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Abstract

The presented work shows the formation of a monodisperse High Internal Phase Ratio (HIPR)
Oil-in-Water (O/W) emulsion using a new type of a two-rod batch mixer. The mixture components
have sharply different viscosities (1/3400 for W/O) and similar densities (1/0.974 for W/O). The
oil ratio in the mixture remains constant at 91% [w/w] for each experiment. The simple design of
the new mixer leads to a low-energy process, characterized by very low rotational speed, laminar
flow and no need for fluid heating. The droplet size distribution during the emulsification was inves-
tigated according to different physical and formulation parameters such as stirring time, rotational
speed, surfactant type, concentration, and salt addition. We show that all studied parameters
except salt addition allow a precise control of the concentrated emulsion droplet size distribution,
which governs the rheological behavior of the emulsion and its stability. The formed HIPR emulsion
shows two shear-thinning domains.

This work was presented at the 2009 conference of the French Chemical Engineering Society (Mar-
seille, SFGP 2009)

Keywords : Batch mixer, Low energy emulsification, Concentrated emulsions, Droplet size dis-
tribution control.

1 Introduction

To disperse a fluid into another immiscible fluid, some mechanical energy, e.g., shear, is applied, to-
gether with a surfactant, to produce a dispersion with stable properties, including final droplet size,
polydispersity and rheology. The nature of the two fluids, the surfactant and the process conditions
(design of the mixer, mixing rate and time) all have a critical effect on the properties of the final
emulsion. During the process of emulsification, external shear energy is used to break large drops into
smaller ones. For an internal volume ratio above 0.74, emulsions are called High Internal Phase Ratio
(HIPR) emulsions, bi-liquid foam systems or gel emulsions [[. HIPR emulsions are encountered in a
wide variety of industrial applications: petrochemical for bitumen or heavy crude oils [B]; agrochem-
icals; pharmaceuticals; cosmetics; etc. The main works of Princen [f, ] have shown the rheological
and structural properties of gel emulsions. Most of the proprieties of gel emulsions, particularly the
rheological behavior, are affected by the droplet size distribution, the volume fraction and the inter-
facial tension between oil and water [f, f]. Thus, during the emulsification process, the droplet size
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distribution is an important parameter to control to obtain a HIPR emulsion with the desired prop-
erties. This depends on several parameters, such as the process, the surfactant, the water/oil ratio,
the type of oil (vegetable, synthetic, bitumen, etc.) and other formulation and physical parameters
used for the mixing. Typically, the droplet diameter can vary from one to hundreds of micrometers.
Rheological studies concerning emulsions have only begun recently and are mostly concerned with
“dispersed” emulsions (with an internal volume ratio lower than 0.74), while most of HIPR emulsion
studies are made on Water-in-Oil (W/O) emulsions [, §]. HIPR inverse emulsions (O/W), which are
considered in this work, generally have a shear thinning behavior with viscosity ranging from a few
to several thousand Pa.s as a function of the shear rate, the droplet size distribution and the internal
volume ratio [, [q, [1]]. Several processes exist to produce HIPR Oil-in-Water emulsions, for example:
Coaxial Mixers [[J], Colloid Mill [[J], High-Pressure Homogenizers [[[4], Static Mixers [[[J] or the use
of a complex mechanism of the inversion phenomenon [[[§]. Of course, this list is not exhaustive; other
methods and apparata exist for making HIPR O/W emulsions. Here, the issue of mixing effects on the
size, distribution and stability of concentrated O/W emulsions with contrasting viscosities (1/3,400
for W/O) and similar densities (1/0.974 for W/O) is addressed for a new type of laminar batch mixer.
The HIPR emulsions are made in a batch Two-Rod Mixer (TRM) at a high volume ratio (0.91) of
castor oil in water. We investigate how the droplet size distribution is affected by the variation of
physical and formulation parameters such as stirring time, rotational speed, surfactant type and its
concentration and addition of salt. Rheological behaviors are also presented.

2 Materials and Methods

2.1 Materials

The oil used is blown castor oil from Seatons (Ricin oil). It was chosen mainly for its high density
(974 kg.m~3) and high viscosity (3.4 Pa.s at 20°C). Two well-known non-ionic surfactants were used
and compared: Triton X-405 (HLB = 17.9, CMC in water of 0.159 [wt/wt], product of Sigma-Adrich)
and Triton X-100 (HLB = 13.5, CMC in water of 0.018 [wt/wt], product of Sigma-Aldrich) [[[7, [[§].
Deionized water, with an electrical conductivity of 18.3 M — c¢m, was filtered through a 0.22 um
Millipore filter. Sodium chloride (NaCl) was purchased from Sigma-Aldrich.

2.2 Emulsion preparation

The experimental setup used to produce the HIPR emulsion was a batch Two-Rod Mixer (TRM, Figure
[l (a) and (b)). The larger rod was not coaxial with the tank, and its rotational speed was controlled by
a computer. A second, smaller, rod, not rotating, was located next to the first one. The geometrical
parameters were as follows: tank diameter d’ = 150 mm, larger rod radius r = 50 mm, smaller rod
diameter d = 15 mm, rod-tank gap e = 3 mm, rod-rod gap ¢ = 2 mm and the angular position of the
smaller rod § = 30° (Figure [I] (b)). These geometrical parameters remained the same for all of the
experiments considered in this study. A system with a strength sensor was adapted to the motor of
the larger rod in order to follow the evolution of the resistive torque during the emulsification process.
The calculation of the torque and thus of the power input to keep the rotational speed constant can
be calculated using the following relations:

C=F-a (1)
P=C-Q 2)

where F' is the measured strength in newtons; a, the distance between the sensor and the axis of the
motor (a = 0.185 m); C, the torque (N.m); Q, the rotational speed of the larger rod, and P, the
power (V).

The protocol used to produce the HIPR Oil-in-Water emulsion is as follows. First, 400 mL of
castor oil was added to the tank. Then, the larger rod was rotated at the selected rotational speed
(2 = 60, 90 or 120 rpm). Finally, after one minute, 38.6 mL of a mixture of distilled water and
surfactant was rapidly added into the TRM batch process. The emulsification began at time ¢ = Os
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Figure 1: (a) Photo of the Two-Rod Mixer (TRM) batch device; (b) Schematic of the TRM batch
with the dimensions of the elements; (¢) 3D view of the TRM equipped with a strength sensor.

when the water-surfactant mixture is added in the tank. The emulsification can be decomposed
into three steps. First, the water-surfactant mixture is introduced into the tank. Rapidly thereafter
(after a few seconds), the emulsification begins, droplets of oil are formed in the water phase, and
all of the Castor oil is gradually dispersed in the water. A crude emulsion is then created, which
leads to the formation of the first monodisperse emulsion. The duration £y, which corresponds to the
creation of this primary monodisperse emulsion, ranges between one and several minutes and depends
in particular on the rotational speed of the larger TRM rod (see section B.2). This initial time ¢¢ is
an important characteristic time because it represents the limit between two regimes in the evolution
of the mean droplet diameter as a function of the mixing time [[J]. In the last step, the droplets of
the initial monodisperse emulsion are gradually broken into smaller ones. This mechanism induces a
reduction of the mean diameter until a limit value is reached (see section B.J]). During the process,
the temperature was measured in situ and its variation (in Celcius) did not exceed 10% of its initial
value for all studied rotational speeds.

2.3 Determination of droplet size distribution

The droplet size distribution was determined via optical microscopy according to the method described
by Tcholakova et al. [B(]. The samples, carefully taken from the TRM with a syringe in order to not
disturb the mixing, were immediately transferred to 4 wt% Triton (X-405 or X-100) solutions to prevent
further drop coalescence and to reduce the droplet concentration to about 3 vol% because the original
emulsion was too concentrated for droplet size analysis (Figure ). This dilution was transferred
for optical examination into microcapillaries with rectangular cross sections (depth 0.2 mm, width
0.7 mm, length 1 mm) no more than 1 h after their preparation. Before loading the sample into the
microcapillary, the vial containing the Triton-stabilized emulsion was gently rotated to homogenize
the emulsion. The oil droplets were observed via transmitted light microscopy with a Leica DMLM
microscope (magnification x20) connected to a charge-coupled device camera (Leica DFC280) and
video recorder software (Leica IM4.0).

The diameters of individual recorded oil droplets were measured using the publicly available soft-
ware ImageJ 1.40, released by the National Institute of Health (NIH). These data were numerically
processed to obtain droplet size histograms. The diameters of at least 800 droplets were measured for
each system. Illustrative droplet size histograms are shown in Figure [

The mean diameter d,,, the mean volume-surface diameter (the Sauter diameter) dsz and the
uniformity factor U were calculated from the following relations:



Figure 2: Optical photomicrograph of concentrated emulsion obtained using the batch Two-Rod Mixer
process after 780 seconds of mixing with a rotational speed of the rod equal to 90 rpm. The surfactant
used was 15.9 wt% Triton X-405 in water. Inset: Optical photomicrograph after dilution. In both
cases, the scale bar is 20um.
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Figure 3: Evolution of the droplet size distribution during the emulsification in the TRM batch process
at a rotational speed of the rod equal to 90 rpm. After (a) 300, (b) 780 and (c) 2400 seconds of mixing.
The surfactant used was 15.9 wt% Triton X-405 in water.
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where n; is the number of droplets of diameter d; and is the median diameter (the diameter for
which the cumulative undersize volume fraction is equal to 0.5). Emulsions are considered to be
monodisperse if U is smaller than 0.25 [Ld].

2.4 Rheological measurements

The steady shear rheological properties of the HIPR emulsion were measured using a Malvern Bohlin
C-VOR 150 rheometer in controlled stress mode with a cone-plate geometry (diameter of 60 mm,
cone angle of 2°). Stepped shear stress values were selected to study shear rates ranging from 0.1 to
100 s~!. The system was allowed to reach steady state at each shear stress prior to registering the
measured values. The measurements were performed by increasing and decreasing the shear stress.
Temperature was controlled with a Peltier plate system and was set at 20.0 + 0.1°C.

3 Experimental results and discussion

3.1 Effect of the mixing time on the mean diameter

In this study, the emulsion was made using a 15.9 wt% solution of Triton X-405 in distilled water
as described in section P.3. For this experiment, the rotational speed of the rod remained constant
and equal to 90 rpm throughout the process. During the emulsification, samples were taken at times
t = 300, 420, 780, 1140, 2400 and 3600 s. The droplet size distribution was then determined, and
its probability distribution was plotted for each sampling time (Figure fJ). The emulsion can be
considered to be monodisperse because its uniformity factor U, calculated using equation (E), is less
than or close to 0.25 (Figure [f). The evolution of the mean diameter during the mixing over one
experiment is shown in Figure fj. Two periods can be distinguished. In the first period, the mean
diameter decreases rapidly from 23 pum (t = 180 s) to 15 pm (t = 780 s); i.e., in 600 seconds, d,, is
reduced by 8 um. In the second period, a slower mechanism takes place, and the mean diameter is
reduced from 15 to 11 pum over 1620 seconds.

A crude emulsion can be transformed into a monodisperse one, as shown by Mason and Bibette [R1],
who have experimentally discovered this phenomenon by applying a shear step to a crude emulsion.
Moreover, Mabille et al. [[9] have shown that the fragmentation kinetics of a calibrated emulsion as
a function of the initial droplet size involves two distinct regimes. At short timepoints, the droplet
diameter decreases abruptly. The droplets deform into long threads that undergo Rayleigh instability.
During this regime, the obtained diameter is mainly determined by the applied stress and weakly
depends on the viscosity ratio between the dispersed and continuous phases. After this first step,
the resulting droplets can, once again, break up into daughter droplets. This second mechanism is
much slower, with a characteristic duration of several hundred seconds. Depending on the initial
size, the first step can vanish, and only the second slow step persists. In our process, if the crude
emulsion was mainly composed of large drops, even after a few seconds of shear, we obtained a well-
calibrated emulsion (with a mean diameter close to 24 um); all drops deformed into threads of different
lengths, but the Rayleigh instability occurs when the same critical radius is reached by each thread.
Subsequently, when the first monodisperse emulsion was obtained, the second slow mechanism took
place, and since the smaller droplets (between dy and d;) also broke up, the size distribution became
even narrower in the second regime. However, it is clear that the most efficient process to get narrow-
size distributions is the initial Rayleigh instability. To fit their experimental data, Mabille et al. [[[J]
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Figure 4: Evolution of the mean droplet diameter during mixing. Points are experimental data, and
the line is fitted to experimental data by the use of Eq. (7).

used the following equation:

ds

1— do - ds ox —WQt (6)
do P\ 73

In this equation, dy is the diameter of the initial monodisperse emulsion in the slow regime, dy is
the saturating diameter, and wy is the rupture rate. To examine the kinetics of this fragmentation in
our process, we must account for the start of the primary monodisperse emulsion. At the time ¢t =0 s,
we do not have an emulsion; the primary monodisperse emulsion is created during the process at a
time defined by t = ¢y and corresponding to a drop diameter dy. This primary monodisperse emulsion
is, in fact, the equivalent of the mother emulsion of Mabille et al. [[[9] Thus, to fit our data, we have to
adapt equation (f) by introducing ¢ to take into account the time shift and to determine the rupture
rate wp:

(1) =

ds

B () ™

to, dg, wo and ds are the free parameters used to fit this model (Eq. []) with our data, using appropriate
limit values to fit this equation into the monodisperse regime. Thus, we determine tg = 723 s,
do = 15.4 pm, dg = 10.9 pm, and the rupture rate, wo, is equal to 0.0039 s~!. This value of wy is five
times smaller than the one found by Mabille et al. for their process. The inverse of wy corresponds
to the characteristic fragmentation time of 256 s. Compared to the Rayleigh instability, this regime
is extremely long; therefore, the two regimes can be decoupled. This high value of the characteristic
fragmentation time is an advantage because it allows the production of different emulsions solely by
varying the emulsification time while keeping the same process and the same components. After t =
2400 s of mixing, emulsification is achieved, and the mean drop diameter remains constant.

A (t) =

3.2 Effect of rotational speed on the final diameter

In this section, the surfactant used was also Triton X-405. The composition, the surfactant concen-
tration, the batch TRM geometry and the protocol used were the same as those previously described.
The only variable parameter is the rotational speed of the rod. For each speed studied (w = 60,



90 and 120 rpm), the emulsification was performed over 2400 seconds (40 minutes), and the power
necessary to maintain constant rotational speed was calculated (Egs. () and (B), Figure ). The
mean droplet diameter d,, and the uniformity factor U (Egs (f]) and (f)) were determined at different
mixing times for each obtained emulsion and for the different rotational speeds (Figure fl). At the
beginning of the emulsification, the power rapidly increased until a certain limit, at which time, its
value remained nearly constant. This type of behavior has been previously observed by Sanchez et al.
[B3] for two types of impellers (anchor and helical ribbon) at different rotational speeds. The main
difference observed with their results concerns the early stages of mixing, due to the presence in our
process of a macro-mixing step that does not exist in theirs because it represents a pre-emulsification
step. This first step can be explained by a lubrication of the rod, leading to a decrease of the measured
power. During this macro-mixing phase, the power remains constant until emulsification begins.
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Figure 5: (a) Evolution of power during the emulsification for different rotational speeds of the rod
(circles: w = 120 rpm, squares: w = 90 rpm, triangles: w = 60 rpm). Curve fits were obtained using
equation (9). (b) Expansion of the early time of mixing for w = 90 rpm (the same behavior was
observed at all rotational speeds). The surfactant used in each case was 15.9 wt% Triton X-405 in
water.

To fit the experimental data, we adapted the first-order kinetics equation given by Sanchez et al.

[B3):

P(t) = P. — Poexp|—k(t — )] (®)

To take into account the fact that in our process, we have, contrary to Sanchez et al., a first step
in which the power P has an initial value, we adapted equation (§) to obtain:

P(t) = Pe + (P — Pe) exp[—k(t — )] (9)

with P, the final power, k£ the kinetic constant, t,, the macro-mixing time, and FP,, the power at the
end of the macro-mixing phase. The values of k, P. , P,, and P, (the initial value of the power before
addition of the surfactant mixture) are given in Table [I.

The macro-mixing time ¢,, is shorter for the HIPR, emulsion obtained with the rotational speed of
120 rpm and is up to 6 times longer than at 90 and 60 rpm, for which it remains roughly equal. The
kinetic constant k and the final power P. decreased with the rotational speed, as was also observed by
Sanchez et al. It is important to note that the power input necessary for the formation of the emulsion
was always lower than the initial power Py given when only oil is present in the mixer. This is notable



Qq (rpm) 120 (W) 90 (W) 60 (W)

Py (W) 06 0.4 0.17
Py (W)  0.10 0.14 0.05
P. (W)  0.39 0.28 0.13
k(s™h) 6 38 35

tm (3) 0.03 0.01 0.005
wo 0.0033  0.0039  0.0030
do (um) 105 15.4 20

ds (pm) 8.3 10.9 14.5
to (s) 546 723 883
tso (s) 1539 2318 1977

Table 1: Values of the different parameters appearing in equations (7) and (9) and of ¢5y as functions
of the rotational speed.

because for all rotational speeds, the shear rate in the TRM was between 1 s~! (in the larger tank
space) and 200 s~! (in the rod-rod space). Furthermore, in this range of shear rates, the viscosity
of the final HIPR emulsion was higher than that of the castor oil (as shown hereafter). Thus, the
strength applied to the rod to keep the rotational speed constant should be higher than that required
by the castor oil alone; however, this was not the case. This could be explained by a thin layer of
water adhering to and lubricating the rod. For each rotational speed, we determined the mean drop
diameter dm at different mixing times (Figure ). The experimental data were fitted using equation
([), and the different values of wy, ds, dy and ¢y obtained for each rotational speed are presented in
Table [I.
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Figure 6: of the mean droplet diameter during mixing for different rotational speeds. w = 60 rpm
(triangles), w = 90 rpm (squares) and w = 120 rpm (circles). Experimental points were fitted using
equation (7).

The mean droplet radius decreases with increasing rotational speed of the rod. For all rotational
speeds, the evolution of the mean drop diameter can be modeled using equation (), and the rupture



rate wy remains small regardless of the rotational speed of the rod. The initial emulsification time
to also decreases with increasing rotational speed. In each case, the mean droplet diameter remains
constant after about 2400 seconds of mixing, and the value of this final droplet diameter is dependent
on the rotational speed. A rotational speed of 60 rpm can be used to obtain an emulsion with a mean
diameter value ranging between 15 and 30 um. In contrast, the rotational speed of 120 rpm only
permits the production of a mean droplet diameter lower than 15 um.

Here, we can introduce another characteristic time: t50;, corresponding to the time for which
the relative deviation between the mean droplet diameter dsy and the final one is equal to 5% of
ds (dsy = 1.05 ds). Table 1 gives all of the characteristic times for each rotational speed studied.
These characteristic times correspond to the three periods of our emulsification process explained in
section R.2 First, during the macro-mixing time (between t = 0 s and t = t,,), the introduced water-
surfactant mixture lubricates the rod but does not disperse in the oil. Next, from t,, to g, the droplets
of oil are gradually generated in the water to create the primary monodisperse emulsion. Finally, the
fragmentation of the emulsion takes place by reducing the mean droplet diameter until the limit value.
The last two periods correspond to the ones observed by Mabille et al [[]. By integrating equation
(A) between the macro-mixing time tm and a mixing time t, we could determine the evolution of the
amount of energy stored in the TRM per unit volume of dispersed phase, Ey, (energy density in
Jom™3, Eq. (1)) for each rotational speed of the rod:

Vg Bya(t) = /t Py~ (P — P explok(t — ty)]dt (10)
Pttt — L) sk — 1] - 1)
BEyq(t) = (11)

Va

In this equation, Vjy is the volume of the dispersed phase (here, the volume of oil). The others
parameters have been previously defined. In Figure [l, we plotted the Sauter diameter as a function of
the energy density input for the different rotational speeds studied and for emulsification times ranging
between tm and t5%. We have selected these times to account only for the energy used to reach the
final mean droplet diameter (about 2400 s). During this effective period, The Sauter diameter can be
expressed as a function of the energy density using equation ([[J) to fit the experimental data [[4]:

dzg = C.(Ey)™° (12)

For each rotational speed, the Sauter diameter decreases with increasing energy density input
into the mixer. However, the energy density input necessary to obtain the same value of the Sauter
diameter depends on the rotational speed of the rod (Figure []); likewise, for the same energy density
input, the obtained Sauter diameter is dependent upon the rotational speed (Figure [f). Karbstein and
Schubert [[L3] have obtained HIPR emulsions composed of 80% rapeseed oil (viscosity: 6.1 x 1073 Pa.s
at 20°C) in water using egg yolk as an emulsifier using different mixers: toothed colloid mill, toothed
disc dispersing machine and high-pressure homogenizer. We found that to obtain emulsions in the
TRM having Sauter diameters equivalent to those obtained by Karbstein and Schubert [[J], the
necessary energy density is ten times smaller in our process. However, the relationship between the
Sauter diameter and the energy density also depends upon the composition of the emulsion; thus,
this comparison is only indicative. Effectively, to compare the energy efficiency of the TRM to those
of other mixers, we must make emulsions with the same components and the same proportions.

Furthermore, to calculate the energy density, Karbstein and Schubert used the relation Ey = —

where V' corresponds to the flow rate of the emulsion. For high-pressure homogenizers, Stang et al.
[E] have obtained energy densities ten times larger than those obtained by our process for different
oil/water viscosity ratios (however, their Sauter diameter is smaller, ranging between 1 and 15 pum).

3.3 Effect of surfactant type and concentration

In these experiments, the only variable parameter was the concentration of surfactant used for the
emulsification. T'wo non-ionic surfactants are compared: Triton X-100 and Triton X-405. Emulsions
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Figure 7: Sauter diameter as a function of energy density EVd for the different rotational speeds: w
= 60 rpm (triangles), w = 90 rpm (squares) and w = 120 rpm (circles). The values of the couple (C,
b) used in equation (10) are, respectively: (18085, 0.5); (6916, 0.4); (553, 0.3).

were made with a rotational speed of 90 rpm. The emulsification time chosen for the comparison was
780 seconds (13 minutes), which corresponds to the end of the first period of evolution of the mean
droplet diameter during the mixing (for 15.9 wt% of Triton X-405, see section B.1)) and to the time at
which the power is stabilized (see section B.g). For this timepoint, the mean droplet diameters were
determined and compared (Figure J).

For the two studied surfactants, the evolution of the mean droplet diameters presented two regions.
In the first time period, the mean droplet diameter decreased rapidly, and in a second one, this diameter
decreased slowly towards an asymptote. These two regions have also been observed by Tcholakova et
al. [RQ] for less concentrated emulsions made using turbulent flow with another non-ionic surfactant
(Brij 58). For each concentration, emulsions made with Triton X-100 have a mean droplet size smaller
than that for the ones made with Triton X-405. The uniformity factor U has also been determined
for each emulsion via equation (fJ). At low and high concentrations of surfactant, emulsions are
monodisperse; however, the ones produced at low concentration (below 4 wt% of surfactant in water)
are unstable. Effectively, coalescence takes place after one day, whereas for emulsions made with
higher concentrations of surfactant, the breaking occurred only after several months. All of the HIPR
emulsions seemed to be monodisperse, with U values lower than 0.25.

3.4 Effect of the mean droplet diameter on the rheological behavior

We know that the rheological behavior of the emulsions with the same composition is mainly dependent
upon the droplet size distribution. Thus, to compare the droplet size distributions between two
emulsions, we can compare their rheological behaviors [RJ]. Figure f] confirms the influence of the
mean droplets radius on the rheological behavior of the HIPR castor Oil-in-Water emulsion obtained
in the TRM. At all values of the mean droplet diameter, the viscosity behaviors of these HIPR
emulsions (Figure f]) are similar and do not present a Newtonian plateau at low shear rates. These
emulsions have a shear thinning behavior in the entire range of the shear rate study. However, there
appears to be a break (change in the slope) in this shear thinning behavior for a shear rate value
between 0.1 and 1 s~!. This viscosity behavior is the result of the rearrangement of the droplets,
which evolve from a state of equilibrium to a state of flow [24]. Moreover, Figure [J also illustrates
the dependence of the mean droplet size on the viscosity value, and, as was already observed [ﬁ], the

10
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Figure 8: Evolution of (a) the mean droplet diameter and (b) the uniformity factor U as functions
of the surfactant concentration for emulsions stabilized by Triton X-100 (squares) and Triton X-405
(circles)

viscosity of the HIPR emulsion increases with decreasing mean droplet radius. The evolution of the
storage modulus G’ and of the loss modulus G” as functions of the frequency observed in Figure f] was
also observed by Mason [Pj] for HIPR emulsions. At an early timepoint, the storage modulus increases
until it exhibits a plateau, whereas the loss modulus presents a minimum in the frequency band where
the storage modulus plateau appears. This minimum is also a manifestation of the rearrangement of
the droplets in the HIPR emulsion. In accordance with the results observed by Langfeld et al. [RJ],
we note a decrease in the elasticity with increasing mean droplet diameter of the HIPR emulsion.

3.5 Effect of salt

Within the context of a targeted application, such as petroleum, biomaterial engineering, pharma-
ceuticals, cosmetics, etc., it was interesting to evaluate the effect of added salt on the emulsification
performance of HIPR emulsion via rheological behavior. An HIPR emulsion made with 30 g/L of
salt in the initial surfactant mixture was compared to one produced classically, both with a rotational
speed equal to 90 rpm and with Triton X-405 at a concentration of 15.9 wt% in water. In section
B.4, we discussed the influence of the mean droplet diameter on HIPR rheological behavior. Here, we
compare the effect of shear rate on the viscosity and the evolution of storage and the loss modulus as
functions of frequency between the two HIPR emulsions made with and without salt (Figure [L(). As
was explained previously, these comparisons permit to indirectly compare the mean droplet diameter
of these HIPR emulsions.

After 40 minutes of mixing, the evolutions of the viscosity and the stress as functions of the shear
rate present similar behaviors for the produced emulsions with and without salt. Likewise, the storage
modulus G’ and the loss modulus G” present the same variation as functions of the frequency for both
of the emulsions. Thus, we can affirm that, for these mixing conditions, added salt does not affect the
emulsification.

4 Conclusion

We have studied and characterized several parameters affecting the droplet size distributions of HIPR
emulsions produced in a Two-Rod Mixer batch process operating in the laminar flow regime. By
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Figure 9: Comparison of the rheological behaviors between HIPR Castor oil in water emulsions made
with Triton X-405 (15.9 wt% in water) for different mean droplet radii: d,, = 8.6 pum (circles),
dym = 11pm (squares) and d,,, = 15um (triangles). (a) Viscosity as a function of shear rate. (b)
Evolution of the storage modulus G’ (closed symbols) and the loss modulus G” (open symbols) as
functions of frequency.
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Figure 10: (a) Viscosity (closed symbols) and stress (open symbols) as functions of shear rate for
emulsions made with (triangles) and without (circles) salt. (b) Evolution of the storage modulus G’
(closed symbols) and the loss modulus G” (open symbols) as functions of frequency for emulsions
made with (triangles) and without (circles) salt.
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adjusting certain parameters (stirring time, rotational speed, surfactant type and concentration and
salt addition), we can control the droplet size distribution and thus the rheological and stability
characteristics of the created emulsion. By comparison with other mixing techniques, the droplet size
decreases slowly during the mixing time; thus, it is possible to easily obtain emulsions with targeted
droplet size distributions. Here, a first comparison has been made of the droplet size as a function of the
energy density input, and the Two-Rod mixer batch process seems to consume less energy than do other
processes used to obtain similar values of the droplet size. Furthermore, the different periods of HIPR
emulsification in the TRM have been highlighted, as well as their characteristics times. First, we have a
macro-mixing regime from t = 0 s (when the water and surfactant mixture is introduced into the tank)
to t = t,,. Next, the emulsification begins, and we obtain a first monodisperse emulsion at the time t =
to. Finally, in the last regime, droplets of this initial monodisperse emulsion are gradually broken, and
the mean droplet diameter decreases progressively to reach a limit value. Another advantage of the
TRM is that the relatively slow rotational speed of the rod prevents unsuitable heating of the fluids
during the emulsification process. This eliminates the need for a final step of cooling of the emulsion
encountered in more classical processes that use turbulent flows with high rotational velocities.
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