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ABSTRACT: High internal phase Pickering emulsions (HIPPE)
have received significant research attention in the last two decades
due to their potential for a wide range of applications. The
appropriate processing of such high-viscosity emulsions, hundreds
of times more viscous than that of the continuous phase, and the
control of the final droplet size remain challenges to be tackled.
Our research targeted this knowledge gap by examining the
influence of the emulsion formulation and the processing
conditions on the final droplet size. The dispersed phase fraction
(100 cSt silicon oil) ranged between 75 and 80%. The emulsions
were produced in a regular mixing tank equipped with a helical
ribbon impeller rotating at a low speed (100−150 rpm). The
effective viscosity of the continuous phase was obtained from the
experimental torque measurements. The droplet size distributions were measured after emulsification and dilution in the continuous
phases. It is shown that the capillary number obtained from the observed emulsification performance can help predict the final
droplet size. Our approach provides a straightforward methodology to generate concentrated Pickering emulsions with controlled
and predictable droplet size.

1. INTRODUCTION
Emulsions solely stabilized by solid particles at the oil−water
interface were described by Ramsden and Pickering1 about a
century ago. Their behavior and properties have been actively
investigated in recent decades,3,4,6 along with some applica-
tions.2−7 The substitution of solid particles for traditional
surfactants in such emulsions (also known as Pickering
emulsions) offers numerous advantages, making them ideal
for applications in fields including biomedicine,8,9 food,10 fine
chemical synthesis,11 cosmetics,12 and fine three-dimensional
(3D) structures.13−15

The use of particles in the replacement of chemical
surfactants not only strengthens the emulsion against
coalescence but also lowers the risks of harmful surfactant
release to the environment. Furthermore, the solid particles
can be selected to suit some specific applications of the
produced emulsions.11,16,8,17−19

Low-volume and energy-intensive apparatuses such as high-
pressure homogenizers and ultrasonic probes are reported as
emulsion generators.20 However, high-pressure equipment
produces small droplets with a considerable degree of
polydispersity in the emulsion droplets.21 Additionally, it
may destroy the larger solid particles.22 Other equipment to
produce Pickering emulsions, including microchannels,23 static
mixers,24,25 and membranes,26 are limited for applications on

larger scales, as the design of such equipment poses significant
challenges.20

Large-capacity emulsification often requires the use of a
high-speed rotating impeller in a mixing tank. Pitched blade
turbines (PBT) have the capacity to emulsify large volumes of
fluids and are known to generate larger droplets (>75 μm)
compared to high-pressure homogenizers.5,27 They are,
however, limited to low-viscosity emulsification.

High internal phase Pickering emulsions (HIPPE) occur
when the emulsion drops reach their maximum packing state.
For spheres of size, the maximum packing value is around 74%
(hexagonal close packing). When the emulsion reaches this
packing state, the viscosity increases sharply and remains high
thereafter. Similarly to dilute emulsions, a wide variety of
particle types and particle sizes, oil types, and processing
conditions are employed in the preparation of HIPPEs, and
can be found in reviews.19

Received: May 16, 2024
Revised: September 18, 2024
Accepted: September 20, 2024
Published: October 9, 2024

Articlepubs.acs.org/IECR

© 2024 The Authors. Published by
American Chemical Society

17917
https://doi.org/10.1021/acs.iecr.4c01855

Ind. Eng. Chem. Res. 2024, 63, 17917−17929

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IQ
U

E
 M

O
N

T
R

E
A

L
 o

n 
N

ov
em

be
r 

12
, 2

02
4 

at
 1

9:
51

:0
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mina+Saghaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edith+Roland+Fotsing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annie+Ross"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louis+Fradette"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.4c01855&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/iecred/63/42?ref=pdf
https://pubs.acs.org/toc/iecred/63/42?ref=pdf
https://pubs.acs.org/toc/iecred/63/42?ref=pdf
https://pubs.acs.org/toc/iecred/63/42?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


For high viscosities such as the ones encountered in
concentrated emulsions, low-speed close-clearance impellers
are more appropriate, as they natively deal with high-viscosity
mixtures. Examples of such mixers are the Maxblend
impeller,28 anchor impellers,29 Paravisc,30 and helical ribbons
(single-helical ribbon (SHR) and double-helical ribbon
(DHR)).30 Very few studies exist about the use of low-speed
impellers applied to the production of emulsions. For instance,
asphalt was successfully emulsified using an anchor impellor at
95% dispersed phase in surfactant-based emulsions.29 Very
narrow droplet size distributions and easy processing were
demonstrated.

Viscous stresses generate the droplet breakup in the laminar
flow,31,32 while interfacial forces around the droplet will limit
the extent of the breakup. The capillary number (Ca)
represents the ratio of viscous forces to interfacial forces
(Laplace pressure) from the shearing flow

Ca
D2 /

c

43
=

(1)

where μc represents the viscosity of the continuous phase, γ̇
denotes the shear rate, σ is the interfacial tension between
dispersed and continuous phases, and D43 is the diameter of a
droplet. The droplet breaks if Ca exceeds a critical value
(Cacrit); the new droplets have smaller diameters and Ca
becomes lower. Simultaneously, small droplets tend to
coalesce, leading to increased diameter and Ca. Thus, the
observed or effective capillary number of a given process will
tend to “move toward” the critical capillary number if enough
time is allowed for droplet rupture to occur repetitively.

Multiple empirical models predict the critical capillary
number based on the viscosity ratio between the dispersed
and continuous phases33,31 and report the effect of viscosity
ratio on the curvature of droplet breakage.34 In these models,
the Ca value is obtained for the dilute emulsion, where the
effect of the neighboring droplets is neglected. This literature
made use of constant viscosity for the continuous phase over
the emulsification time. This assumption of constant
continuous phase viscosity might not be accurate for Pickering
emulsions where the continuous phase may be non-Newtonian
and the presence of micron-sized particles induces more
complexity.

HIPPEs not only exhibit a viscoelastic behavior themselves35

but also the continuous phase might reveal complex
rheological behavior. Depending on the particle size, shear
rate, and repulsive force between particles, the continuous
phase can exhibit both shear thinning and shear thickening,36

as well as time-dependent behavior, thixotropy, and
rheopexy.37,38 The observed behavior is a complex function
of the experimental conditions and formulation. The nonlinear
rheological behavior of the concentrated suspension forming
the continuous phase must be considered for calculating the
viscosity ratio.

Despite extensive research on the fundamentals and
properties of concentrated Pickering emulsions, there is still
a lack of understanding regarding the control of the final
droplet size and the impact of the processing conditions on
HIPPEs in the laminar regime. This research aims to fill this
gap by studying the impact of the process and formulation on
the produced droplet size. This work seeks to develop methods
for the precise control and estimation of droplet sizes under
low shear rates.

2. MATERIALS AND METHODOLOGY
2.1. Materials. The dispersed phase for all emulsions was

silicone oil with a viscosity of 100 cSt (Clearco Products Co.,
Inc.). The continuous phase was formed of an aqueous phase
that contained dissolved poly(vinyl alcohol) (PVA) (Alfa
Aesar) in distilled water at concentrations ranging from 2 to 4
wt %. Polyimide (PI) powder with a primary diameter of 4 μm
(P84NT, Evonik Fibers GmbH) was uniformly dispersed in
the continuous phase prior to any oil addition.

To create a HIPPE, the dispersed phase concentration must
exceed the maximum packing fraction of the droplets. In this
study, oil concentrations (dispersed phase) of 75 and 80 vol %
were employed. While not reported here for the sake of
conciseness, the torque evolution during emulsification clearly
demonstrated the achievement of a concentrated emulsion
state when a sharp increase in torque was indeed recorded and
showed ratios of final/initial torques of 3 to 10. The
continuous phase comprised aqueous solutions of PVA at 2,
3, and 4 wt % and adequate amounts of PI to cover the oil
droplets. Based on the expected droplet size range, three levels
of PI concentrations were determined to ensure full drop
coverage. All emulsions were prepared based on the full
factorial design of all variants summarized in Table 1.

The PI volume fraction, which is employed for all results, is
calculated based on its volume in the continuous phase. The
density of PI is 1.4 g/cm3, and the volume of the continuous
phase is 2 and 2.5 mL for emulsions prepared with 80 and 75
vol %, respectively. Resulted in 6 PI vol % in two different
continuous phase volumes (20−23−25 vol % for 75 vol %, and
25−28−32 for 80 vol % oil fraction samples.
2.2. Emulsification. 2.2.1. Emulsification Setup and

Procedure. The high internal phase Pickering emulsions
were prepared by using a 3D-printed double-helical ribbon
within a 20 mL tank. The required quantity of particles was
initially dispersed in the PVA solution by subjecting the
mixture to 100−150 rpm for 1 min. Subsequently, the oil was
injected at a constant flow rate of 2.5 mL/min, while agitation
was maintained. The oil injection port was located at the base
of the side wall of the tank (see Figure 1). This configuration
allowed the oil to be injected at the bottom of the tank, in the
most favorable zone for emulsification at a low impeller speed.
The torque meter recorded the data during the mixing process
for future calculations. The dimensions of the apparatus are
given in Figure 1. These dimensions are representative of
efficient ribbon designs, as recommended in the literature.39

2.2.2. Processing Conditions. To examine the impact of the
emulsification time on the droplet size, three pre-established
numbers of revolutions (nr) of the impeller were applied
consistently during the emulsification process. The number of
revolutions corresponds to the rotational speed multiplied by
the emulsification time. This approach is justified by the fact
that the HIPPE emulsification process operates in the laminar
regime due to the very high viscosity of the concentrated
emulsion. In this viscous flow regime, it is the amount of shear

Table 1. Variants and Level for Formulation

level 1 level 2 level 3

PVA solution (wt %) 2 3 4
PI (g) 0.7 0.8 0.9
oil (vol %) 75 80 (−)
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stress exerted on the emulsion that is expected to dictate the
drop size reduction process. Exploiting the very high viscosity
and the laminar regime, we can relate the number of rotations
of the impeller to the potential of droplet rupture. The
maximum torque value measured at the end of the
emulsification step allows us to access average stress which
in turn is related to the energy consumption.

Two values of rotational speeds, chosen for their ability to
supply ample pumping capacity within the tank, were
employed. The first selected revolution number is much larger
than the dimensionless mixing time reported for helical
ribbons in the literature.40 Six process conditions (C1−C6)
corresponding to each formulation and three replication runs
were conducted for each experiment. The list is presented in
Table 2.

The emulsions being viscous with non-Newtonian behavior,
the shear rate is defined as per the Metzner and Otto concept
following

K Ns= (2)

where γ̇ is the shear rate, N is the impeller rotation per second,
and Ks is the Metzner and Otto constant. Ks represents the
capacity of a given impeller geometry to generate shear at a
given rotational speed. Despite being called a “constant”, this
impeller characteristic may sometimes vary with the flow

behavior index of the fluid (n) in the power-law expression of
the viscosity.28 Based on the published values41,42 from the
literature and the double-helical ribbon geometry used here,
we assumed an average Ks value of 30 from the Brito-De La
Fuente et al.42 for a similar geometry and considering the flow
behavior index (n) between 0.6 and 0.8.
2.3. Methodology. This section introduces the equations

used for estimating the viscosity of the continuous phase for
two different approaches: formulation and in situ torque
measurement. For formulation-based viscosity estimations,
measurements of the PI particle size distribution (PI PSD), the
ζ-potential at different PVA concentrations, and the PVA
viscosity are required. For torque-based viscosity, the
emulsion’s torque is recorded during mixing and is correlated
to the continuous phase viscosity through analytical equations.
2.3.1. Emulsion Characterization. 2.3.1.1. Determining

Droplet Size and Particle Size. Particle and droplet sizes were
assessed using dynamic laser diffraction (DLS) with the
Mastersizer 3000 instrument from Malvern Panalytical, U.K.
The Malvern software provided various droplet size parame-
ters, including D10, D50, and D90, which represent sizes at which
10, 50, and 90% of the volume of all droplets are smaller,
respectively. Additionally, the mass-weighted average size
(D43) was reported, which best represents the total droplet
size within the emulsion. It is given by

D
n D

n D
i n
i m

i i

i n
i m

i i
43

4

3= =
=

=
=

(3)

2.3.1.2. Determining Fractal Dimension of Particles. To
identify the particle aggregation structure after emulsification, a
2 mL sample of the produced emulsion was collected from the
mixing tank and diluted with water. The dilution was
performed in a 20 mL tank with the DHR rotating at 100 or
150 rpm for 1 min. Free particles were collected at the bottom
of the tank once the agitation was stopped and the mixture had
settled. The fluid used to transport the samples during analysis
had the exact same composition as the continuous phase (PVA
solution at different percentages) to minimize agglomeration
or dispersion due to ionic strength changes.

Figure 1. Schematics and dimensions of the setup.

Table 2. Process Conditions

condition
number

rotational speed
(N (rpm))

number of
revolutions (nr)

emulsification
time (min)

C1(100/800) 100 800 8
C2

(100/1600)
1600 16

C3
(100/2400)

2400 24

C4(150/800) 150 800 5.33
C5

(150/1600)
1600 10.66

C6
(150/2400)

2400 16
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The slope of the log−log intensity-scattering angle (I vs q)
graph obtained from the DLS corresponds to the fractal
dimension, Df, in eq 443,44

I q q( ) Df (4)

The slope is estimated in the domain where Rg × q > 5
where the relation is linear.43 Rg is the particle gyration radius
(half of D43), q is the scattering angle, and I is the scattering
intensity.

The compactness of aggregation is represented by the
structure prefactor, kg (eq 5)

n k
R

r

D

p g
g

0

fi
k
jjjjj

y
{
zzzzz=

(5)

where np is the aggregate’s particle number and r0 is the
primary particle’s radius, which was set at 0.33 μm based on
minimum D10, which was observed for the PI particle at PVA 4
wt %. The cubic ratio of Rg/r0 is used to estimate np, since a
fully spherical aggregate with a gyration radius Rg contains np
individual spheres of radius r0.
2.3.1.3. Scanning Electron Microscopy. Two scanning

electron microscopes were used to study and characterize the
morphology of the polyimide particles: a Tabletop SEM
Hitachi at 5−15 kV, for statistical analysis, as well as an
ultrahigh-resolution SEM Hitachi (Regulus 8220) at 2 kV for a
more accurate description of the texture at higher resolution.
Polyimide particles were analyzed before any process and after
the emulsification process. A 2 mL sample of the produced
emulsion was collected from the mixing tank and diluted with
water. The dilution was performed in a 20 mL tank with the
DHR rotating at 100 or 150 rpm for 1 min. The samples were
then frozen at −80 °C for 1 h and subjected to freeze-drying
for 5 days.
2.3.1.4. ζ-potential of Particle Dispersion in PVA

Solutions. The particle’s ζ-potential is obtained using a
Zetasizer (Malvern Panalytical, U.K.). First, the natural pH
of the PVA solutions (2, 3, and 4 wt %) was measured at 6.08,
5.88, and 5.7, respectively. At a concentration of 5 mg/mL and
a temperature of 25 °C, at least three distinct samples of each
suspension were measured. Folded capillary cells DTS1070
were utilized. The equipment determined the electrophoretic
mobility, and the software subsequently applied the
Smoluchowski model to calculate the ζ-potential.
2.3.1.5. Surface and Interfacial Tension. To measure

surface and interfacial tension between two liquids, the
Wilhelmy plate method was employed (DCAT 25, Data
Physics Instruments).
2.3.1.6. PVA Viscosity. The viscosity of the PVA solution

was measured using a rheometer (MCR 501, Anton Paar) with
a double-gap geometry (DG). The viscosity was determined by
means of a shear sweep ranging from 0.1 to 100 s−1.
2.3.2. Estimating the Viscosity of the Continuous Phase.

2.3.2.1. Formulation-Based Approach. To estimate the
viscosity of the continuous phase based on the formulation,

the intrinsic viscosity of the particle suspension in the
continuous phase is determined by the Smoluchowski,
Krasny-Ergen equation for large double-layer colloidal
suspensions45

K R
2.5 1

3 2 2

c g
2

i

k
jjjjjj

y

{
zzzzzz[ ] = +

(6)

where ε is the absolute permittivity in electromagnetism, ζ is
the zeta potential of the particles, K is the specific conductivity
of the continuous phase, Rg is the particle radius, and μc is the
viscosity of the continuous phase alone.

The calculated intrinsic viscosity [η], based on (eq 6), is
summarized in Table 3.

The concentrated suspension viscosity is determined using
the equation used by Pal47

k1r = [ ] [ ]
(7)

where ηr is the relative viscosity. The value of k is obtained as
follows

k 1
1 m

m
2

i
k
jjjjjj

y
{
zzzzzz= +

(8)

Here, φm is the maximum sphere packing factor. Assuming
random closed packing for polyimide particles after obtaining
the PSD, φm is estimated at 0.637.47 By substitution of eqs 6
and 8 into 7, the relative viscosity of the continuous phase was
estimated. The result from eq 7 multiplied by the measured
PVA viscosity allows calculation of the complete continuous
phase viscosity. This calculation was performed at the three
PVA concentrations used in this work.
2.3.2.2. Torque Measurement Approach. To estimate the

viscosity of the continuous phase, we first measure the
emulsion viscosity. During the mixing procedure, the torque’s
evolution over time is recorded. There is a correlation between
the amount of torque and the viscosity of the samples. In the
laminar flow regime, for any specific impeller geometry, the
product of Reynolds number (Re) and the power number Np
is a constant and is expressed as39

K Np Re N
N D

2
p

e
2 3= × =

× (9)

where ηe is the emulsion viscosity at a specific rotational speed
(N), D is the impeller diameter, and Γ is the torque obtained
from the torque meter. The useful value of Γ is measured when
the torque reaches a plateau at the end of the emulsification
process. This maximum value is employed to calculate ηe. In
the laminar regime, the Kp value is simply the proportionality
constant between Re and Np and represents the capacity of the
impeller’s geometry to consume power during rotation.

The relative viscosity of the emulsion was estimated by
employing again the Pal equation.47 In this situation, the value
of φm is the maximum closed-packed droplet volume fraction.

Table 3. Properties of the Continuous Phase

PVA wt % ζ-potential (mV) conductivity (mS/cm) permittivity (×10 ×10−10)a particle radiusb (μm) viscosity of PVA solution (mPa·s)c [η]

2 26.68 ± 2.85 0.309 6.9 2.53 ± 0.18 7.3 ± 0.8 2.500
3 55.47 ± 5.8 0.39 6.8 1.31 ± 0.07 23.1 ± 1 2.501
4 132.98 ± 14.9 0.53 6.8 0.83 ± 0.13 61.2 ± 3 2.503

aObtained from ref 46. bParticle size for suspension of PI at different PVA solutions. cMeasured by rheometer; viscosity is constant at 0.1−100 s−1.
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Depending on the emulsion uniformity,47 it is between 0.68

and 0.86. For closed-packed monodispersed spherical droplets,

the φm value should be 0.74.48 In our case, owing to the

polydispersity of the prepared HIPPEs, the φm value of 0.86 is

selected (detailed information is given in Supporting

Information Section S1).

p

p

2 5
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By substituting r
e

c
= and p d

c
= , where ηe is obtained from

eq 8 and ηd is 0.0966 (Pa·s), the viscosity of the continuous
phase viscosity is estimated.

3. RESULTS
3.1. Effect of Particle Volume Fraction and Viscosity

Modifier (PVA) on Droplet Size. Under comparable
processing conditions, the droplet size is generally more
impacted by the PVA concentration than the PI concentration.
Figure 2 illustrates this general trend where droplet size is
more impacted by the PVA concentration versus the PI vol %
at the C1(100/800) condition.

Figure 2. D43 for samples prepared under conditions C1(100/800) for 2, 3, and 4 wt % PVA; (a) 75% oil, (b) 80% oil. The results showed that
they are based on the volume fraction of PI in the continuous phase at predetermined levels (from Table 1).

Figure 3. Evolution of D43 with respect to the number of revolutions while varying oil fraction, PI, and impeller speed; (a) 75% oil, 23% PI, 100
rpm; (b) 75% oil, 23% PI, 150 rpm; (c) 80% oil, 28% PI, 100 rpm; (d) 80% oil, 28% PI, 150 rpm.
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With 75% dispersed phase (Figure 2a) and 20 vol % of PI,
D43 decreased from 1100 to 400 μm by increasing the PVA
content from 2 to 4 wt %, respectively. The increase in the oil
volume from 75% to 80% (Figure 2b) leads to a sharp decrease
in droplet size. For instance, at a constant PI of 25 vol % and
for PVA concentration of 2 wt %, the droplet size decreases
from 900 to 600 μm with this change in oil from 75 to 80%.
However, for emulsions prepared using PVA 4 wt %, increasing
the oil vol % did not result in such a sharp reduction in droplet
size when 80% was used. It reveals that the droplet reaches its
minimum size even at 75 oil vol % with 25 vol % of PI. Beyond
this volume fraction, there is no further reduction in droplet
size with increasing particle content. It means the system has
reached its maximum size reduction capacity. During our
preliminary experiments, we ran emulsification tests with 28%
PI and 75% oil. The D43 obtained then was comparable to the
D43 obtained at 25% and supports our statement that the
minimum size is achieved at 25% PI when using PVA 4%. This
observation made us confident that the minimum size of the
drops was obtained at the conditions we are using. Moreover,
the droplet size does remain constant at PVA 4% and higher oil
concentration.
3.2. Effect of Process Condition and Viscosity

Modifier (PVA) on Droplet Size. Figure 3 illustrates the
effect of the revolution number at three PVA percentages on
the droplet size. It reveals that at constant PI vol %, increasing
nr reduces the droplet size down to a minimum; however, the
decline in D43 depends on PVA wt %, oil volume, and
rotational speed. For instance, in Figure 3a, D43 is almost
constant between 1600 and 2400 revolutions for PVA
concentrations of 2 and 4 wt %, whereas at this revolution
number for emulsion with PVA 3, droplet size decreases
sharply from 600 to 250 μm.

It is also observed that the final value of D43 at an nr of 2400
is a function of the viscosity ratio. PVA4, which has the highest
continuous phase viscosity, shows the minimum D43 for all
rotational speeds and oil volume content. Higher oil volume
content leads to a minimum D43 even at the beginning of the
process at 800 revolutions. These findings indicate that
impeller speed is less important than the formulation since
continuous phase viscosity determines the minimum droplet
size. We mentioned earlier that deformation is the leading
breakup mechanism in the viscous flow regime, and the results
shown here are going along that line.
3.3. Effect of Formulation on the Viscosity of the

Continuous Phase. In Section 2.3, Table 3, we demonstrated
that adding PVA changes the continuous phase conductivity
and alters the particle radius and ζ-potential. The intrinsic
viscosity of the continuous phase is calculated based on eq 6
and summarized in Table 3.

Figure 4 presents the effect of PI vol % on the continuous
phase viscosity, which is calculated based on eqs 7 and 8. In
general, a higher particle volume fraction increases the viscosity
of the continuous phase, which is also amplified with higher
PVA content. The presence of PVA exerts a more pronounced
impact than does the PI volume fraction. Specifically, for the
same PI volume fraction, the viscosity of the continuous phase
at PVA 4 wt % is 10-fold higher than that at PVA 2 wt %.
3.4. Effect of Process Conditions on the Viscosity of

the Continuous Phase. The effective viscosity of the
continuous phase is obtained through the steps described in
Section 2.3.2. The evolution of the effective viscosity of the
continuous phase (μc) is plotted as a function of the number of

revolutions (Figure 5). The results are categorized into four
groups with two values of oil volumes and rotational speed.
Each point represents the average of the continuous phase
viscosity for different PI concentrations under constant
conditions. The results show that the variation of viscosity
with nr is not constant at each PVA concentration. The
viscosity of PVA 2 wt % is almost constant, whereas PVA 3 and
4 generally exhibit radical changes with a changing number of
revolutions.

The increased viscosity observed for PVA 4 in Figure 5c for
2400 rpm can be attributed to the generation of very fine
droplets and the formation of a strong network of continuous
phases around these droplets. Conversely, the decrease
observed in Figure 5d for 2400 revolutions might be linked
to particle contamination resulting from prolonged exposure to
high shear. Contaminated particles are unable to stabilize oil
droplets effectively, leading to excess oil observed in the
emulsification process and consequently reducing the viscosity.
3.5. Size Evolution of the Remaining Particles in the

Continuous Phase. The particle size distribution (PSD) of
the remaining (unattached) PI particles was measured after
emulsification. We observed that certain groups of operating
conditions generated comparable PI PSD, with peaks at a
similar particle size. Figure 6 presents the PSD of these
remaining particles according to three distinct groups of
conditions that we were able to differentiate. Generally, the
three groups offer PSDs with two clear peaks. The first peak
(P1, smaller sizes) is the same under all conditions and for all
experiments. It corresponds to the individual particle size
provided by the supplier. The second peak shifts to smaller
particle sizes with extended processing durations (higher nr),
higher shear rates (higher rpm), or higher oil and PVA
concentrations. This size reduction of the larger particles
indicates that the processing conditions break down larger
aggregates to generate finer particles.

To illustrate our observation, we use what we determined as
Group 1 (G1). For that group, similar particle size
distributions with the second peak at 4.2 μm were obtained
for unattached particles from emulsions prepared under
C1(100)/800 conditions at three different PVA percentages.
The combination of low to moderate PVA concentration and
prolonged processing time (C3 and C6) shifts the PI PSD to a
smaller particle size, and the second peak occurred at 4.0 μm.

Figure 4. Effect of the PI volume fraction and PVA content on the
viscosity of the continuous phase.
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The emulsions prepared with this particle size are placed in
Group 2 (G2). Finally, a high-intensity process (higher rpm
and nr) or higher viscosity (higher PVA and oil) yields finer
particles with P2 at 3.7 μm; these emulsions are categorized in
Group 3 (G3). Further emulsions, which were prepared under
similar conditions, also showed the same results. The details of
formulations and processes are summarized in Supporting
Information Table S2.

The shift of PI PSD from G1 to G3 decreases D43 of particle,
which is considered as a double gyration radius of the particle.
From the Mastersizer data, the average of D43 for G1 to G3 is
3.69 ± 0.03, 3.41 ± 0.01, and 3.37 ± 0.03, respectively.

The reduction of particle size with higher PVA content is
attributed to its role as an electrolyte in the continuous phase,
increasing the ζ-potential of particle dispersion and inducing a
repulsive interaction that diminishes particle aggregation
sizes.49

To further characterize the PI aggregates and quantify their
compactness, we also measured the fractal dimension (Df) and
structure prefactor (Kg) using the correlation between the
intensity and the scattering angle (eq 4). Based on the
processing conditions and formulation, the same three groups
as the ones based on PSD were investigated. Figure 7 shows
the intensity versus scattering angle for the determined groups.
The intensity is a linear function of the scattering angle, with

Figure 5. Viscosity of continuous phase as a function of nr; (a) 75% oil, 23% PI, 100 rpm; (b) 75% oil, 23% PI, 150 rpm; (c) 80% oil, 28% PI, 100
rpm; (d) 80% oil, 28% PI, 150 rpm. Note: The lines joining the data points in the graphs serve as a visual guide and do not represent any specific
trend.

Figure 6. Size distribution of PI particles in three defined groups G1 (low to high viscous (PVA 2, 3, 4 wt %) low-intensity process (100 rpm or 800
nr)); G2 (medium viscous (PVA 2, 3 wt %) medium intensity process (150 rpm for PVA 2 wt %, 100 rpm PVA 3)); G3 (high viscous (PVA 3,4 wt
%, 80 oil vol %) high-intensity process (2400 nr and 150 rpm)).
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Df corresponding to the exponents on q. It can be noted that
group G2 exhibits the lowest Df value, while group G3 has the
highest. A lower Df value indicates an important presence of
nonspherical aggregates in the emulsification process. Under
shear, the aggregates can orient or aggregate further depending
on the emulsion formulation and process conditions. The
aggregation explains the high sensitivity of continuous phase

viscosity and the large variation of the droplet size under shear.
Table 4 shows a decrease in the structure prefactor value from
G1 to G3, suggesting the reduced compactness of aggregates in
G3. A lower compactness enables PVA solutions to penetrate,
forming a network with aggregates. This strengthens the
continuous phase, facilitating the breakdown and stabilization
of finer droplets. It is worth noting that the values of Df and kg

Figure 7. Intensity (I) versus scattering angle (q) for samples in the three groups.

Table 4. Grouping of Particles Following Their Characterization Based on Equation 5

conditionsa rpm/nr/oil vol %/PVA wt % Df Rg (μm) np kg

G1 100−150/800−1600/75/2 1.71 1.85 ± 0.015 175 ± 4 9.21 ± 0.25
G2 100/2400/75−80/3 1.69 1.70 ± 0.005 138 ± 1 8.6 ± 0.08
G3 150/1600−2400/80/4 1.80 1.67 ± 0.015 129 ± 3 6.99 ± 0.22

aThe details of conditions are summarized in the Supporting Information in Table S2.

Figure 8. SEM image of (a) pure PI particles and (b) PVA−PI particles; ultrahigh-resolution SEM of (c) pure particles and (d) PVA−PI particles.
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are aligned with those found in references dealing with
microspherical latex.50

3.5.1. Scanning Electron Microscopy (SEM) of Particles.
To visualize the effect of process conditions on the particle size
and fractal dimensions, SEM images of freeze-dried diluted
particles were obtained. Although water evaporation during
freeze-drying affects the interaction between PVA and PI
particles, comparing the three different processes provides a
clear understanding of the particles’ shape and size. For
consistency, the details of statistical analysis and additional
images are provided in the Supporting Information (Section
S6); a few images illustrating the effect of PVA on the particles’
morphology are shown in Figure 8.

A comparison of Figure 8a,b illustrates that PVA forms a
network that surrounds each particle. The surface morphology
of both pure and PVA-modified particles, as depicted in Figure
8c,d, confirmed that each PI particle comprises hundreds of
nanometer-size particles. This structure allows PVA chains to
penetrate due to its porosity.

Table 5 shows that the particle size decreased by higher PVA
%, prolonged emulsification process, and higher rotational

speed; from G1 to G3. The aspect ratio of particles, which is
correlated to the fractal dimension, is also decreased by these
conditions. These findings confirmed our results obtained from
the Mastersizer, showing that particle size reduced through
these process conditions from G1 to G3.
3.6. Correlation of Capillary Number with Viscosity

Ratio. Figure 9 compares the fitting curve of Ca versus the
viscosity ratio p. Figure 9a is obtained based on the
formulation approach, and the torque approach is in Figure
9b. In Figure 9a, all samples with constant PVA-oil formulation
exhibit constant p value, as the viscosity was solely calculated
based on formulation. The calculation of Ca is also based on
this viscosity. The low regression coefficient (R2 = 0.38)

observed in Figure 9a indicates the limitation of this approach
to accurately estimate Ca. It is worth mentioning that for
Figure 9a,b, the interfacial tension decreases slightly with
increasing PVA concentration. The interfacial tension between
silicon oil (100 cSt) and the three PVA solutions is provided in
Supporting Information Table S1.

The viscosity of the continuous phase, estimated solely from
the formulation (Section 3.3), leads to a poor correlation
between p and Ca. The data in Figure 9a fits on Ca =
−0.005 log(p) + 0.0165 with R2 equal to 0.38, while in Figure
9b, by categorizing data, the correlation matches measure-
ments with R2 equal to 0.93 and 0.8 were obtained for G1 and
G3, respectively. From G1 to G3, the logarithmic slope
increased from −0.01 to −0.006, and their intercept decreased
from 0.032 in G1 to 0.02, and 0.013 in G2 and G3,
respectively. The approach used here clearly helps to represent
the behavior of the concentrated emulsions and allows for a
fine representation of the droplet size obtained under the
concentrated conditions.

To gather all conditions together, we use the same three
groups as those presented in 3.5. The process conditions and
formulation were summarized in Table S2 in the Supporting
Information. In Figure 9b, both nr or rpm and PVA or oil
concentration increase from G1 to G3. These conditions lead
to smaller PI particles consequently increasing the emulsion’s
capacity to stabilize droplets. Due to smaller individual
particles/agglomerates with the same overall PI vol %, more
particles are available for stabilizing finer droplets, which
results in a shift of the Ca−p curve toward lower values.
3.7. Estimation of the Droplet Size Based on the

Capillary Number and Viscosity Ratio. The droplet
diameter (d) was estimated using the following equation by
substituting the fitting curve parameters obtained from
Sections 3.5 and 3.6 and their corresponding viscosity ratio (p)

Ca a p b
D

log( )
2 / 43

= + =
(11)

Figure 10 compares the estimated and measured droplet
sizes. In Figure 10a, values are estimated solely from the
formulation, while in Figure 10b, values are determined using
the process viscosity obtained from the torque measurements.

Table 5. Statistical Analysis of Microscopic Image

process conditions size (μm) aspect ratio

G1 3.34 ± 0.81 1.26 ± 0.16
G2 2.68 ± 0.86 1.15 ± 0.11
G3 2.29 ± 0.45 1.10 ± 0.1

Figure 9. Capillary number vs viscosity ratio (p): (a) calculated based on formulation approach viscosity; (b) calculated based on torque approach
viscosity.
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The variability is clearly reduced when predicting the droplet
size using the process viscosity (torque) compared to the size
predicted using the formulation approach. This observation
reveals that variations in factors such as the number of
revolutions, rotation speed, PVA wt %, and oil concentration
affect the ratio of viscous force to interfacial tension (Ca).
Therefore, to accurately determine the Ca number and droplet
size, it is imperative to incorporate the real viscosity of the
continuous phase.

4. DISCUSSION
We demonstrate that HIPPE can be generated with a
controlled droplet size selected a priori. We take advantage
of the highly viscous systems provided by high concentrations
of the dispersed phase to reduce the droplet size instead of
using high-intensity mixers. The results also reveal that the
PVA concentration, the number of revolutions (nr), shear rate,
and oil volume all altered the viscosity of the continuous phase.
Our results indicate that assuming a constant viscosity of the
continuous phase under different process conditions might
lead to prediction errors. It is rather crucial to consider the
continuous phase viscosity variations in high internal phase
emulsions.

Based on the literature, the critical capillary number is a
function of the viscosity ratio (p) and the type of flow. In a
simple shear flow, Ca decreases with p until it reaches a
minimum value (0.5−1) at 0.1 < p < 1. After this minimum, it
increases sharply. It is generally agreed that droplet breakage is
impossible at p > 3.5 within a simple shear flow.51 Conversely,
in elongational flow, Ca decreases with p and it reaches its
minimum (0.1−0.5) at p > 10.52,53 In such a flow, droplet
breakage is considered feasible at all p ranges.

There is a lack of knowledge for estimating Ca in highly
concentrated emulsions, especially emulsions where droplets
are covered by particles as is the case in HIPPE. The calculated
Ca values decrease from 0.03 to 0.005 when the p-value
increases from 1 to 20. Drops breakage can therefore originate
from a combination of simple shear and elongational flows.
This is the very nature of tank mixing, where simple flow fields
(shear and/or elongational) do not exist alone but in
combination and at various degrees. Considering that
emulsification in HIPPEs occurs in the presence of very high
(overall) viscosity in the laminar regime, it is reasonable to
assume that most of the droplet rupture will originate from

elongation. The fact that the drop size reached small values,
even at high-viscosity ratios, is an additional argument in favor
of a generally elongational flow field in the tank.

The Ca results obtained for HIPPEs are much smaller than
the minimum Ca reported for elongational flow, 10 times
smaller than Grace’s results.51 This might be attributed to the
high interaction between droplets in the HIPPE emulsions and
the stabilization process, which involves particle absorption.
The Ca−p curves shift to a lower amount by decreasing the
particle size. From G1 to G2, finer particles stabilize smaller
droplets, leading to lower Ca at a fixed viscosity ratio.

The structure of the particles under all formulations and
process conditions plays a crucial role in determining the
capillary number. From G1 to G3 in Figure 9, Ca shifts to a
lower value by decreasing the kg and Rg. It reveals that the
lower compactness of aggregates (kg) enhances the penetration
of PVA chains into the aggregates, thereby increasing the
droplet stability. Additionally, using finer particles, smaller Rg,
provides more coverage potential for stabilizing small droplets.
Consequently, this leads to the formation of finer droplets at a
lower Ca.

The lowest fractal dimension (Df) belongs to G2 (Table 4),
which means that the aggregated structure is far from a
spherical likelihood. It is reported that suspension containing
plate-like aggregates exhibits complex non-Newtonian behavior
owing to the potential of clustering or orientations.31

Therefore, the continuous phase containing this type of
particle is more sensitive to the shear rate.

On the other hand, the intermediate kg value in G2 allows
PVA chains to penetrate. The penetration of PVA chains leads
to the clustering or networking of particles, depending on the
process conditions. So, the capillary number of the emulsions
stabilized with these particles fits into the G2 curve, which lies
between the other curves with the largest and finest particles.

In conclusion, the structure of the particles, which is
determined by D43, Df, and kg, is the key factor for
distinguishing the three curves in the Ca−p graph. The finer
and less dense the particles, the finer droplets obtained,
resulting in a shift of the Ca−p curve to a smaller value.

5. CONCLUSIONS
The droplet size can be tailored in HIPPEs through
formulation and process conditions. It showed that the
evolution of particle aggregation structure, which is influenced

Figure 10. Measured droplet size vs estimated droplet size; (a) estimates based on formulation, (b) estimates based on torque measurement. The
hatched area represents the ±25% variation from the line of perfect experimental to estimated match.
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by the number of revolutions of the impeller, the shear rate,
and varying PVA concentrations, significantly impacts the final
droplet size. Furthermore, this study highlights the fact that the
capillary number is a function of the effective viscosity of the
continuous phase and changes with process conditions,
emulsification time, and formulation. As a result, by
considering both particle structure and the effective viscosity
of the continuous phase, a correlation of Ca vs p was obtained
for three groups of emulsions. Using these curves, one can
estimate the required continuous phase viscosity and process
conditions to achieve the desired droplet size.

The use of the effective viscosity of the continuous phase
helps determine accurate estimates of the capillary number
(Ca). The effective viscosity of the continuous phase obtained
through in situ torque monitoring during the emulsion
preparation reveals that both the formulation and the process
impact the viscosity of the continuous phase. The torque in
situ technique is beneficial for inverse engineering approaches
to estimate the correct continuous phase viscosity or shear rate
to achieve the desired droplet size.

The fractal dimension (Df), compactness of particles (kg),
and particle radius (Rg), which are affected by PVA content,
process conditions, and emulsification time, play crucial roles
in explaining the final droplet size at the conditions explored.
The continuous phase’s effective viscosity, impacted by particle
shape and size, supports the estimation of the capillary-
viscosity ratio, leading to a more precise prediction of droplet
size.

In summary, this investigation offers a better understanding
of the relationship among capillary number-viscosity ratios,
particle properties, and processing parameters. The ability to
modulate emulsion characteristics through the adjustments of
key factors provides valuable insights into the design and
optimization of emulsion systems with tailored properties.
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■ NOMENCLATURE

Latin Symbols
a=particle radius dispersed in PVA solutions (μm)
c=close-clearance distance
D=impeller diameter
D32=surface-weighted mean diameter (μm)
D43=volume-weighted mean diameter (μm)
Df=fractal dimension
e=blade thickness
I=scattering intensity
K=specific conductivity of continuous phase (mS/cm)
Ks=Metzner and Otto constant
kg=structure prefactor for particle aggregate
N=rotational speed (1/s)
np=Number of particles at each aggregate
P=2πNΓ
p=pitch length in the impeller
q=scattering angle
Rg=gyration radius of particle aggregate
r0=radius of individual particle
T=tank diameter
t=time (s)
w=blade width

Greek Symbols
γ̇=shear rate (1/s)
μ=viscosity (Pa·s)
σ=interfacial force (mN/m)
ε=absolute permittivity in electromagnetism (F/m)
ζ=ζ-potential (V)
φ=dispersed phase volume fraction (−)
φm=maximum packing fraction (−)
Γ=torque (N·m)

Dimensionless Numbers
nr = N × t, number of revolutions
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p = μd/μc, viscosity ratio

2.5 1
K a
3 2 2

c
2

i
k
jjj y

{
zzz[ ] = + , intrinsic viscosity

k, and 1r r
e

c
= = [ ] [ ], relative viscosity

( )k 1
1 m

m
2= + , constant of volume fraction

Np P
N D3 5= , power number

Re ND2

e
= , Reynolds number

K Np Re
N Dp

2

e
2 3= × =

× , power constant

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.4c01855
Ind. Eng. Chem. Res. 2024, 63, 17917−17929

17927

https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c01855/suppl_file/ie4c01855_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louis+Fradette"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:louis.fradette@polymtl.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mina+Saghaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1618-3492
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edith+Roland+Fotsing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annie+Ross"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c01855?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c01855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Pickering, S. U. CXCVI.�Emulsions. J. Chem. Soc., Trans. 1907,
91 (0), 2001−2021.

(2) Gonzalez Ortiz, D.; Pochat-Bohatier, C.; Cambedouzou, J.;
Bechelany, M.; Miele, P. Current Trends in Pickering Emulsions:
Particle Morphology and Applications. Engineering 2020, 6 (4), 468−
482.

(3) Binks, B. P. Particles as Surfactants�Similarities and Differ-
ences. Curr. Opin. Colloid Interface Sci. 2002, 7 (1−2), 21−41.

(4) Binks, B. P.; Lumsdon, S. O. Influence of Particle Wettability on
the Type and Stability of Surfactant-Free Emulsions. Langmuir 2000,
16 (23), 8622−8631.
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