results with data
obtained in different flow conditions bearing in mind to clear
up whether we are dealing with the homogeneous flow or not.

Independent flow characteristics of dispersions were ob-
tained by measuring their rheological properties in rotational
flow between two parallel disks on the “plate-and-plate” unit.
The flat disks as well as grooved surfaces were used. The latter
allowed us to believe that slip at the boundary surfaces of a
measuring cell was excluded.

The results of the comparative study are shown in Fig. 4.
One can see that the data obtained with different geometry of
flow at two rheometers coincide up to the definite limit. How-
ever, shear stresses and consequently the apparent viscosity
values obtained with smooth surfaces sharply decrease in
comparison with the other experimental points starting from
some shear rate (or stress), marked by the arrow in Fig. 4. The
comparison of data obtained for smooth and grooved surfaces
should be treated as the transition to the wall sliding. Mean-
while, data obtained on the “cone-and-plate” and “plate-and-
plate” with smooth surface units coincide. It can be under-
stood as proof that these data correspond to the homogeneous
bulk flow without shear banding formation.
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Fig. 4 Comparison of shear stress vs. shear rate (/, 2, 3) and the
appropriate flow curves (/', 2, 3") for concentrated emulsion stabilized
by MMT measured on the cone-and-plate unit (/, /') and plate-and-plate
unit with smooth (2, 2) or grooved (3, 3') surfaces
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Figure 1 shows that the type of stabilization noticeably
affects the quantitative measurements of theological proper-
ties: solid particles strongly increase apparent viscosity and
the strength of the emulsion structure (characterized by the
yield stress).

Viscoelasticity of dispersions

The emulsions under study as well as nanoparticle containing
dispersions are viscoelastic media. In Fig. 5, the frequency
dependencies of dynamic modulus components are presented.
They were obtained for the linear region of viscoelasticity.
Addition of nanoparticles leads to the increase of the elastic
modulus which can exceed the loss modulus in some cases.
This effect is in line with the increase in the apparent viscosity
and the yield stress

The increase of the moduli values along the increase of
frequency is observed for the whole frequency range. The
transition to the plateau can be seen in the low frequency limit
only. This is not typical for concentrated emulsions [37].

The model [38, 39] of highly concentrated emulsion elas-
ticity predicts the existence of plateau as a consequence of the
droplet compression. However, quite different mechanisms
dominate for emulsions under consideration at high frequen-
cies. They can be related, first, with the presence of polymers
in both phases and, second, with the elasticity of an interfacial
layer [40].

The tendency to the constant values of moduli at low fre-
quencies can be related to the existence of the yield stress
intrinsic for different multi-component materials. The MMT
containing dispersion is the most noteworthy in this relation.
The elastic modulus is higher than loss modulus for this sys-
tem. It might be explained by the well-developed structure
formed by lamellar nanoparticles of anisometric shape. So,
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Fig.5 Frequency dependencies of the elastic modulus (/' 2, 3") and loss
modulus (1", 2", 3") for concentrated emulsions. Emulsions either not
additionally stabilized (1, 1") or stabilized with 0.5 wt.% NaD (2', 2")
or MMT (3, 3"
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the G, values for emulsions stabilized with solid particles
are by an order higher than without them. It can be a conse-
quence of the own percolation structure formed by these
particles.

Figure 5 demonstrates that viscoelasticity of emulsions
comes out in a rather wide frequency range. Therefore, the
presentation of viscoelastic functions via a relaxation spec-
trum should cover a rather wide range of relaxation times.
Then, bearing in mind main relaxation mechanism (macromo-
lecular motion in both phases and viscoelasticity of an inter-
facial layer), it seems reasonable to limit a relaxation spectrum
by three discrete relaxation time values, which are spaced far
from each other. This approach can be presented by the fol-
lowing equation

o L (wn)?
G(W)—G0+ZG,1+( )2a (1)
i—1 WTj

where G is the equilibrium rubbery modulus corresponding
to low frequencies, 7; are three relaxation times, and G; are
their weights.

The presentation of the relaxation spectrum via three relax-
ation modes is quite arbitrary but useful for understanding the
obtained experimental results.

Since G does not depend on frequency, it can be related to
the physics of droplet elasticity presented by the Princen-
Mason model [38, 39]. The three relaxation times, 7;, charac-
terize the viscoelastic behavior of emulsions. The values of all
these parameters found by the least-square method are shown
in Fig. 6.

As is seen, the addition of nanoparticles leads to the accel-
eration of relaxation processes, possibly due to emulsifying—
the break-up of dispersed droplets at the processing stage. The
difference in the nature of nanoparticles is not very large in
this respect. So, just the nanoparticle presence influences the
rate of relaxation. At the same time, the G; values increase.
This is the reflection of the increase in the emulsion stability
due to the presence of nanoparticles. As was said above, these
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Fig. 6 Relaxation times and their weights for the basic emulsion (/) and
dispersions additionally stabilized by nanoparticles: NaD (2) and MMT (3)
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particles lead to the increase of the elasticity of the interface,
i.e., they modify its mobility and increase long-term kinetic
stability of emulsions. The impact of MMT is more noticeable
than NaD. This is analogous to the role of nanoparticles in
viscous properties of emulsions (Fig. 1).

It is also interesting to find the limit of linearity at periodic
oscillation because it means the start of the destruction of the
structure of emulsions. Figure 7 presents the amplitude depen-
dence of the elastic modulus of the systems under study. It is
seen that we can measure viscoelastic properties of emulsions
confidently in the linear range and the deformation limit of
linearity is approximately 1 %. The growth of the elasticity
with addition of nanoparticles providing better stability of
emulsions is also well established from these data.

Interfacial rheological properties

Investigation of the interfacial (2D) rheological properties of
emulsions is an important method for the estimation of their
stability [22]. There are a lot of experimental data based on
various methods devoted to the rheology of interfacial layers
[41]. However, this theme could not be treated as exhausted
because there are so many different emulsion systems and the
correlation between interfacial and bulk rheological properties
of emulsions is a rather rare subject of investigation.

Figure 8a shows the shear rate dependencies of the equilib-
rium values (limited values after prolonged exposition) of the
interfacial viscosity for aqueous phase/oil phase interfaces
with different nanoparticles. The introduction of NaD does
not change the interface viscosity. The addition of MMT into
the aqueous phase results in the significant increase in viscos-
ity and smoothening the non-Newtonian character of flow
curves.

Frequency dependencies of the components of the interface
dynamic modulus were measured for interface with MMT
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Fig. 7 Amplitude dependencies of the elastic modulus for concentrated
non-stabilized emulsions (/) and stabilized by 0.5 wt.% NaD (2) or MMT (3)
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Fig. 8 Rheological properties of the aqueous phase/oil phase interfacial
boundary: a flow curves for systems without nanoparticles (/), with
1 wt.% NaD (2) or MMT (3); b frequency dependencies of the
nterface moduli of elasticity (/) and losses (2) for system with 1 wt.%
MMT nanoparticles in the aqueous phase

(Fig. 8b). It is worth stressing that there is no noticeable inter-
face elasticity for pure emulsions and only addition of nano-
particles (MMT) creates elasticity of the interfacial layers.

The elasticity of the interfacial boundary is higher than its
dissipative component (G,">G,"). So, the interfacial layer can
be treated as an elastic film stabilizing an emulsion. This sit-
uation is assumed as one of the criteria determining the stabil-
ity of an emulsion [42]. One can presume that introduction of
nanoparticles acts as an additional stabilizing factor, i.e., a
synergetic effect of the emulsion stabilization by polymer
and nanoparticles takes place like described for the other sys-
tems [3].

Concentration dependence of the rheological properties
Flow curves of the emulsions with different content of a dis-

perse phase stabilized by MMT are presented in Fig. 9. Gen-
erally speaking, the flow curves are similar though their shape
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Fig. 9 Viscosity dependencies on shear rate for emulsions stabilized by

MMT (1 wt.% in an aqueous phase). The content of a disperse (oil) phase
is 12.6 (1), 24.5 (2), 35.8 (3), 46.4 (4), 56.6 (5), and 66.1 (6)vol.%

for relatively dilute (12.6 vol.%) emulsions has some differ-
ences at low shear rates. As was said above, the existence of
the Newtonian plateau is likely artificial and caused due to the
method of measurements because the steady flow is not
reached in the rate scanning mode of shearing. In the transition
to the low concentration (12.6 vol.%) emulsion, the steady
state, possibly, is reached and therefore we see the increase
of apparent viscosity reflecting the approach to the yield
stress. The physical origin of the yield stress can be related
to the formation of the percolation network created by the
MMT nanoparticles. These data say about the necessity of
caution in treating the apparent viscosity in the low shear rate
range as the “Newtonian” viscosity that is in line with a con-
ception developed in [22].

Frequency dependencies of the complex dynamic modulus
components for the same set of emulsions are shown in
Fig. 10. It is seen that the elastic modulus is higher than the
loss modulus for all emulsions with concentration of the oil
phase >56.6 vol.% in the whole frequency range.

As was said above, viscoelastic properties of emulsions
manifest themselves in a rather wide frequency range
(Figs. 5 and 10). So, the model with three far distinct
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Fig. 10 Frequency dependencies of the elastic modulus (/'—6") and loss
modulus (/"—6") for emulsions stabilized by MMT (1 wt.% in an aqueous
phase). Content of an oil phase is 12.6 (1, 1"), 24.5 (2', 2"), 35.8 (3', 3"),
46.4 (4, 4"),56.6 (5', 5"), and 66.1 (6, 6")vol.%
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relaxation times can be used for visual presentation of visco-
elastic properties of emulsions in this case too, as is written by
Eq. 1.

The results of relaxation modes calculation are shown in
Fig. 11 and the reliability of predictions of the dynamic mod-
ulus is shown in Fig. 10 (solid lines) in comparison with the
experimental data (points). As is seen, the spectrum of relax-
ation phenomena is rather wide and the concentration depen-
dencies of various modes are different.

Relatively low concentrations of dissolved polymers allow
us to suppose that the corresponding viscoelastic effects are
related to the short relaxation times 7, and 73. So, as well as in
the case of a concentrated emulsion, it is reasonable to think
that the high-frequency relaxation modes reflect the viscoelas-
ticity of polymer solutions, and this is out of special interest
for this discussion. The main interest, evidently, is connected
with the “equilibrium” modulus value G, and the first mode
of'the slowest relaxation process with time 7; and its weight G;.

The values of Gy and G are close to each other and can be
presented by the same concentration dependence (Fig. 11a). It
is essential that the noticeable elasticity becomes quite evident
at the disperse phase concentration of 12.6 vol.%. It is rather
obvious that this effect cannot be explained by the deforma-
tion (compression) of droplets as the reason of elasticity. The
long-term component of relaxation (77 and its partial modulus
G1) can be explained by the elasticity of interfacial layers
reinforced by nanoparticles. In the increase of concentration,
the interparticle interaction becomes stronger and this results
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Fig. 11 Relaxation properties of dispersions
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in the sharp increase in the modulus G, and the relaxation time
71 (Fig. 11b).

Conclusion

Systematic studies of rheological properties of concentrated
direct oil-in-water emulsions formed by polymer solutions
and modified by solid nanoparticles (in aqueous phase)
showed that these systems demonstrate non-linear viscoelastic
behavior characteristic for the heterogeneous multi-
component systems.

In the range of low shear rate (stresses), bifurcation of the
viscous properties is observed. The prolonged deformation
shows the unlimited growth of stress with the transition to
the yield stress. So, emulsions with dissolved polymeric com-
ponents as well as emulsion-based dispersions have to be
treated as visco-plastic media. Meanwhile, at low fixed stress-
es, the maximal Newtonian viscosity is confidently observed.
The unusual bend on the flow curves is explained by the
change in the mechanism of deformation (flow) of concentrat-
ed emulsions. Addition of nanoparticles results in the increase
of'the elasticity of emulsions. That correlated with the increase
of their stability.

Relaxation processes proceed in different and far separated
time scales. It is connected with short-term relaxation inside
both phases (which are semi-dilute polymer solutions) as well
as long-term relaxation on heterogeneous interface layers con-
taining solid nanoparticles.
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