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Abstract

The influence of emulsion pH and temperature on the rheological behavior of adhesive oil-in-
water (o/w) emulsions stabilized with anionic surfactant (SDBS) was studied. The flow
properties of emulsions as a complex fluid were investigated using steady and dynamic
rheometry for characterization of non-Newtonian behavior. Emulsion pH was varied from 2-12
and temperature was varied from 20-50 °C respectively. The influences of the above-mentioned
variables on the rheology of o/w emulsion were studied using steady shear and dynamic
oscillatory experiments. Various viscosity models (2, 3 and 4 parameter rheological model) were

used to predict the rheological parameters. An increase in the pH of the emulsion led to an
increase in emulsion stability, viscosity and viscoelastic properties (G', G",1" and tand), and

decrease in the mean droplet size of the emulsion. A decrease in the temperature yields higher
values of steady-shear viscosity and viscoelastic properties upon a decrease in droplet size.

Emulsions were characterized as flocculated structured liquid exhibiting a characteristic

crossover frequency (@ ) within the range of angular frequency studied in oscillatory
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measurements. Overall, emulsions exhibited non-Newtonian shear thinning behavior and

synergy of pH and temperature significantly influence the emulsion rheology.
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Introduction

The rheology of emulsions is a subject of immense importance from both fundamental and
applied points of view. Emulsions are encountered in petroleum production (drilling fluids), food
industry, pharmaceutics (mainly cosmetics), environmental applications (e.g. aquifer
remediation), explosives, paints and polymers [1-4]. The rheology of emulsions is a reflection of
the various interactive physico-chemical and electrostatic forces acting in the system [5]. Oil-in-
water (o/w) emulsions are usually characterized by a complex rheological behavior due to the
collective interactions of surface charge, droplet size distribution, phase volume fraction,
continuous-phase ionic strength, dispersed-phase viscosity, and the chemical structure of the

emulsifier.

Rheological measurements (steady state, controlled stress and oscillatory measurements)
provide information on physical stability and micro-structure of the emulsion. In dynamic
(oscillatory) oscillatory measurements, the response of a viscoelastic material (emulsions)
subjected to a sinusoidal strain is monitored as a function of the amplitude and frequency of the

strain [6]. The phase angle shift (o ) between stress and strain, is given by:
0 =Mwo (1)

where @ is the frequency (rad.s™) (@ =270, where v is the frequency (s')). From the
measurement of the angular deflection (using a transducer) and the resulting torque the

rheological parameters-the storage modulus (G"), the loss modulus (G" ), the complex modulus

(G") and the complex viscosity (77") can be determined. The modulus G’ is the measure of the
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energy stored elastically in the system, whereas G” is a measure of the energy dissipated as
viscous flow. The viscoelasticity originates from the energy stored at the o/w interface of
droplets. The viscoelastic properties of the emulsions depend on the state of flocculation. At
moderate to high volume fractions, droplet deformation occurs due to volumetric constraints

which causes an increase in surface area and results in energy storage at the interface (elastic

energy) [7].

Goodwin et al. [8] experimentally measured the wave rigidity modulus (at a frequency of
1200 rad/s) of weakly flocculated colloidal dispersions (monodisperse polystyrene lattices, at
high electrolyte concentrations and with a nonionic surface surfactant). Shear wave propagation
measurements were used to quantify the viscoelastic properties of the systems by measurement
of the shear wave rigidity modulus. Woutersen and de Kruif [9] related the rheology (steady
shear viscosity) of adhesive hard sphere dispersions (SW50/benzene) to the strength of the
attractive interaction between the dispersed particles. They performed viscosity measurements of
adhesive dispersion as a function of shear rate, volume fraction, and temperature. Woutersen et
al. [10] investigated the shear-distorted microstructure of a concentrated dispersion (silica
stabilised dispersion) of adhesive hard spheres in the low shear rate regime (Pe<1) using a small-
angle neutron scattering experiment. They observed that the potential interactions between the
particles are controlled by the temperature. At high temperatures the only direct interactions are
hard sphere repulsions. Mason et al. [11, 12] experimentally studied bulk elasticity and yield
transition of concentrated monodisperse emulsions as a function of volume fraction and droplet
size. They observed that the surface elasticity of surfactant significantly influence the emulsion
viscosity. Liu et al. [13] discussed about the anomalous viscoelastic behavior of concentrated
emulsions and proposed a model predicting the square root of frequency contribution to the
complex dynamic shear modulus which was correlated with the experimental observations. Pal
[14] reported the effect of droplet size and droplet size distribution on the steady and oscillatory
behavior of o/w and w/o emulsions. Trappe and Weitz [15] investigated the scaling behavior of

weakly attractive colloidal suspension (colloidal carbon in oil) as a function of particle volume
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fraction and interaction potential. They presented a model that accounts for the scaling by
combining the elasticity of a solid network formed by the particles and the viscosity of the
suspending fluid. Santos et al. [16] investigated the rheology of concentrated o/w emulsions
stabilized by mixtures of ethoxylated surfactants and normal alcohols. They observed that the
droplet size had a direct impact on emulsion stability and apparent viscosity. The literature
survey showed that there are only a few reports on viscoelastic behavior of adhesive (o/w)
emulsions. Therefore, it is necessary to study the viscoelastic behavior of such emulsions for

fundamental understanding of these complex fluids.

Except for very dilute emulsions, most emulsions exhibit non-Newtonian flow behavior.
They also exhibit time-dependent viscoelastic behavior: i.e. they exhibit both viscous and elastic
responses under deformation. This requires that the flow data to be interpreted carefully. The
objective of the present study was to investigate the influence of pH and thermal stress on the
rheological properties of adhesive o/w emulsions using an anionic surfactant. The viscoelastic
properties, of ionic o/w emulsions were also discussed in details. The rheological behavior of
o/w emulsions are modeled using rigorous non-linear regression analysis of experimental data.
The Arrhenius model was used to discuss the effect of temperature on both steady and dynamic

(viscoelastic) rheological behavior of o/w emulsions.
Experimental
Chemicals

NaOH (RFCL, New Delhi), anhydrate Na,SO4 (Rankem, New Delhi), sodium dodecyl benzene
sulfonate (SDBS) (Himedia, Mumbai), NaCl (SRL, Mumbai), Na,COs (NICE, Cochin) and light
Petroleum oil (Indian Oil Corporation Ltd.). The deionized water was used throughout the

experiments. All chemicals were used as received.

Preparation of emulsions
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Different o/w emulsions were prepared with 30% (v/v) light petroleum oil. The emulsions were
prepared by rigorous shearing of the oil and water in a high shear mixer at 30°C. An anionic
surfactant (SDBS) was used as a surfactant for the preparation of o/w emulsion. The surfactant
concentration was fixed at 1 wt%. The o/w emulsions were prepared by “agent-in-water”
method. Details of emulsion preparation can be obtained from elsewhere [17-19]. Surfactant
(SDBS) was dissolved in the continuous phase (aqueous phase) and then mixed thoroughly while
adding the oil phase slowly. Emulsion pH was adjusted between 2-12 by adding 1(N) HCI and
1(N) NaOH solutions to the continuous phase. After preparation, all emulsions were stored in a
thermostatic vessel. Emulsions were characterized by measuring droplet size distribution and

zeta potential (Malvern Nano ZS 90, UK).
Rheological Measurements

The rheological properties of emulsions were measured using a controlled-stress rheometer
(Physica MCR 100, Anton Paar, Germany) equipped with an EC motor (electronically
commutated synchronous motor). These measurements were made under both controlled stress
(CS) and controlled strain (CR) modes. A cone and plate geometry was used to make shear
stress/shear rate rotation tests. A Peltier cylinder temperature system TEK150P was used for
precise temperature control of the lower plate geometry. The temperature of the sample
compartment was controlled using a water bath/circulator Viscotherm VT2 Temperature
Controller System (TCS) (Anton Paar, Germany). Both steady shear and oscillatory
measurements were performed. The steady-shear measurements were carried out over a shear
rate range of 10°-10° s™. The steady shear viscosity measurements were carefully performed for
all emulsion samples. In steady rate sweep measurement equilibrium time was set as 10s for each

single data point ensuring viscosity data acquired under steady state conditions. At higher shear

rates (7 >10%) time required to reach the equilibrium is less as compared to low shear rates (

7 <10"). Thus, for better reproducibility of the viscosity data point 10s was set as an equilibrium

time within the shear rate range of 10°~10° s™. During steady shear flow experiments, the shear
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rate was applied to the emulsion samples as a step function (stepped flow) with step time of 10s
and the shear rate was increased logarithmically. The resulting viscosity measurements were
performed when the sample reached equilibrium, ensuring the steady shear flow and giving a

single viscosity data point at a particular shear rate.

Oscillatory measurements were made to study the viscoelastic behavior of the emulsions.
Initially, amplitude sweeps (AS) were performed to establish the linear viscoelastic range of
emulsion samples. Then frequency sweeps (FS) were performed within the range of the angular
frequency () 1-10* s to characterize the viscoelastic behavior of the emulsion. Triplicate
sample runs were taken. For each steady and oscillatory measurement, fresh sample was used.
The plate and cone section of the rheometer was thoroughly cleaned with Millipore water and

acetone between each measurement of different emulsion samples.

All rheological measurement was carried out with fresh emulsions immediately after
preparation. Emulsion samples were gently and carefully mixed before measurements to avoid
phase separation and air entrapment and results were showed as average value (mean percent

deviation lower than 10%).
Statistical Analysis

Non-linear regression analysis was carried out for the rheological data and the analysis of
variance (ANOVA) at alpha level (sensitivity of regression) of 0.05 was performed to establish

the influence of different variables. The best fit to the model was selected on the basis of

correlation coefficient (R”) and y>.
Results and Discussions
Physicochemical Properties of Adhesive O/W Emulsions

Emulsions were found to be stable and flocculated in nature. The degree of flocculation was

found to increase as the pH of the emulsion decreases. The details physicochemical
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characteristics of emulsions were shown in Table 1. It was observed that the mean droplet
diameter of emulsions was decreased with increase in emulsion pH. Due to the fact that with an
increase in pH favoring droplet—droplet collision and preventing coalescence. It was observed
that as temperature increases mean droplet diameter of emulsions also increases due to the

coalescence of emulsion droplets.

The magnitude of the zeta potential and electrophoretic mobility of o/w emulsions
increases with increase in pH. This indicated that the electrostatic repulsion among the charged

droplets progressively increased with an increase in pH.
Rheological behavior under steady shear flow

Fig.1 shows that the emulsions exhibit shear-thinning behavior, with a clear tendency of both a

zero-shear rate-limiting viscosity (77, ), at low shear rates and a high-shear rate-limiting viscosity
(7., ), at high shear rates. This kind of flow behavior is observed in flocculated emulsions due to

the droplet-droplet deflocculation mechanism [20]. A hump was observed at low shear rate (7 ~

107 s for pH 12 and pH 10. At a shear rate of 0.002 s, a yield point was observed and
thereafter, shear-thinning behavior was observed. The shear-thinning behavior was manifest
because of the gradual break-up of inter-particle fluid structure (flocculated droplets) [21].
Furthermore, hydrocluster groups of particles/ droplets whose relative motions are restricted by
lubrication stresses are responsible for shear thickening. Shear thinning arises from the decreased
relative contribution of entropic forces among the dispersed droplets [22]. For pH12 and pH10,

the dilatant behavior was observed at 7 < 0.002 s.This shear rate of y.=0.002 s may be seen

as the critical shear rate below which no structural deformation occurred due to very low applied
shear stress against the strong flocculation force. The yield point gets diminished with decrease
in pH (pH< 10), and no hump was observed in the low shear rate region. From Table 1, it was
observed that d,, shifted toward larger droplet size as the pH of the emulsion decreases. Thus, the

droplet size of the emulsion was large as compared to that for pH 12 and 10. Therefore, the
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structural deformation of the emulsions occurred continuously from flocculated to a
deflocculated state under applied shear rate even at lower values overcoming the weak

flocculation force.

Fig. 1 shows that the o/w emulsions at different pH exhibit non-Newtonian flow behavior
within the measured range of shear rate (10 - 10° ). However, the continuous phase (water
and 1 wt% surfactant) also exhibited non-Newtonian shear-thinning behavior. The emulsion flow
spectra showed three distinct flow regimes, i.e. low shear rate, intermediate and high shear rate
regime. Various non-Newtonian rheological models: (Ostwald-de Waele, Cross, Carreau, and

Sisko) were evaluated to satisfactorily represent the non-Newtonian behavior of the o/w

emulsions.
Ostwald-de Waele (Power law) model: n, =K y " (2)
Sisko model: 7,=7,+Ky"" (3)
m 1]
Cross model: M . (Lj (4)
770 - 7700 7/c
5 -N
Carreau model: Mo 7o _1q4 (LJ (5
770 _7700 76

Rheograms for emulsions at pH 12 and pH 10 showed complex behavior. Fig. 1 clearly shows

that the power law model cannot represent the shear stress-shear rate data over the entire range of

shear rate. At low shear rate region (7 < 0.1 s™), the power law model did not fit well. However,

the power law model was satisfactory for the intermediate shear rate region (10_1 s<y< 1035_1)

for all the sets of o/w emulsions (2 < pH <12). The regression analyses are shown in Table S1. It

is observed that the average flow behavior index (r) for all o/w emulsions lies between 0.55 and

0.89, which exhibits the shear-thinning pseudoplastic nature of the emulsion. These may be due
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to the droplet aggregation and the structural breakdown of the emulsions due to the
hydrodynamic force generated during shearing. It was also observed that the flow behavior
index (n) decreases, with an increase in pH of the emulsions. Thus, the pseudoplasticity of o/w
emulsions increases with an increase in pH and becomes more shear thinning in nature. The flow

consistency index (K) of emulsions also increases with an increase in pH.

Both the Cross model (Eq. 4) and Carreau model (Eq. 5) take into account the two

limiting viscosities, zero shear viscosity, 77, and infinite shear viscosity, 77, over the entire range

of shear rate studied. Best fitted Carreau model for all rheological data points of emulsions was
shown in Fig. 1. The characteristic parameters of the Cross and Carreau models from their fit to
experimental data are shown in Table 2. The experimental rheological data well describe by both

this model with the average R’ value of 0.99 for(2 < pH <8). But the rheological behavior of

the emulsions at pH 10, and pH 12 was difficult to model due to high non-linearity in the
rheogram. For pH 10 and pH 12, two shear thinning regimes were observed: one at low shear
rate zone (3x107 - 4x10 s™), and the other at a relatively higher shear rate zone (10°-10° s™). In

between these two zones, a plateau region was observed, which decreases at lower pH.

It was observed from the Fig. 1, that for pH of 8 and below the curves reach a zero-shear plateau
with a steadily increasing zero-shear viscosity. However a departure of this for pH 10 and 12 with a
sudden jump to a larger value was observed. This is an indication of a liquid-solid (sol-gel transition) due
to electrostatic repulsions which enhances the stability of the emulsion and may even form a weak
crystalline solid [23]. These shear induced phenomena also termed as Shear banding (SB) which observed
in variety of other complex fluids, such as lamellar surfactant phases [24, 25], wormlike micelles [26,
27], suspensions [28] and polymeric solutions [29, 30]. SB phenomena is the stratification of the flow
into regions of high and low shear rate, 7, connected by an “interface” of sharp ¥ change in which this
homogeneous velocity gradient profile becomes unstable to heterogeneous perturbations and splits into

high and low shear rate bands that coexist in the cell, so that the local shear rate varies spatially y = 7/()/)

Thus, a characteristic stress plateau was observed in the flow curve at low shear rate regime. It occurs in
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homogeneously sheared systems when there is a range of shear rates where the stress apparently
decreases with increasing shear rate, before it resumes its ascent. The molecular origin of this double-

valuedness in the constitutive behavior is usually the existence of at least two separate relaxation

mechanisms, each being prevalent at a disparate region of the ¥ spectrum [31].

Scaling (Master curve) the rheological response of adhesive (o/w) emulsions

Master curve was constructed by superposition method using a dimensionless viscosity and shear
rate by using an empirically calculated shift factor. Values of the shift factors for the different
emulsions studied, as a function of pH, are shown in Fig. 2. A dimensionless viscosity, including
both the zero-shear rate and the high-shear rate-limiting viscosities was obtained from the fitting

of the Carreau model. Thus, 7, =a,,.n,, vs. 7 leads to an empirical master curve that
describes the flow behavior of these emulsions in the entire range of pH studied, where « ,, was
the empirical shift factor (Fig. 2), which is equal to 1 for the reference flow curve (pH = 12) and
Mot = (77—7700 )/ (770 —7700). However, pH dependence of shift factor must provide information

about the influence of pH on viscous behavior of emulsion. This parameter gives information
about the resistance of the emulsion microstructure to a shear induced breakdown process in the

shear-thinning region.
Rheological behavior under dynamic oscillatory shear flow

The viscoelastic behavior of o/w emulsions were assessed by dynamic oscillatory measurement
in terms of dynamic moduli G’ and G" as a function of frequency. G'is a measure of the energy
stored and recovered per cycle of deformation reflecting the elastic part of the emulsion. The loss
modulus is a measure of the energy lost per cycle and reflects the liquid-like component of the

emulsions.

The linear viscoelastic region of o/w emulsions was established by an amplitude sweep

(AS) test. Thereafter, the frequency sweep (FS) tests were performed for all emulsions at a

10
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constant stress (0.5 Pa) in the linear viscoelastic region. The evolution of the storage modulus
(G"), loss modulus (G"), complex viscosity (77" ) and loss tangent (tan 8) with frequency (@ )

for all emulsions at different pH are shown in Fig. 3. From this figure, it was observed that G’
and G" increases with an increase in frequency. Both G’ and G" were functionally dependent

on frequency, which indicated that the o/w emulsions are flocculating in nature. It was observed
that in the lower frequency regime (@ <40 s'), G"is greater than G’ and attains a certain
characteristic frequency (@), which was referred to as the cross-over frequency. At the cross-

over frequency (@ ), G’ equals G". Above this frequency, G" decreases and G’ becomes greater
than G" . This kind of behavior was observed for the emulsion system [6]. This also shows that
the emulsion behaves more like an elastic fluid. The dynamic response of the continuous phase
reveal that aqueous 1 wt% surfactant (SDBS) solution was viscous as the loss modulus (G") falls

above the storage modulus (G') over the range of frequency (Fig. S1).

The pH played a prominent role in the changing the flow behavior of the emulsions. With
a decrease in the pH, the emulsion stability decreases with the consequent decreases in G', and
the emulsion behaves more like a viscous fluid than an elastic fluid. The emulsion was more
stable at pH 12 than that at pH 2. The presence of repulsive force among the charged droplets at
the water (high dielectric fluid) and oil (low dielectric fluid) interface helps stabilize the
emulsion. This arises because of an asymmetric distribution of counter-ions at the interface,
creating a dipole normal to the fluid/fluid interface [32]. This prevents the droplet-droplet
coalescence. As the pH increases, zeta potential of the emulsion increases enhancing the
repulsive force at the interface (Table 1). At a higher pH (pH 12), the surfactant produces a thin
viscoelastic film at the o/w interface. This hinders coalescence of droplets, and the emulsion
droplets behave like hard spheres. As a consequence, the emulsion showed elastic behavior [33].
As the pH decreases, the charges at the interface get gradually neutralized and the surfactant
separates out from the o/w interface, causing film drainage and a gradual decrease in emulsion

stability. Thus, the emulsion shows an increasing viscous behavior with a decrease in the pH of

11

This article is protected by copyright. All rights reserved.



the emulsion. From Fig. 3, it was observed that G' decreases with a decrease in the emulsion pH.

The gap between G’ and G” also increases with a gradual shift in® to the higher side of

frequency.
Modeling the dynamic viscoelastic behavior of adhesive o/w emulsions

The dynamic rheological data (frequency versus G’ and G") of different emulsions were

described by a power-law type model as shown below:
G'=K'(w)" (6)

G"=K"(w)" (7)

where K',K", n' and n" were estimated from the rigorous non-linear regression of Eq. 6-7. The
model parameters are shown in Table 3. The loss modulus showed a shear-thinning behavior (7"
<'1) due to shear induced structural breakdown of the viscous emulsions. Mechanical spectra of
the elastic moduli show highly non-linear behavior and exhibit shear-thickening behavior ('
>1) due to the macro-molecular aggregation. It was found that G'was a strong function of
frequency, and the (G'-G") crossover frequency leads to the inference that the emulsion behaves

like a weak gel [34].

The mechanical spectra of the dynamic moduli (Fig. 3), shows the variation of G’ and
G" with frequency. In the experimental frequency range, a plateau region was observed. This
may be ascribed to the extensive flocculation of the surfactant molecules at the o/w interface

under shear [35]. In the plateau region tan 0 passes through a minimum which is characterized by
the plateau modulus (G, ).The plateau modulus is a viscoelastic parameter which was obtained
by the extrapolation of the entanglement contribution to G'at higher frequencies. G, was

estimated using the following relation:

12
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Gg = [G’]tan6—>minimum (8)

The cross over frequency is also characterized by the cross over moduli (G ) which was defined

as:

Ge = [Ga]c’zc” )

The variation in the value of G, and G with the pH of the emulsion is shown in Fig.4. It was

found that both these moduli increase logarithmically with an increase in the emulsion pH as the
viscoelasticity of the emulsion increases.
The steady-state apparent viscosity at zero shear (7,,) is less reliable than the value at

the low shear (7 =0.01s™"). The low-shear apparent viscosity was given as:

Na(oo1) = |Tla|y=o.o1 (10)

The evolution of low-shear steady-state viscosity, 77,y With emulsion pH is shown in
Fig. 4. The low-shear apparent viscosity, 77, increases logarithmically with an increase in the

emulsion pH. A similar tendency was found for linear viscoelasticity functions, Gy and G.of

these emulsions. From the droplet size evolution (Table 1), it was observed that the mean droplet
diameter decreases with an increase in the emulsion pH. This explains the increase in viscous
and viscoelastic functions. The droplet size distribution (DSD) is an important structural
parameter which influences the emulsion Rheology significantly [20, 5]. Specially, in the
structured macromolecule-stabilized systems (at higher pH), in which inter-droplet interactions

may play a key role.

Time-dependent flow behavior of adhesive (o/w) emulsions

13
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The time dependency and the structure recovery of o/w emulsions is shown in Fig. 5. The time-
dependency of o/w emulsions was tested in three intervals under controlled shear rate (CSR).
The performed tests were simulated using the following shear conditions: rest (pre-shear)-high

shearing (structure decomposition)-rest (structure regeneration/recovery).

In the first interval, a constant but low shear rate (1 s™') was applied to the emulsion for
50 s. In the second interval, a constant but high shear rate (100 s™') was imposed for 50 s on the
emulsion which caused the internal structural decomposition of the emulsions. Thereafter, the
imposed high shear rate was withdrawn and the emulsions were allowed to recover their
structure under constant low shear rate (1s™) for a long period of time of about 300 s. During the
whole shearing period, the resulting change of emulsion apparent viscosity was observed with
time as shown in Fig. 5. It was observed that the emulsions exhibit viscoelastic behavior

confirming the earlier observations. The effect of emulsion pH in changing the viscoelastic
nature of emulsions is significant. The 77, — curve (Fig. 5) shows that the emulsion with

different pH exhibited thixotropic behavior. Emulsions of pH 12 and pH 10 exhibited very good
regeneration of the complete structure which decomposed during the high shearing process. As
the pH decreases, the structure regeneration tendency of the emulsions also decreases. This
indicates that the viscoelasticity of the emulsions decreases with a decrease in pH. For the
emulsion of pH 8 and pH 6, the decomposed structure regenerates very slowly. For the
emulsions having pH 4 and pH 2, the viscosity data showed a wide scatter over the regeneration
period. For these emulsions, a transient or unsteady state behavior was observed during the
regeneration period. Thus, it can be inferred that the emulsions with pH 4 and pH 2 exhibit poor
structure recovery and were not able to regenerate their internal structure over a prolonged

regeneration period.

Effect of temperature on steady and dynamic (viscoelastic) rheological behavior of adhesive

(o/w) emulsions

14
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The effect of temperature on the rheological behavior of the emulsions (pH = 12, 30% v/v o/w
emulsion) is shown in Fig. 6. It was found that the o/w emulsion exhibited temperature-
dependent viscous behavior. The apparent viscosity of the emulsions decreases with an increase
in temperature. It was observed that the viscous behavior becomes highly non-linear at lower
shear rates. The emulsions exhibited the characteristics of non-Newtonian, shear-thinning
(pseudoplastic) fluids over the studied temperature range (20-50°C). Various non-Newtonian
viscosity models were fitted with the experimental data (Table 2 and Table S2).The non-
Newtonian behavior increases strongly with a decrease in temperature. From the power low
model, it was observed that the flow behavior index, n < 1, and that it decreases with an increase
in temperature. This shows inferred that the shear thinning behavior of o/w emulsion increases
with a decrease in temperature as also the pseudoplasticity of the emulsions. Evolution of droplet
size of o/w emulsions at different temperatures was shown in Table 1. It was observed that as the
temperature increases, the DSD curve shifts towards the higher droplet size range with an
increase in average droplet size. As the in-situ temperature of the o/w emulsion increases, the
disruption of emulsion droplets gets enhanced, and facilitating the droplet coalescence process.

This results in the evolution of comparatively larger droplets with a wider DSD spectrum.

From the rheogram (Fig. 6), it was observed that the o/w emulsion exhibited two limiting
viscosities over the range of study: the zero shear viscosity (77,) at low shear rate and the
infinite shear viscosity (7, ) at high shear rate. It was very difficult to model the overall

rheological behavior of the emulsions over a wide range of shear rate. In addition to power law
model, the rheological data were also fitted to four different viscosity models. The model fitted
parameters were shown in Tables 2 and S2. The Carreau model represents the rheological
behavior of the o/w emulsion very well over the entire range of shear rate as compared to Cross

and Sisko models, with high R’ value and low error.

The effect of temperature on viscoelastic properties (G',G"and7n") of the emulsions in

the whole range of applied frequency is shown in Fig. 7. From the mechanical spectra of o/w

15
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emulsions at different temperatures, it was found that the viscoelastic parameters are temperature

dependent. G', G" and 1" decrease with an increase in temperature. It was also found that G”>
G' at lower frequency (below @~30s"') and G’ > G" at higher frequency range (above

®~50s"") with a characteristic crossover frequency ( @,). The mechanical spectra shows a

viscous response of the emulsion at lower frequency and an elastic response at a higher
frequency. As the temperature of the emulsion increases, the w, shift towards the higher
frequency and the emulsion shows viscous behavior at higher frequency. A power-law type
model (Eq. 12-13) described well the variation of viscoelastic parameters with temperature
(Table 3). All the o/w emulsions at different temperatures were characterized as a weak gel like
viscoelastic fluid as the slope (n' and n") of G' and G" spectra were positive [36]. The
viscoelasticity of the emulsion decreases with an increase in temperature as both K'(0.390-
0.0354 Pa.s") and K" (8.364-4.032 Pa.s") decrease with an increase in temperature (20-50°C).
Furthermore, the exponent of G’ and G" were varied asn'=1.132-1.149 and »n" =0.214-0.203,
(Table 4). From these results, it was inferred that the o/w emulsion behaves like a structured

liquid over the studied temperature range (20-50 °C) [37]. The temperature dependency of7,

and 7" is described by an Arrhenius-type relationship, as given below:

Na = Aexp (=2) (11)

0= Aexp (L) (12)
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1

Steady state and dynamic rheological data for y =105~ were fitted to Egs. (11-12) and the best-

fit model parameters were shown in Table 4. It was observed that the complex viscosity (77 *)was

always greater than the steady state shear viscosity (na) over the temperature range (20-50°C).

Both 7, and n" decrease with an increase in temperature from 20 to 50 °C due to an increase in

the intermolecular distances for thermal expansion. The magnitude of viscous activation energy,

E, > E, . implies that the steady-state shear viscosity of o/w emulsion samples were more

sensitive to temperature than the complex viscosity. Therefore, the viscosity of emulsions

decreases with an increase in temperature accompanied by an increase in mean droplet diameter.
Conclusions

The rheological behavior of adhesive (o/w) emulsions was studied by steady shear and dynamic
oscillatory rheology within the linear domain of viscoelasticity. The steady shear test were
conducted over a shear rate range of 10°— 10’ s™" and the dynamic oscillatory measurements over
a frequency range of 1-10? s. The rheological behavior was investigated by varying the pH (2-
12) and temperature (20-50°C). The results indicated that the o/w emulsions stabilized with
anionic surfactant behave as non-Newtonian fluids, with shear thinning pseudoplastic
characteristic and also exhibited thixotropic behavior.

The viscoelastic properties (G',G",n" and tand) were found to be a strong function of
angular frequency and exhibited a characteristic cross over frequency (, ).Foro<w,, the

viscous response is predominating (G">G") and for® > @,, the elastic response (G'>G") was

predominating. Thus o/w emulsion can be characterized as a flocculated structured liquid or
weak gel. The steady shear rheological behavior of the o/w emulsions exhibited highly non-
linear nature, posing difficulty in modeling the experimental data. The four parameter Cross and
Carreau model described the emulsion behavior reasonably well over the entire shear rate range

(10°= 10° s™") as compared to other two models (Ostwald-de Waele and Sisko model). The
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emulsion rheology was found to be affected significantly by pH and temperature. The
viscoelastic properties were also influenced by the pH and temperature. The shear thinning
property and the pseudoplasticity of the emulsions decreased with a decrease in pH and an
increase in temperature with a corresponding larger average droplet size and a wider DSD. The
dynamic moduli (G’ and G") decreases with an increase in temperature and a decrease in pH.
The effect of temperature on the steady shear viscosity and viscoelastic properties were
investigated by using an Arrhenius type model. It was found that the steady shear viscosity of

o/w emulsions was more sensitive to temperature than the complex viscosity (E y > E )
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Fig. 1. Apparent viscosity-shear rate plot of adhesive (o/w) emulsions for different pH.

pH: 12 4&; 10 -@-; 8 4A; 6 -W; 4 —o-; 2 @,

Fig. 2. pH-Reduced master flow curve with evolution of the shift factor for 30% (v/v
adhesive (o/w) emulsions with 1 wt% surfactant concentration.

pH: 12 ;10 -@-; 8 4A; 6 -V; 4 —-; 2 @,

Fig. 3. Mechanical spectra of o/w emulsions at different adhesive (o/w) emulsion pH.
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Fig. 4. Influence of pH on the steady-state viscosity at 0.01 s ', the plateau modulus (G} )

and with cross over moduli (G, ) of adhesive (o/w) emulsion. T]a(o.m)!; Gf, —’—; G, 9—.
Fig. 5. Time dependent behavior (7, — plot) of adhesive (o/w) emulsions at different pH.
Fig.6. Rheogram of adhesive (o/w) emulsions at different temperature.

20 °C 48; 30 °C @-; 40 °C 4—; 50 °C .

Fig. 7. Influence of temperature on the dynamic oscillatory mechanical spectra of adhesive

(o/w) emulsions. (a) G'versus @ plot ; (b) G” versus @ plot ; (c) 7 versus « plot.

20 °C ——; 30 °C —@—; 40 °C —A—; 50 °C - V-,
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List of Tables

Table 1 : Physicochemical characteristic of adhesive(o/w)emulsions

Mean droplet Zeta potential Electrophoretic
diameter (mV) mobility
(dw) pm (m%. V'.sx108
Emulsion pH
2 5.73 -33.4 -2.42
4 5.52 -40.4 -3.42
6 1.96 -50.7 -4.02
8 1.82 -57.2 -4.49
10 1.77 -60.4 -5.08
12 1.26 -65.1 -5.62
Temperature (°C)
20 1.53 - -
30 4.00 - -
40 19.35 - -
50 21.33 - -
1
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Table 2. Flow parameters of adhesive (o/w) emulsions determined by Cross and Carreau model.

Cross model

pH no(Pa. s) nAPa. s) 7. (s D, m x R
12 49.39+1.90 0.832 £0.51 0.004 £ 0.0003 2.93+0.53 10.6 0.949
10 16.52 £0.57 0.497 £0.18 0.005+ 0.0002 490+ 1.45 1.37 0.946
8 2.75+£ 0.098 0.024 £ 0.004 0.008 £ 0.001 0.632+ 0.023 9.02 x 10 0.996
6 0.841£0.022 0.019 £ 0.002 0.027£ 0.003 0.738+ 0.033 2.10 x 107 0.994
4 0.179£ 0.003 0.007£ 0.0006 0.125+0.01 0.598+ 0.022 7.58 x 10 0.997
2 0.029 £ 0.001 0.002+ 0.0002 0.236% 0.058 0.358 £0.019 7.03 x 107 0.997
Temperature (°C)
20 5.88+0.01 0.039 £ 0.01 0.109 £0.01 0.774 £0.053 0.145 0.952
30 3.73£0.011 0.027 £ 0.01 0.078 £0.010 0.627 £0.055 0.072 0.920
40 1.094 £0.019 0.019 £0.01 0.471 +0.033 0.580+£0.013 2.462 x 10™ 0.998
50 0.699 £ 0.013 0.015+£0.01 0.771 £ 0.066 0.708 £ 0.029 4.014 x 10™ 0.993
Carreau model
pH no(Pa. s) n4Pa. s) 7. (s D N x R’
12 50.66+ 2.04 0.734+ 0.55 0.006% 0.003 1.77+ 1.14 11.78 0.946
10 16.83 £0.72 0.409+0.21 0.015 £0.022 6.30+16.49 1.81 0.933
8 2.15+£0.014 0.013+0.002 0.003 £0.0001 0.227 £0.003 2.0x 10" 0.999
6 0.746+0.004 0.012+0.001 0.007 £0.0003 0.228+0.004 381 x 107 0.999
4 0.160£0.0008 0.003£0.0005 0.02240.001 0.171£0.004 241 x 10°° 0.999
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2

0.022+0.0002

Temperature (°C)

20

30

40

50

6.528 £0.312
3.730 £0.01

0.971 £0.001

0.662 £0.001

0.003%0.0003

0.088 £0.061

0.027£0.010

0.019 £0.001

0.015+0.001

0.036% 0.003

0.014 £0.003

0.012 £0.002

0.080 = 0.006

0.136 £ 0.009

0.093+0.003

0.220£0.0145

0.198 £0.0120

0.181 £ 0.0060

0.210 £ 0.0069

5.49 x 10®

0.0367
0.0338
9.191 x 107

3.577 x 107

0.998

0.988

0.962

0.992

0.994
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Table 3. Dynamic shear parameters of power-law functions describing storage and loss moduli of adhesive (o/w) emulsions at different pH
and temperature.

G'=K'(0)" G"=K"(w)"
pH
K'(Pa.s") n' 7 R K" (Pa.s") n" 7 R

pHI2  0.150+0.018 1.30£0.03 2.494 0.993 6.4460.70 0.209+0.03 3.837  0.692
pH10  0.028+0.003 1.6120.03 0.741 0.996 5.04340.61 0.216+0.03 2972 0.662
pH8  0.006+0.0007 1.8940.03 0.391 0.997 3.645+0.50 0.163+0.04 1.703 0.408
pH6  0.001+0.0002 2.2240.03 0.317 0.996 3.069+0.51 0.138+0.04 1.546  0.259
pH4  0.0002 +0.0001 2.5740.04 0.174 0.997 2.514+0.44 0.117+0.05 1.101 0.208
pH 2 29 igz . 2.91+0.06 0.198 0.994 1.664+0.32 0.21940.05 0.893 0.422
Temperature (°C)

20 0.390+0.03 1.13240.016 1.782 0.996 8.36410.87 0.214+0.03 6.155  0.691

30 0.150+0.02 1.303+0.027 2.494 0.993 6.446+0.70 0.209+0.03 3.837  0.692

40 0.11540.007 1.27740.015 0.416 0.997 4.985+0.51 0.206+0.03 2.046  0.679

50 0.035+0.003 1.486+0.020 0.369 0.996 4.03240.49 0.203+0.03 1.844  0.597

4

This article is protected by copyright. All rights reserved.



Table 4. Arrhenius model temperature dependency parameters of adhesive (o/w) emulsions.

n, = Aexp n =4 exp
Temperature
(°C)
n E 2 E,. 2
n (Pa.s) A (Pa.s") 7 R n*(Pas)  A*(Pa.s") 7 R
(kJ/mol) (kJ/mol)
20 0.57 1.28
30 0.32 7.435 x 10-08 1.06 1.27 x 10-04
38.554 0.998 22.543 0.968
40 0.20 +0.41 0.71 +0.92
50 0.13 0.562
5
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