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ABSTRACT

Emulsification experiments with four silicone oils, having viscosities ranging from 0.01 to 30 Pa.s, were con-
ducted in two types of media: nearly Newtonian polyvinyl alcohol (PVA) solutions and non-Newtonian mixtures
induced by worm-like micelles in solutions of sodium laureth sulfate and cocoamidopropyl betaine (BS) with
NaCl. The increased viscosity of BS solutions upon the addition of NaCl did not significantly affect the drop size
in the formed emulsions. In contrast, the increased viscosity of solutions with higher PVA concentrations
significantly reduced the drop sizes for all silicone oils. A theoretical expression predicting the maximum drop
size in both types of media (nearly Newtonian and non-Newtonian) was derived and validated against experi-
mental data. The expression accounts for shear-thinning behavior in both the aqueous and oil phases. Interfacial
stress dominates the breakage of less viscous oils, while viscous stress inside the breaking drop plays a leading
role for more viscous oils. The formation of emulsions with similar sizes in non-Newtonian solutions of BS with
different NaCl concentrations was explained by their strongly shear-thinning behavior, which leads to nearly
similar viscosity at high shear rates, despite their zero-shear viscosities differing by more than two orders of
magnitude.
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1. Introduction

The drop size distribution in emulsions is an important parameter
governing their properties, including visual appearance, stability,
rheology, and mouthfeel of edible emulsions [1-5]. In industrial-scale
emulsion production, the emulsification usually occurs in turbulent
flow [6,7]. The forces responsible for drop breakage depend on the ratio
between the size of the breaking drops and the size of the smallest tur-
bulent eddies [8-11]. In the inertial turbulent regime, where drops are
bigger than the smallest eddies, the inertial forces are responsible for
drop breakage and the viscosity of the continuous phase does not affect
drop size distribution [8-11]. In the viscous turbulent regime, where the
drops break under the action of viscous forces within the smallest eddies,
the viscosity of the continuous phase is a governing factor for effective
emulsification [9-12]. Emulsification efficiency is better in the viscous
turbulent regime compared to the inertial regime for viscous oils [11].
This is evident by the formation of monodispersed smaller drops and the
capability to create emulsions even from highly viscous oils, which may
be challenging in inertial turbulence due to their extended deformation
time relative to the lifespan of the turbulent eddies [11].

Transitioning from the inertial to the viscous regime of emulsifica-
tion can be achieved by increasing the overall emulsion viscosity. This
can be realized by increasing the oil volume fraction of the dispersed
phase [13-16], incorporating synthetic polymers [17-20], utilizing
biopolymers [21-24], or increasing surfactant concentrations [15,16,
25]. However, most of these strategies lead to non-Newtonian behavior
of the continuous phase or of the emulsion as a whole. For example, the
concentrated surfactant solutions of individual surfactants, their com-
binations with zwitterionic surfactants or shorter-chain nonionic
co-surfactants with small head groups, exhibit non-Newtonian behavior
[26-30]. Introducing salt to these solutions results in the formation of
worm-like micelles, with a zero-shear viscosity peaking [27,28,30] at a
given salt concentration. Further increases in salt concentration led to
the formation of branched micelles, exhibiting a different rheological
response compared to that observed before the maximum [27-30]. The
impact of the presence of worm-like micelles and their branching on the
emulsification ability remains unclear and it is one of the aims of the
current study.

In recent years, there has been an increased interest in the flow
characteristics of non-Newtonian fluids [31-33]. Studies have revealed
that the stress near the wall is significantly higher in non-Newtonian
fluids compared to Newtonian fluids, both in microchannels [33] and
in turbulent flow within rotor-stator mixers [31]. Notably, the breakage
of rape-seed oil drops in turbulent flow within microchannels was
observed to be slower in xanthan solutions exhibiting non-Newtonian
behavior compared to water [32]. This observation led to the sugges-
tion that the shear-thinning rheology of the continuous phase hinders
the dynamics of successive breakup events [32].

In a previous study [21], we established that the incorporation of
biopolymers, such as modified starch, serves to increase the viscosity of
the continuous phase, consequently enabling the formation of
nano-emulsions from triglyceride drops. In this study, we proposed a
theoretical expression for predicting the drop size in the formed emul-
sions. While the viscosity of emulsifying media is well-defined in sys-
tems exhibiting a Newtonian rheological response, the use of
non-Newtonian fluids introduces a challenge in determining which
viscosity parameter to consider for drop size prediction.

Here, we focus on developing a new theoretical model to predict
drop size in emulsions formed from both nearly Newtonian and non-
Newtonian fluids. The model will allow researchers and practitioners
to choose the energy-efficient method for the preparation of advanced
materials based on emulsions. Specifically, solutions of polyvinyl alco-
hols (PVA) were employed as representatives of nearly Newtonian
fluids, while a mixture of sodium laurethsulfate (SLES) and cocoami-
dopropyl betaine (CAPB), denoted as BS in the text, was used as a model
for non-Newtonian media [29,30]. The salt concentration was varied for
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the BS solution to increase the viscosity by inducing micellar growth
before the maximum and the formation of branched micelles after the
maximum. Notably different rheological characteristics are established
for these systems before and after the maximum [29].

Silicone oils are widely used in various cosmetic and personal care
products [34-39], such as body washes and conditioners, as well as in
drug delivery systems, antifoam production, etc. In most of these ap-
plications, the silicone oils are emulsified as drops in different media,
and the stability of the formed products depends significantly on the
drop size [39]. In the current study the emulsification of silicone oils
with viscosities ranging between 0.01 and 30Pa.s is performed. To
interpret the outcomes of emulsification experiments, the shear viscosity
as a function of shear rate is measured using two different methods -
namely, a rotational rheometer and diffusive wave spectroscopy. Addi-
tionally, the interfacial tension is obtained through the utilization of a
drop volume tensiometer and drop shape analysis. The obtained results
are compared with theoretical expressions proposed in the literature and
expressions are modified to account for the shear thinning behavior of
aqueous and oily phases.

2. Materials and methods
2.1. Materials

For the preparation of nearly Newtonian solutions, Polyvinyl alcohol
with a molecular mass of 205 kDa and 88 % degree of hydrolysis (PVA
40-88, product of Fluka) was used. The solutions were prepared by
measuring the necessary amount of PVA and dispersing it in water. The
prepared dispersion was allowed to hydrate for approximately 2h at
70-80 °C, after which it was cooled down to room temperature during
continuous mixing and used within the same day.

For the preparation of non-Newtonian fluids, we used sodium laureth
sulfate, SLES (Steol CS270, Stepan, 70 % activity) with IUPAC name of
Poly(oxy-1,2-ethanediyl)-alpha-sulfo-omega-(dodecyloxy)-sodium salt,
and cocamidopropyl betaine, CAPB (Tegobetain F50, Evonik, 40 %
active) with IUPAC name of 2-[(3-dodecanamidopropyl)dimethylami-
nioJacetate, and sodium chloride (Teokom, Bulgaria, analytical
grade). The total concentration of SLES and CAPB in the used solutions
for emulsification experiments was fixed at 10 wt% at 2:1 wt:wt ratio for
SLES and CAPB. The surfactant mixture is denoted hereafter as BS. For
solutions containing NaCl, the following procedure was used - the
necessary amount of surfactant was calculated and diluted with water.
After complete dissolution, the solid NaCl was added directly to the
mixture and mixed for 1-2 h to ensure homogeneity. For example, 100 g
BS with concentration 10 wt% BS + 4 wt% NaCl was made the following
way: 6.667 g SLES and 3.333 g CAPB were diluted to 96 g by deionized
water and 4 g NaCl were added after their dissolution.

All aqueous solutions were prepared with deionized water with re-
sistivity > 18 MQ.cm, purified by Elix 5 module (Millipore).

As an oily phase, silicone oils from Wacker, Germany (AK10, AK100,
AK1000, and AK30 000) with different viscosities were used without any
further purification.

2.2. Emulsion preparation

Emulsions were prepared by adding 2 g of oil to 18 g surfactant so-
lutions, which roughly corresponds to 10 vol% of the oily phase, because
the mass density of silicone oil is close to that of water [34]. Emulsions
were homogenized in 50 mL glass beakers for 5 min at 18,200 rpm with
a rotor-stator homogenizer (Ultra Turrax, IKA).

The homogenizer was equipped with an S10N - 10G Dispersing tool
(rotor diameter of 7.465 mm and gap of 380 + 50 um between the rotor
and the stator). The global shear rate was estimated by y = 2arN/l,
where r is the rotor radius (r = 3.7325 mm for our equipment), N is the
rotation speed (set to 303 rotations per second), and [ is the gap-width
between the rotor and stator (380 + 50 um) and the estimated global
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shear rate is 7 ~ (1.87 + 0.25) x 10* s71. The average rate of energy
dissipation during emulsification was estimated by ¢ = b1N3L2, where by
=6 [13]; N = 303 rps and L is a rotor diameter, which is 7.465 mm.
Thus, € ~ 9.3 x 10° m?/s°.

Emulsification was held at an ambient temperature: of 25 + 3.5 °C.
To avoid overheating beyond this point during emulsification in viscous
fluids, e.g. 10 wt% PVA, we used a water bath set at 25 + 1 °C. Subse-
quently, the samples were taken for optical observation via microscope
Axioplan (Zeiss, Germany) utilizing a long-distance objective Zeiss
Epiplan 50 x/0.40. For each sample, at least 3000 drops were measured,
and the mean volume (dy59) and maximum (d,95) diameters were
determined. Samples for observation were taken during the final sec-
onds of homogenization and diluted in pure water for 10 wt% BS or in
1 wt% BS for PVA. The emulsions were measured, using glass slide and
cover glasses (two cover glasses as spacers and one put on top of them as
cover, allowing sample thickness of 170 um).

The emulsions were stored after preparation for up to 6 h before
measuring the drop size by laser diffraction (Analysette 22, Fritsch).
Prior to measurement, the emulsions were manually stirred and around
1 mL were taken and injected directly into the wet cell unit, where they
were in situ diluted by water. The emulsions were gently mixed by the
equipment pump, set at rate 3 with ultrasound turned off. At least two
independent measurements were made per sample with typical varia-
tion of the maximum sizes < 10 %.

2.3. Dynamic and equilibrium interfacial tension

Dynamic interfacial tension was assessed at 25 °C via Drop Volume
Tensiometer (DVT50, Kriiss GmbH). The injection of oil drops into
surfactant solutions at rates ranging from 1 to 200 uL/min was used to
measure the dynamics of the adsorption of surfactant at short times. The
average surface tension from 2 to 3 drops at characteristic times were
taken and plotted against the average surface age of the drop (surface
age is defined as the time between two drops detaching from the
capillary and passing through the detector). The capillary used for the
measurement was with a diameter of 0.254 mm and no corrections were
applied to the conventional model as suggested by the equipment
manufacturer.

Drop shape analysis (DSA30, Kriiss GmbH) was used for equilibrium
interfacial tension measurements. A U-shaped capillary was used for
measuring oil drops in aqueous solutions at 25 °C. The densities of the
aqueous solutions were measured using a densitometer (DMA 35, Anton
Paar), and oil densities were used as provided by the manufacturer. At
least two measurements were made per concentration. Modification of
the method with rapid drop injection was used and referred to as Fast
Deformed Drop Method (FDDM). For its use, we applied automated drop
injection with speeds up to 1250 pL/min for 1 mm capillary for PVA and
1.5 mm for BS solutions respectively.

2.4. Viscosity characterization

Viscosity at 25 °C was assessed utilizing two different methods: (a) a
rotational rheometer (Anton Paar, MCR e302), equipped with cone and
plate geometry (40 mm cone diameter, 1° angle), which was used to
measure the apparent viscosity at low shear rates ranging from 1 to
2000 s ! or up to the shear rate where the sample was ejected due to
inertia; (b) Diffusive wave spectroscopy (DWS, LS instruments) was
employed for the measurement of the complex viscosity at high fre-
quencies via monodisperse polystyrene particles with diameter of
780 nm for BS and PVA solutions or TiO5 nanoparticle tracers for the oils
with diameter of 360 nm. 1 mL samples were diluted with 0.05 pL PS
particle suspension (10 wt%) or 0.04 g TiO5 solid particles. Afterward,
the suspensions were homogenized manually via stirring with a spatula.
The suspensions were put in 5 mm thick glass cuvettes and measured at
25 + 0.1 °C, ensuring that the sample thickness over the mean free path
of the particles, is within the recommended limits between 5 and 40.
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Typical measurement was carried at 600 s + 180 s Echo, where at least 3
repetitions were performed. For less viscous oils, e.g. AK10 and AK100,
particle sedimentation was observed at longer times, so we used shorter
measurements: 180 s + 30 s Echo with additional homogenization be-
tween the runs.

3. Experimental results and discussions
3.1. Rheological response of used solutions and oils

The rheological behavior of silicone oils with varying viscosities,
PVA solutions with different polymer concentrations (Cp), and 10 wt%
BS solutions with varying salt concentrations (Cs), used in emulsification
experiments, is analyzed using two complementary techniques: rota-
tional rheometry and Diffusive Wave Spectroscopy (DWS). The apparent
viscosity is defined as the measured shear stress divided by the applied
shear rate and is determined in shear ramp experiments via a rotational
rheometer. The complex viscosity as a function of angular frequency,
[rad/s], is measured in DWS experiments.

According to the Cox-Merz rule [40], the apparent viscosity is equal
to the complex viscosity when the shear rate matches the angular fre-
quency. Numerous studies confirm that this semi-empirical equation
applies to various systems such as polymeric gels [40-43], worm-like
micelle solutions [44], emulsions [45], and bijels [46]. However, evi-
dence suggests that the Cox-Merz rule may not apply to heterogeneous
fluids, such as particle suspensions and associating polymers [47-50].

To verify the applicability of the Cox-Merz rule to our systems, we
plotted the experimental data for apparent and complex viscosities as
functions of shear rate and angular frequency in Figs. 1 and S1. For all
silicone oils (AK10, AK100, AK1000, and AK30000), the viscosities
measured by the two methods closely align in regions where shear rates
and angular frequencies overlap, confirming that the Cox-Merz rule is
valid. Notably, even AK1 000 000 was found to obey this rule [51]. The
measured shear viscosities for silicone oils are close to those given by the
producer [34].

The viscosities of PVA solutions with Cp of 1 wt% and 3 wt%
measured by both methods are similar, as illustrated in Fig. S1. How-
ever, PVA solutions with higher concentration show systematic devia-
tion: the complex viscosity measured by DWS is =~ 2-times lower than the
apparent viscosity measured by the rotational rheometer, Fig. S1. Such
deviation was previously observedfor 16 wt% PVA solution, and the
effect was attributed to enhanced interchain associations in shear [52]
via the formation of more intramolecular hydrogen bonds between
polymer molecules when shear aligns their chains [53]. It was shown
[54] that flow affects the relaxation spectrum by shifting the curve to
shorter times under steady shear [54]. For predicting the drop breakage,
the polymer behavior in shear flow at a high shear rate is important. We
assumed that the experimental data from DWS could be used to predict
shear-thinning behavior in shear flow after appropriate matching (oft-
setting), as illustrated in Fig. S1 in the SI. The matching is necessary for
having the information for the shear-thinning behavior of PVA solutions
at high shear rates.

The viscosities of BS + NaCl solutions, measured by both methods
overlapped, thus conforming to the Cox-Merz rule. This effect was
supported by previous studies on worm-like micelles by DWS [55]. It
should be noted that the tracer particles aggregated with time with the
BS in the absence of salt, and only the first measurements at shorter
times were used.

We assume that the viscosity relevant to the emulsification experi-
ments is the viscosity obtained at the high shear rates, i.e. the complex
viscosity from the DWS. However, as there are some deviations between
the two methods for the PVA solutions, we compare the theoretical
predictions using both methods in the upcoming sections.

It should be noted that the measured complex viscosity at high fre-
quencies is not exactly equal to the shear viscosity, as the elastic
component predominantly characterizes the response at high
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Fig. 1. (A-C) Apparent viscosity (full symbols) as measured by rotational rheometer and complex viscosity (empty symbols) as measured by DWS as a function of
shear rate in the rheometer or DWS frequency for (A) Silicone oils; (B) PVA solutions and (C) BS solutions at different salt concentration; (D) Complex viscosity, 1,
determined from DWS measurements at ® = 1.9 x 10* rad/s as a function of the apparent viscosity, 1p, measured for same system in rheometer at plateau region. The
curves in (A-C) are the best fit of experimental data according to Eq. (1). The experimental data for PVA solutions obtained in DWS are corrected to match the data

obtained by the rheometer.

frequencies. However, we used these results to obtain at least some in-
formation on how the viscosity changes at high shear rates. For BS+NaCl
solutions, the expected decrease in shear viscosity with increasing shear
rate, based on theoretical considerations [56,57], aligns with the
experimental data obtained from DWS measurements, which justifies
the approach used.

The viscosity for all studied systems remains constant for a certain
range of shear rates/frequency of oscillations and decreases afterward
which is typical non-Newtonian behavior. The measured viscosities are
fitted by using the Cross model [58,59] which was originally derived for
the dependence of apparent shear viscosity on shear rate, but as
explained above the used rheometer is not able to assess the high shear
rates which are important for drop breakage and that is why we use the
results from DWS for complex viscosity as a function of angular
frequency:

Mo — N @

T T k)"

here 1 is the zero-shear viscosity, 1 is the viscosity at high values of
®, k is the characteristic time which is related to the critical o at which
complex zero-shear viscosity starts to decrease and n is the slope of
viscosity decrease in the intermediate region. The parameters deter-
mined from the best fits are summarized in Table 1 together with the
values of complex viscosity, n,, at ® = 1.9 x 10* rad/s and of shear

viscosity at plateau region, np.

The determined values for apparent viscosity at low shear rates for
BS solutions containing different salt concentrations are in very good
agreement with the results reported by Mitrinova et al. [29], where it
was shown that the addition of CAPB to SLES solutions dramatically
increases the zero-shear viscosity of these solutions due to the formation
of very long worm-like micelles. As a consequence, the zero-shear vis-
cosity of the BS solution in the presence of 2 wt% NaCl increases up to
280 Pa.s, as shown in Mitrinova et al. [29]. The full characterization of
BS solutions is given [29]. In this study we showed that the BS solutions
behave as typical solutions containing worm-like micelles and the in-
crease of salt concentration to 4 wt% leads to formation of branched
micelles which have much lower zero-shear viscosity compared to mi-
celles formed at 2 wt% salt (6.3 Pa.s vs 280 Pa.s).

3.2. Interfacial properties of used solutions

Interfacial tension is another key parameter in emulsification. The
experimental data for the interfacial tension of AK10 and AK100 in PVA
and BS solutions are given in Fig. 2. Interfacial tension of the PVA so-
lutions decreases from =~ 27-24 initially to 21-18 mN/m at 300 s cor-
responding to the total time for emulsification. The interfacial tension
for BS solutions started at 6-4 mN/m and decreased to about 4 mN/m
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Table 1

Comparison of apparent viscosity measured by rotational rheometer at plateau
region, np with complex viscosities from DWS, 1, determined at ® = 1.9 x 10*
rad/s. The parameters from the fit with Cross rheological model (Eq. (1)).

System np, mPa.s No» Parameters in Eq. (1)
mPa.s
o, mPa. k, s n Noos
S mpPa.s
AK10 11 11 11 1.1 x 1.75 5
107°
AK100 105 68 105 3.3 x 0.65 25
10°°
AK1000 1140 500 1200 5.5 x 1.10 450
1074
AK30000 32,700 3870 33,500 5.0 x 0.88 3330
3950+ 1073
1.25 wt% 3.1 2.3 2.5 1.4 x 0.86 1.7
PVA 2.8%% 3.1%% 10°° 0.86 2.2%%
1.4 x o
10—5»— *
3 wt% PVA 23 15 23 3.5 x 0.70 5.0
10°°
5 wt% PVA 105 22 50 9.4 x 0.64 5.0
627 1027* 10°° 0.67 7.3
3.2 x
1075+
10 wt% PVA 2100 140 1200 2.9 x 0.81 90.0
393 2200%* 1073 0.68 86.5""
7.3 x o
104+
10 wt% BS 22 16 26 8.4 x 2.12 12
10°°
BS + 1wt 33000 15 38400 0.7 0.9 3.3
NacCl
BS+2 wt% 280000 17 280000 3.0 1.0 5.1
NacCl
BS + 4 wt% 6300 12 6300 0.07 1.0 5.5
NacCl

* Digitized producer data, as from Ref. [34].
" Parameters after applying matching procedure for data obtained from
rheometer and DWS.

with the addition of salt. The increase detected at short times in the DVT
was previously related to hydrodynamic effects from the drop pinch-off
volume, as observed in Refs. [60,61].

The 10 wt% PVA solutions could not be measured in the DVT due to
the high continuous phase viscosity. For the same reason, the solution
with BS was reduced to 5 wt%, instead of the 10 wt% that were used for
emulsification.

3.3. Results from emulsification experiments

The maximal drop diameter, dygs, the mean volume drop diameter,

36
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dyso, and the polydispersity index (PDI) are shown in Fig. 3, while the
drop volume distributions for both the PVA and the BS emulsions are
shown in Figs. S2 and S3, respectively. Here the polydispersity is defined
as PDI = ((dyga-dy19)/2dys0)>.

AK10 is effectively emulsified in all PVA and BS solutions. Increasing
the PVA concentration from 1.25 wt% to 10 wt% leads to 10-fold
decrease in dygs (from 36 + 4 to 3.5 & 0.4 pm) and an 8-fold decrease
in dysg (from 14.7 &+ 1.6 to 1.8 + 0.3 pm). Additionally, there is a 2.9-
fold decrease in thePDI from 0.43 to 0.15, indicating that higher con-
centrations of PVA lead to the formation of smaller, more uniform drops.
Although AK10 is also successfully emulsified in BS solutions, the effects
of adding NaCl and the resulting increase in apparent viscosity at low
shear rates have a less pronounced impact on drop size distribution. For
example, adding 2 wt% NacCl to the BS solution, which increases the
apparent viscosity by more than 10* at low shear rates, results in a 2-fold
reduction in dygs (from 13.2 + 2.0 to 6.8 + 0.8 pm) and a 1.5-fold
reduction in dyso (from 6.1 + 0.6 to 3.5 &+ 0.4 pm), and a decrease in
PDI (from 0.25 to 0.08). Thus, the increase in PVA concentration affects
significantly more the emulsification of AK10 compared to the addition
of NaCl to BS solutions.

AK100 is effectively emulsified in BS solutions and in PVA solutions
with a concentration of 3 wt% or higher, where the maximal drop size
remains below 30 pm. However, a secondary peak in drop size distri-
bution is seen for emulsions formed in 1.25 wt% PVA solution, as shown
in Fig. S2B. Increasing the PVA concentration to 3 wt% reduces the
presence of larger drops, although two distinct peaks still appear in the
histogram. Emulsions with a monomodal distribution are formed from
PVA solutions with higher concentrations. Specifically, increasing the
PVA concentration from 1.25 wt% to 10 wt% leads to a 19-fold reduc-
tion in dygs (from 59 + 9 to 3.1 &+ 0.4 pm), a 17-fold decrease in dysg
(from 29 + 4 to 1.7 £+ 0.3 pm), and a 5-fold reduction in the PDI from
0.72 to 0.14. Adding 2 wt% NaCl to BS solution results in a 3-fold
decrease in dygs (from 27 + 4 to 11 + 1.2 pm) and dysp (from 14.7 +
1.6 to 5.1 &+ 0.6 pm), with a slight reduction in PDI from 0.24 to 0.16.

Increasing the viscosity of the silicone oil to AK1000 results in the
formation of very large drops when using a 1.25 wt% PVA solution, as
illustrated in Fig. S2C. Emulsions with a bimodal distribution are formed
with 3 and 5 wt% PVA, while monodisperse emulsions are obtained with
10 wt% PVA solutions. Emulsions formed in BS solutions also exhibit a
secondary peak in drop size distribution but with a smaller contribution.

Emulsification of AK30000 is challenging in PVA solutions with
concentrations up to 5 wt%, but almost monodisperse emulsions are
formed with a 10 wt% PVA solution. In BS solutions, the emulsions with
two distinct peaks are formed, as shown in Fig. S3D. The first peak’s
maximum is at sizes of approximately 5 pm, while the second peak ap-
pears at sizes of about 80 pm. These emulsions are highly polydisperse,
with a PDI above 1, as shown in Fig. 3.

Experimental data presented in Fig. 3 demonstrate that both dygs and

36

33 1wt%PVA AK100
E 30 3wit%PVA ovT
2 7 SW%PVA
g' 24
2 21
g 18
Z 15  5wt% BS+1wt% NaCl
3 12 5WI%BS
£
£ 9
£ 6

0

1 10 100 1000

Time, sec

Fig. 2. Interfacial tension as a function of time for PVA and BS solutions for (A) AK10 and (B) AK 100. Solutions are measured via DVT (symbols), via DSA (full lines),

and FDDM via dashed lines.
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Fig. 3. (A, B) Maximal drop diameter, dyes; (B, D) Mean drop diameter, dyso; (E, F) Polydispersity index, PDI for silicone oil emulsions formed in (A, B, E) PVA
solutions with different concentrations and (C, D, F) 10 wt% BS solutions with different NaCl concentrations.

dyso decrease with increasing PVA concentration. At a given concen-
tration of PVA, the values for dyos and dysg are higher for more viscous
oils. The PDI remains almost constant up to 5 wt% PVA and decreases
significantly when 10 wt% PVA is used for emulsification. Increasing
NaCl to 2 wt% in BS solutions reduces the drop sizes and the PDI of the
emulsions formed. However, further increasing NaCl to 4 wt% has no

effect or results in a slight increase in drop sizes for AK1000 emulsions.

3.4. Interpretation of the experimental results

To interpret the data, we used the following approach: (1) Determine
the regime of emulsification by comparing the size of the smallest eddies
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with experimentally determined value of dygs; (2) Compare the exper-
imental data for dyos for inertial regime of emulsification with theo-
retical predictions; (3) Compare the experimental data for dygs obtained
in turbulent viscous regime with results from “Grace plot” (4) Propose
new equation for prediction the outcome of emulsification in both in-
ertial and viscous turbulent flows after accounting for shear thinning
behavior of continuous and disperse phases.

The size of the smallest eddies, Ag, in turbulent flow provides a
measure of the length scale at which inertial and viscous forces are equal
[9,10]. At distances larger than ), inertial forces dominate, whereas at
shorter distances, viscous forces prevail. The inertial force is directly
linked to fluctuations in the hydrodynamic pressure within the flow,
which are in turn proportional to fluctuations in turbulent velocity.
According to the Kolmogorov-Hinze theory, the expression for the
fluctuations of the hydrodynamic pressure in the flow is given by [9,10]:

(AP1(40) = Cpe(U?) = C1Cape(eo)? @

In Eq. (2), the brackets mean statistical averaging, (U2) = C2(8d)2/ 3is
the mean square of the fluctuations in the fluid velocity at distance A,
and C; 2 are numerical constants calculated by Batchelor [62] to be C; ~
0.7 and Cy = 2.0, pc is the mass density of the continuous phase, while &
is the rate of energy dissipation per unit mass of the fluid [J/kg.s], which
for used hydrodynamic conditions is 9.3 x 10% m?/s°,

The viscous forces are proportional to the viscous stress [62], which
in turn depends on the shear rate and the viscosity of the continious
phase. For Newtonian fluids, the viscosity does not depend on the shear
rate, but for non-Newtonian fluids it does. The shear rate inside the
smallest turbulent eddies is given by [9,10]:

1/2(810)1/3

f’xo =Gy 70 3
The size of the smallest eddies is determined from the equalization of

the pressure fluctuations given by Eq. (2) and viscous stress inside the

smallest eddies, which is expressed for Newtonian fluid as [9,10]:

TV =150 (€3]

where 1) is the viscosity of the continuous phase, which does not depend
on the applied shear rate for Newtonian fluid.

For continuous phase having non-Newtonian behavior, the viscosity
depends on shear rate as shown in Fig. 1. Eq. (1) accounts for this shear
thinning behavior and that is why it can be used instead of constant
shear viscosity which leads to following expression for viscous stress
inside the smallest turbulent eddies in non-Newtonian media:

. Mo — N .
Ty = N¥i0 T+ W?’xo 5

After equalization of viscous stress given by Eq. (5) and pressure
fluctuations, given by Eq. (2) and substituting y,, in Eq. (5) by expression
given in Eq. (3) the following expression for size of the smallest turbu-
lent eddies in Newtonian and non-Newtonian fluids is derived:

(eAo)/?
o

Mco — Meo

C1Capel(ero)™ = et e |G (6)

1 1
2 (e19)3
14 | keC3eel

For Newtonian liquids, Eq. (6) is simplified to well-known expression
for A9 [9,10]:

Jo = €Y opc Y e A e p Y e @

Table S1 presents the calculated values of Ay for various solutions
used in emulsification experiments, derived under three different
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assumptions: Ag; is calculated using Eq. (6), which accounts for the
shear-thinning behavior of the fluids; A, is determined by Eq. (7),
assuming a constant viscosity equal to the viscosity measured by the
DWS at w = 1.9 x 10* rad/s, corresponding to the global shear rate; Ap is
also calculated by Eq. (7), but it assumes the viscosity of the continuous
phase is equal to the zero-shear viscosity measured by the rheometer.

The shear rates within the smallest eddies in all three assumptions are
calculated using Eq. (3) above. Note that Eq. (3) simplifies for Newtonian
fluids to the widely used expression for estimating shear rate within the
smallest turbulent eddies [8,9,63,64]. The shear rate estimated using Eq.
(3) for 1.25 wt% PVA is approximately five times higher than the esti-
mated global shear rate (8.1 x 10* s™* vs 1.87 x 10* s™%). Increasing the
PVA concentration leads to a significant decrease in shear rate within the
smallest turbulent eddies, which becomes lower than the global shear rate
for 10 wt% PVA solutions (6.9 x 10% vs 1.87 x 10*s™).

It is observed that for solutions exhibiting nearly Newtonian
behavior - such as 1.25 and 3 wt% PVA, as well as 10 wt% BS - the values
of Ay calculated using the three different viscosities are similar. How-
ever, for non-Newtonian solutions, Ao values vary significantly based on
the viscosities used for calculations. The greatest variation occurs in the
10 wt% BS + 2 wt% NaCl solution, where the highest change in the
viscosity was observed with Ap > 3000 x Ag;. The shear rate inside the
smallest eddies also varies with the viscosity of the continuous phase.
The larger the value of A the smaller the shear stress inside the smallest
turbulent eddies as should be because the total stress remains constant
and equal to pressure fluctuations in the inertial regime.

The comparison between the estimated values of Ay and the experi-
mentally measured values of dygs, shown in Fig. S4, suggests that emul-
sification occurs in the inertial regime when using a 1.25 wt% PVA
solution and in the viscous regime with a 10 wt% PVA solution. For
emulsions formed in 3 and 5 wt% PVA solutions, the size of the drops
closely matches the calculated values of A, suggesting that the emulsifi-
cation occurs mostly in the viscous regime. The emulsification behavior in
BS solutions is notably more complex due to larger variations in A, but it
is seen that Ap > dygs which means that the emulsification at least in some
parts of the equipment occurs in the viscous regime.

For all emulsions prepared in the inertial regime with 1.25 wt% PVA,
the PDI exceeds 0.4, indicating that the breakage of a single drop results
in daughter and satellite drops of varying sizes. This observation is in
unison with previous results, which demonstrated that more viscous oils
emulsified in the inertial regime tend to produce polydisperse emulsions
[65]. Successful emulsification in the inertial regime depends on two
conditions: (1) the duration of pressure fluctuations, which are charac-
terized by lifetime of eddies, must exceed the drop deformation time.
This requirement is particularly crucial when dealing with viscous oils;
(2) the pressure fluctuations must be higher than the sum of the capillary
pressure and the viscous stress inside the breaking drops;

The deformation time in the inertial regime is estimated by [6]:

b
tpgr = 7582/3(12/3/)5 (8

The lifetime of eddies is given by:

B d2/3 9
teppy = Vel (C)]

The minimal drop size that can be emulsified in the inertial regime
can be defined from the requirement tpgr < tgppy and it is given by:

3/4

'ID/

— <
53/481/4;,2/4 < du 1

The calculated values of the minimal drop size in the inertial regime,
dwvini, that can be deformed during the lifespan of the eddies with similar
size, are shown in Table S2. These calculations are performed by using
two different viscosities of the disperse phase ng, and npp. Data in Ta-
ble S2 show that the measured dygs of 550 + 60 pm for AK30000
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emulsified in 1.25 wt% PVA is significantly smaller than the calculated
by Eq. (10) when using the shear viscosity measured from the rheometer
(2340 pm). The calculated value of dyyn; from Eq. (10) using ngqg, is 472
pm which is very similar to one measured experimentally. This com-
parison clearly shows that along with the shear thinning behavior of the
continuous phase, the decreased viscosity of the dispersed phase has to
be accounted for proper determination of the drop size of very viscous
oils such as AK30000.

The second requirement for drop breakage in the inertial regime
leads to the equation proposed by Davies [8]:

(ed;)'/?

4 1D

(2
C] Czpc(ng)Z/B = C4E + CS"IDC;/Z
T

In our previous study [11] we showed that the combination of the
constants C4/C1C, = 0.86 [11], which means that C4 = 1.089; and

Cé/ 2Cs /C4 = 0.37, thus C5 = 0.285. The application of above equation
for emulsions formed in 1.25 wt% PVA which have interfacial tension of
27.2 mN/m with AK10 and 28.3 mN/m with AK100 gives the values of
dip given in Table S2 when viscosity of the dispersed phase is the one
measured by the rheometer. Note that for AK1000 and AK30000 the
interfacial tension has negligible effect on the predicted value of dip
because of dominating contribution of viscous stresses inside the
breaking drop (second term in right-hand side of equation). That is why
for AK1000 and AK30000 we use the same interfacial tension as one
measured for AK100. The estimated values of dip for AK10 and AK100
are very close to the measured dygs, see Table S2: 43 ym vs 36 + 4 pm for
AK10; 65 pm vs 58 + 8 pm for AK100. However, higher values are
predicted for AK1000 and AK30000: 257 pm vs 130 + 60 pm for
AK1000 and 3080 pm vs 550 + 70 pm showing again that for more
viscous oils the decreased viscosity during the emulsification has to be
considered. Note that in our previous study [11] we used Eq. (11) to
describe the experimental data obtained with various oils having
plateau viscosity up to 500 mPa.s. Very good agreement between pre-
dicted and measured drop diameters were established for oils with vis-
cosity up to 200 mPa.s whereas a noticeable smaller in size drops are
formed from silicone oil with 500 mPa.s compared to predicted ones, see
Fig. 7 in [11], showing that the shear thinning of viscous oil becomes
important for oils with viscosity above 200 mPa.s.

We used two approaches to account for possible shear thinning of the
oil phase during drop breakage. In the first approach, we assume that np
in Eq. (11) can be replaced by ng, determined from DWS measurements
at ® = 1.9 x 10* rad/s. This approach assumes that the shear rate inside
the breaking drop is equal to the global shear rate estimated to be 1.9 x
10* s~L. The determined results for dy, are given in Table S2. One sees
excellent agreement between experimentally measured and theoreti-
cally predicted drop sizes even for the viscous oils.

The second approach accounts for the shear-thinning of the viscous
oils. It assumes the viscosity of the drop decreases with the shear rate but

instead of using the global shear rate, a local shear rate inside breaking

1

(ed))3
dr

drop is estimated as Cg . Incorporating Eq. (1) into Eq. (11) we derive

the drop size in the inertial regime for oils with shear-thinning behavior:

"po — Mpeo Cs ('9‘11)1/3

[
C1C2PC(€d1)2/3 =C45+GCs d
it
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d; (ed)"/3
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(12)

d; is the maximal stable drop diameter in the inertial regime of emulsifi-
cation based on the force requirement, npo, Npw, kp and np are the pa-
rameters for rheological response of oily phase with non-Newtonian
response, Cg is an unknown constant accounting for the ratio between the
shear rate inside the dispersed phase and in the continuous phase.
Assuming that Cs = 0.8 we obtain reasonable agreement for the measured
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drop sizes for all silicone emulsions in 1.25 wt% PVA, see Table S2. Note
that the calculated values for d; using Eq. (12) are very close to values
calculated by using ng, in Eq. (11) showing that both approaches account
reasonably for the shear-thinning behavior of viscous oils.

In the viscous turbulent regime, where the drops break due to viscous
forces inside the smallest turbulent eddies the viscosity of the contin-
uous phase becomes important. One way to account for this importance
is to use the “Grace plot” [14,66,67], which represents the critical
capillary number for the largest stable drops in the formed emulsions,
Cacr = n¢cydves /o, as a function of the viscosity ratio, p = np/nc. Ac-
cording to the Grace plot the drops with a diameter larger than that
corresponding to the Cacg, should be broken into smaller drops by the
viscous stress of the sheared medium, whereas the smaller drops would
remain unbroken, due to the drop capillary pressure opposing drop
deformation. The experimental data for dygs formed in a turbulent
viscous regime are used to construct the plot shown in Fig. S5. Note that
viscosities of dispersed and continuous phases measured for zero-shear
viscosity (Fig. S5A), and for the complex viscosity in DWS at ® = 1.9
x 10*rad/s (Fig. S5B) are used for the construction of these plots. As can
be seen, the experimental data do not follow a single master curve in
either case. The experimental results are closer to each other when the
viscosities measured in DWS are used but still, a deviation that exceeds
one order of magnitude is observed at some viscosity ratios.

In a previous publication [21] we showed that the maximal drop
diameter in the viscous turbulent regime can describe the data obtained
with two mineral oils with different viscosities of 19 and 36 mPa.s:

o

_° 13)
(Sﬂcpc)l/z

d~a

where a is a coefficient accounting for the viscosity ratio. Constant a was
found to be 0.9 for triglyceride oil with a viscosity of 19 mPa.s and 1.14
for a more viscous one with a viscosity of 36 mPa.s. In Fig. S6 we re-
plotted the experimental data obtained in the viscous turbulent regime
according to Eq. (13). It implies that the viscous stress inside the smallest
eddies is responsible for drop breakage. One sees that the data are
largely scattered due to BS solutions, whose thinning affects the the
viscosity of the continious phase. The effect is less pronounced for
emulsions prepared in PVA solutions, but variation is still visible,
especially for more viscous oils.

In another study [13], we demonstrated that the outcome of emul-
sification does not depend on the interfacial tension for concentrated
emulsions. To explore this hypothesis further, we standardized the
interfacial tension in Eq. (13) at 40 mN/m, corresponding to the inter-
facial tension of the bare silicone oil-water interface. The results indicate
that emulsions prepared with different silicone oils display varying
values of the correction coefficient a, even when the interfacial tension is
assumed constant. Another reason for this check was that existing
methods for measuring interfacial tension can only measure it on a time
scale above 1 s (see Fig. 2 above), whereas the typical time scale for drop
breakage is in the millisecond range. This suggests that the actual
interfacial tension could be higher than the measured value. The highest
possible value corresponds to the pure water-oil interface, which is why
this check was performed. However, as can be seen, a constant interfa-
cial tension cannot explain the results obtained with different silicone
oils in a given solution.

In Eq. (13) the opposing forces are only those related to the action of
surface tension but the effect of viscous dissipation inside the breaking
drop is not accounted for. To account for this effect, we assume that the
viscous stress inside the breaking drop can be expressed as in the case of
inertial regime [8]:

(edy)"?

4 14
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The driving force for drop breakage in the turbulent viscous regime is
the shear stress inside the smallest eddies which is expressed as:
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a3
Tc = ﬂcci/z(e ;)
0

(15)

To account for the shear thinning of the continuous and dispersed
phases we introduced Eq. (1) in Egs. (14) and (15). To determine the
maximal stable drop diameter in turbulent viscous regime, we assume
that the viscous forces acting in the smallest turbulent eddies have to be
higher than the opposing forces for drop breakage as in the inertial
regime: capillary force and viscous force inside the breaking drop. The
following expression is proposed for the estimation of the drop size in
the viscous turbulent regime:

Nco — Newo 2 (5/10)1/3 b0 — b

NG t 1w | G2 o
1+ (kcc;/z—“"“”)

o
= C7d—v+C8

Ao

where ) is determined from Eq. (6) values of ncg, Nceos k> 1C> NMD0s> NDoos
kp, np are given in Table 1, dy is the drop size in the viscous regime. The
values of constants are Co = 2.0 [62], Cg = 0.8; C; = 0.5; Cg = 0.015. The
predicted drop sizes in the inertial regime by Eq. (12) and in the viscous
regime by Eq. (16) are shown in Fig. 4 as a function of the experimen-
tally measured maximal drop sizes. One sees that the description is good
for all studied systems, including BS solutions with different salt con-
centrations. The comparison between Eqs. (16) and (12) shows that the
opposing forces for drop breakage in both regimes are similar (surface
tension forces and viscous force inside breaking drop) but their contri-
bution is different. The value of C; used for the viscous regime is two
times smaller than C4 (0.5 vs 1.089), used for the inertial regime with the
latter showing that the surface tension force has smaller effect on the
drop breakage in the viscous regime compared to inertial regime. The
value of Cs is 19-fold higher than the value of Cg (0.285 vs 0.015) ac-
counting for much easier drop breakage of highly viscous oils in viscous
turbulent regime. In the viscous regime, the relative contribution of the
viscous dissipation inside the breaking drops is much smaller compared
to the capillary force, whereas this effect is less pronounced in the in-
ertial regime. However, even in the viscous regime, the breakage of the
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Fig. 4. Experimentally determined values of dygs, and calculated via Eq. (10)
for emulsions formed in inertial regime and Eq. (16) for emulsions formed in
viscous regime with constants determined in the current study for viscous
regime of Cg = 0.8; C; = 0.7; Cg = 0.015 and constantans known from the
literature for inertial regime: C; = 0.7 [62], Cy = 2.0 [62], C4 = 1.089 [11]; Cs
=0.285 [11].
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emulsion drops with low viscosity, e.g. AK10, is dominated by the
capillary pressure, whereas the most viscous oil (e.g. AK30000) is
dominated by the viscous stress inside the breaking drop and interfacial
tension plays a negligible role.

4. Conclusions

We investigated both experimentally and theoretically the emulsifi-
cation of silicone oils in nearly Newtonian polyvinyl alcohol (PVA) so-
lutions and non-Newtonian worm-like micellar solutions (BS+NaCl). We
hypothesized that emulsification in both Newtonian and non-Newtonian

(edy)'?

Ce 4

(16)

media in the turbulent regime could be predicted after accounting for
shear thinning of both the dispersed and continuous phases. This hy-
pothesis was confirmed through the development of a theoretical model
that considers the local shear rates in the turbulent eddies, leading to
reduced viscosities within the drop and aqueous phases. This model
allows a significant improvement in the drop size predictions and ex-
tends the current frontier in emulsification.

The new model shows that the complex interplay occurs between
interfacial tension and oil viscosity in viscous turbulent regime of
emulsification. Namely, the interfacial tension plays a key role in the
emulsification of less viscous oils (0.01 Pa.s), whereas the emulsification
of more viscous oils (> 1 Pa.s) is significantly affected by the viscous
dissipation inside the breaking drops. This interplay has not been
demonstrated previously for rotor-stator devices [6,8-13,17-24,65],
especially in the case of shear-thinning fluids. The extended use of
diffusive wave spectroscopy (DWS) for the characterization of the vis-
cosity at high shear rates improved model accuracy up to 8-10 times for
the viscous oils and its use has the potential to improve results inter-
pretation beyond semi-empirical fits that were previously used to treat
the data [13]. The improvement is even more pronounced for worm-like
micellar solutions and concentrated PVA solutions.

The new theoretical model, along with the proposed methodology
for accounting for viscosity at high shear rates, provides pathways for
improving emulsification efficiency in high-shear devices, industrial
formulations that require more monodisperse drops, and even in
computational fluid dynamics (CFD) simulations that model the drop
breakage. Some of these aspects are particularly important in cosmetic
applications, which exploit worm-like micelles or perhaps even struc-
tured gel phases that occur with variations in surfactant concentration or
processing temperature.
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Abbreviations

AK10, AK100, AK1000, AK30000 silicone oils with varying viscosities

BS mixture of Sodium Laureth Sulfate (SLES) and
Cocoamidopropyl Betaine (CAPB)

DSA Drop-Shape Analysis

DVT Drop Volume Tensiometer

DWS Diffusive Wave Spectroscopy

FDDM  Fast Deformed Drop Method

PDMS  Polydimethylsiloxane

PVA Polyvinyl Alcohol

PDI Polydispersity Index

Greek Symbols

€ energy dissipation per unit mass of fluid

4 shear rate

720 shear rate inside the smallest turbulent eddies

7201 calculated by Eq. (3) using Ag;

7ap calculated by Eq. (3) using Ap

e calculated by Eq. (3) using A,

Ao size of the smallest eddies in turbulent flow

o1 calculated by Eq. (6) accounting for shear thinning behavior
of continuous phase

Ao calculated by Eq. (7) assuming constant viscosity of the
continuous phase measured by DWS at ® = 1.9 x 10* rad/s

Ap calculated by Eq. (7) assuming constant viscosity of the
continuous phase measured by rheometer at plateau region

ne viscosity of the continuous phase

Nco zero-shear viscosity determined from the best fit of
experimental data with Eq. (1)

Nceo viscosity at high shear rate determined from the best fit of
experimental data with Eq. (1)

Ncp zero-shear viscosity of the continuous phase measured by
rheometer

b viscosity of the dispersed phase

Nbo zero-shear viscosity determined from the best fit of
experimental data with Eq. (1)

NDeo viscosity at high shear rate determined from the best fit of
experimental data with Eq. (1)

Npp zero-shear viscosity of the dispersed phase measured by
rheometer

No complex viscosity as measured via DWS

New complex viscosity of the continuous phase at » = 1.9 x 10*
rad/s

Ndo complex viscosity of the dispersed phase at ® = 1.9 x 10* rad/
s

c interfacial tension

D viscous stress inside drops

C viscous stress inside the smallest eddies

pCs PD mass density of the continuous phase and the dispersed phase

0] frequency from diffusive wave spectrometer (DWS)

Latin Symbols

a constant for drop breakage efficiency in turbulent viscous
regime, accounting for the viscosity ratio

by constant related to the energy dissipation rate in a
homogenizer

dy maximum stable drop diameter in viscous regime

dyos Experimentally determined maximum drop diameter by
volume

dyso median drop diameter by volume

d maximal stable drop diameter in inertial regime

divine ~ assuming high-shear viscosity, as measured by DWS

dyvine assuming zero-shear viscosity, as measured via rheometer

dyiNt minimum drop size that can be deformed during the lifespan

of the eddies with similar size

10
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ke, kp characteristic time constants for continuous and dispersed
phases, as in the Cross rheological model
1 gap distance between rotor and stator

tDEF deformation time in inertial regime
tEDDY lifetime of eddies

r rotor radius

p viscosity ratio, np/nc

C1, C2, C3, C4, C5, C6, C7, C8 numerical constants for the different
regimes of emulsification

Cacr critical capillary number

L rotor diameter

N rotor rotational speed

APt Pressure fluctuations related to turbulence
U fluid velocity
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