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The standard tool for emulsification during formulation trials is a homogenizer, which unfortunately requires too
much raw material and is time consuming. A lab-scale process using a rotor-stator shearing step followed by
ultrasound treatment was designed, both with lecithin and whey protein, for emulsification as efficient as in
pilot-plant trials. Ranges for the lab-scale process were defined (rotor-stator: 5 min, 5000-10000 rpm; sonication
time: 2-10 min). Process conditions were identified to obtain both emulsions with the same structure at lab and
pilot scales: for lecithin, respectively shearing at 10000 rpm/10 min sonication and high pressure for both pilot

stages. However, due to protein denaturation, some conditions differed for whey proteins: shearing at 5000 rpm
instead of 10000 rpm (all the other parameters being unchanged). Finally, recommendations concerning the
position of the ultrasound probe and temperature control are provided to insure good reproducibility.

1. Introduction

The vast majority of food products contain an aqueous phase and an
oil phase, which are immiscible. The aqueous phase can be dispersed in
the oil continuous phase in the form of droplets, leading to water-in-oil
emulsions (w/0), such as butter. The opposite is also possible: disper-
sing the oil phase in the form of oil droplets in a continuous aqueous
phase, leading to oil-in-water (o/w) emulsions. These are the two most
common forms in sauces, yogurts and cream desserts. Both types of
emulsion can be obtained by adapting different parameters: the pro-
portion of the oil and aqueous phases, the order in which components
are added, and the manufacturing process (Canselier and Poux, 2004a,
2004b; McClements, 2015). This process usually includes one or more
stages of relatively intense mixing, which makes it possible to form
droplets and reduce their size (Walstra, 1983, 1993).

Emulsions are stabilized using surfactant molecules made out of at
least one hydrophobic and one hydrophilic moiety (Dickinson, 1992).
As they have an affinity for both oil and water phases, they can localize
at the interface between the droplets, stabilizing it by reducing the
surface tension, and making it more resilient. In all emulsion systems,
droplets will either tend to stay away from one another, or stick to-
gether, creating aggregates. Their behavior mainly depends on the
surfactant steric repulsion, on its ionic charge, and on the type of
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emulsion (w/o or o/w). When aggregation occurs, if the droplet inter-
faces are not sufficiently stable, in the end, they will break up. Droplets
merge (coalescence phenomenon), their average diameter increases,
modifying the system properties, especially its stability. Since the
aqueous and oil phases have different densities, emulsions are unstable
by nature. Droplets in o/w emulsions tend to rise (creaming phenom-
enon), while droplets in w/o systems tend to drop (sedimentation
phenomenon). In both cases, the movement of droplets is driven by
gravity, making the size of droplets a major factor in stability. Referring
to Stoke's law, several parameters can be adjusted to slow destabiliza-
tion: apart from reducing the size of droplets, the viscosity of the
continuous phase can be increased, the surface tension can be reduced,
or the densities of the two fluids can be balanced (Walstra, 1993).
The composition of emulsions can influence each of these para-
meters, thus playing a very important role. Many different surfactants
are used in the food industry. Most can be found naturally in various
ingredients, making it possible to exploit their emulsification properties
in situ. At the industrial level, they can be extracted and purified
(Dickinson, 1992), ready to be incorporated at the appropriate moment
during the process, to optimize the properties of the end product. There
are three main categories of surfactant species: molecules, macro-
molecules and submicron particles. Surface-active molecules, such as
lecithin or fatty acids, are small in size and move rapidly towards
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interfaces through diffusive mechanisms. They reduce the surface ten-
sion without giving elasticity to the interface. They are usually char-
acterized by their hydrophilic/lipophilic balance (HLB), their molecular
weight and their charge. These three characteristics determine the
steric repulsion close to the interfaces and the strength of potential
repulsion between droplets (Dickinson, 1992). Surface-active macro-
molecules, such as proteins, but also some cellulose derivatives, have
much larger molecular masses, i.e. of several orders of magnitude. They
generally have a succession of hydrophilic and hydrophobic zones,
which allow them to adsorb at the interface and form loops and tails on
both sides, providing a certain degree of elasticity (Dickinson, 1992).
The ability to reorganize at the interface over long periods and the
charge (amount, but also distribution of positive and negative charges
across the molecule) of these macromolecules influence their surfactant
potential and the level of repulsion/attraction between droplets
(Mezdour et al., 2008). Finally, it has been shown that small particles
are likely to localize at the oil/water interface and to stabilize it to a
greater or lesser extent, mainly depending on the shape of the particles
and their affinity for the two phases (Dickinson, 2015). For food pro-
ducts, microcrystalline celluloses (MCC), some small starches or whey
protein aggregates have already been successfully used to stabilize
emulsions (Gonzalez-Jordan et al., 2018; Nilson and Bergenstal, 2006).
Still, most food products contain more than just one surfactant. As a
result, surfactants almost always compete to occupy the interface both
during the process and while the product is ageing. This can lead to a
complete modification of the composition, and hence of the interfacial
properties (Courthaudon and Dickinson, 1991; Dickinson and Iveson,
1993; Fang and Dalgleish, 1996).

When formulating new products or adapting old ones, for example,
to try and reduce the oil content, it can be both difficult and costly to
change factors at a large scale. For about 30 years, the most widely used
device to make emulsions at a pilot scale has been the small high-
pressure homogenizer. One important advantage over the industrial
scale is that it can be operated with only 1-2 L of sample, while accu-
rately reproducing its shearing conditions. It is thus a more flexible and
cheaper way to create emulsions in conditions that are nevertheless
similar to those in industrial processes. Yet, even with this small
homogenizer, only a few formulations can be tested per day using
around 10L of product each. Moreover, a decent amount of time is
required to clean the device. Since only a few mL of products are
needed to characterize emulsions during the earlier development
stages, a lot of resources and time are wasted. To our knowledge, there
have only been a few unpublished attempts to develop pilot plants
designed to produce a few milliliters, like the one described by Burgaud
et al. (1990), and the plants that do exist are not easily accessible to
people who want to conduct formulation trials. In addition, not all re-
search team have access to small high-pressure homogenizers, which
are quite expensive. Developing protocols using lab-scale devices that
would enable the rapid creation of small volumes of emulsions would
thus be advantageous, provided the proper realistic conditions are
found to match the oil droplet sizes and interfacial composition. Going
even further, it would be ideal to establish connections between para-
meters from lab-scale devices and high-pressure homogenizers in order
to minimize discrepancies between small and large-scale processes, and
to guarantee the process can be scaled up to industrial production.

The aim of the present study was to design a lab-scale process to
produce small volumes of emulsions with the same properties as
emulsions obtained with a pilot-plant high-pressure homogenizer and
to propose down scale process conditions depending on the type of
emulsifier concerned. Emulsions stabilized using lecithin were pro-
duced both at lab scale and with the pilot-plant homogenizer using the
largest possible process parameters for both scales, and the droplet size
distributions were compared. These results were compared to those
obtained wusing native whey proteins instead of lecithin.
Recommendations are given for both surface-active species, for corre-
spondence between lab-scale and pilot-plant parameters and for proper
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use of the lab-scale system.
2. Materials and methods
2.1. Materials

Purified water was obtained using a Milli-Q purification system
(Millipore, Merck, Germany) and its conductivity was 6.6.10°Sm™?,
as provided by the purification system. Whey protein isolate powder
(Prolacta 95, 95wt% of protein on dry basis) was obtained from
Lactalis, France. The whey protein content was 72.9 wt%, measured on
dry powder by the Kjeldahl method (Nx6.25) after precipitation at
pH4.6 in triplicate. It was probably slightly overestimated, as it was a
total protein determination, and Prolacta may contain a small amount
of caseins. However, the Prolacta powder was obtained by ultrafiltra-
tion, thus minimizing the amount of residual caseins. Moreover, casein
micelles aren't thermal sensitive. In consequence, it can be considered
that only the whey protein will behave differently at the droplets in-
terface at the two investigated scales. It contained 5wt% of water
(105°C, one night). Rapeseed oil (Fleur de colza, Lesieur, France),
which is often used in oil-in-water emulsion preparations, was pur-
chased at a local supermarket. Hydrolyzed lecithin solution (Emulfluid
NGM, process n° 100882, 58 wt% of lecithin), an ingredient commonly
used in lecithin-based formulation, was obtained from Cargill (France).

2.2. Processing of emulsions

2.2.1. Emulsion preparation at lab scale (50-150 mL)

Lecithin stabilized emulsion: amounts of hydrolyzed lecithin solu-
tion ranging from 0.5 g to 3.5 g were added in 10.0 g of rapeseed oil. A
few minutes of stirring were enough to homogenize the solution. Water
was then added in a 500 mL beaker (80 mm diameter, 150 mm height)
to reach a final weight of 100 g. A first emulsification was made using a
rotor-stator homogenizer (Polytron PT3100D, Switzerland) fitted with a
PTDA32/2-B250 probe for 5 min, with rotation speed varying between
5000 and 10000 rpm. The emulsion was then treated with ultra-sound
for between 2 and 10 min (effective time, with cycles of 10s on/10s
off) to further reduce the size of the oil droplets (Bioblock Ultrasonic
Processor 20 kHz, 130 W, fitted with a 13 mm diameter probe, adapted
for 50-150 mL volume treatment). During the two-stage emulsification
processes, the temperature within the sample was maintained at
18 + 2°C using an ice bath, as followed with a probe. The entire
process was carried out in the same beaker. A set of preliminary ex-
periments allowed determining an optimal concentration for lecithin of
0.7 wt%, corresponding to 1.2 g of hydrolyzed lecithin solution, as de-
scribed in Section 3.2. Then, all lecithin stabilized emulsions were
prepared by using this optimal amount.

Whey protein stabilized emulsion: 18.5g of whey proteins were
dispersed in 60 g of water and allowed to rehydrate under stirring at
room temperature for at least 1 h. Rapeseed oil (10.0 g) was then added
with additional water to reach a final weight of 100 g. The emulsifi-
cation processes were similar to those described in the ‘lecithin-stabi-
lized emulsion’ section: a first emulsion was made using a Polytron,
before applying a sonication treatment to reduce the size of oil droplets.
Final concentrations were respectively 16.7 wt% for whey proteins, and
10 wt% for rapeseed oil. They were chosen according to previously
published studies (Mat et al., 2016, 2018; Oberli et al., 2018), as the
present work was carried out within the same research project.

2.2.2. Emulsion homogenization at pilot scale (> 1L)

Lecithin stabilized emulsion: 121 g of hydrolyzed lecithin solution
were added in 1.0kg of rapeseed oil. This solution was mixed with
8.88 kg of water using into the Process-Pilot 2000 dispersing system
(15min at 5610 rpm) to make a first emulsion. This emulsion was
treated in a two-stage high-pressure homogenizer (GEA Niro SOAVI,
type NS, 2002H, Italy) at variable pressures, to reduce and homogenize
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Fig. 1. Size distribution of oil droplets in a lab-made lecithin-stabilized emul-
sion (Lecithin concentration: 0.7 wt%. Polytron: 7500 rpm for 5 min followed
by 6 min of sonication). The three parameters of interest are indicated as A: %
of oil in the smallest mode. B: d(0.5). C: Average size of the biggest mode.

the size of oil droplets.

Whey protein stabilized emulsion: 1.67 kg of whey proteins were
added in 7.34 kg of water in a Process-Pilot 2000/04 (IKA, Germany).
Proteins were left to rehydrate under stirring (3170 rpm) for 1h.
Rapeseed oil (1.0 kg) was added, and stirring was increased (5610 rpm)
to make a first emulsion. The emulsion was treated in the high-pressure
homogenizer at variable pressures in the same way as the ‘lecithin-
stabilized emulsion’.

2.3. Characterization

2.3.1. Analysis of particle size distribution with dynamic light scattering

The particle size distributions were obtained with dynamic light
scattering using a Mastersizer 2000 (Malvern Instruments, UK). The size
distributions of the oil globules were measured by diluting a few drops
of emulsion in purified water (resulting obscuration between 12 and
15). Optical properties used for the computations were as follows: 1.33
RI for water (continuous phase), 1.47 RI for the oil (dispersed phase).
Computing was based on the Mie theory. For all emulsions, a bimodal
distribution was observed. To characterize it, three parameters were
recovered (Fig. 1): the size below which were 50% of the sample par-
ticles (median diameter, d(0.5), um), the average size of the biggest
mode (2nd peak diameter, um), and the percentage of the smallest
droplets. This last parameter was computed by integrating the signal
below a specific threshold, empirically set at 0.316 pm. This was chosen
after systematically witnessing a shoulder below this value, an example
of which can be seen in Fig. 1.

Regarding indicators for average droplet size, several were re-
covered during the experiments: d(0.5), D[4,3] and D[3,2]. All three of
them were found to be systematically correlated. Thus, only one of
them, the d(0.5), was arbitrarily chosen as parameter of interest.

2.3.2. Statistical analysis

Statistical analyses were performed using XLSTAT 2015.1 software
(Addinsoft, Paris, France). Analysis of variance (ANOVA) was per-
formed to evaluate differences between average values using Tuckey's
test. A significance level of p < 0.05 was used.

A 2-parameter central-composite design of experiment (DOE) was
used to investigate to what extent the emulsion properties depended on
Polytron speed and on the duration of sonication (at the lab scale), and
on pressure at the different stage (at the pilot scale), by drawing the
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surface of related responses.
3. Results and discussion
3.1. Selection of the lab scale process parameters

Two devices were used to make emulsions at the lab scale. A rotor-
stator homogenizer, the Polytron, was used to produce a first emulsion
with a wide droplet distribution of around 10 um. Droplets were mainly
formed through turbulent and shearing-based mechanisms (Canselier
and Poux, 2004a). Next, a sonication treatment was applied to reduce
the droplet size. For this step, a combination of shearing and cavitation
led to droplet fragmentation (Canselier and Poux, 2004a). Creating
emulsions in a high-pressure homogenizer also involves both shearing
and cavitation. Thus, by selecting a lab scale approach that combines
Polytron and ultrasounds, one can attempt to produce thin stable
emulsions while mimicking the processing conditions used at bigger
scales.

A first set of experiments was carried out using hydrolyzed lecithin
as surfactant in order to select the variables of interest for the Polytron
and sonication treatment, and to select appropriate ranges. The con-
centration of lecithin was constant at 1.0 wt% to be in excess whatever
the size of the droplets. In the Polytron, beyond 2-3 min of treatment,
the duration of processing had no noticeable impact on the droplet size
distribution of the final emulsion. Conversely, the rotation speed was
found to be a key parameter: below 5000 rpm, the resulting emulsions
were too unstable to be characterized, as the droplets were so large that
they creamed very quickly after the end of the treatment. Above
10000 rpm, problems of foaming and liquid splashing started to occur.
At speeds ranging from 5000 to 10000 rpm, emulsions with decent
stability (mean diameter around 10 pm) were obtained and they could
be transferred to the sonication step before noticeable creaming oc-
curred. For the sonication step, the ultrasound device worked at a
constant power level. Thus, the treatment duration was used to monitor
the amount of energy transmitted to the sample. To obtain thin dro-
plets, i.e. with a mean diameter around 2 pm and 90% of the droplets
with a diameter below 6 pm, sonication treatment had to last for at least
2min. Moreover, in these conditions, the results were reproducible
(standard deviation < 5% in the majority of cases). A progressive de-
crease in droplet size was observed in treatments ranging from 2 to
10 min, for which a mean diameter around 0.8 um was obtained and
90% of the droplets were smaller than 3um. No more significant
modifications occurred after 10 min (data not shown). Consequently,
the ranges used for the 2-parameter central-composite design of ex-
periment (DOE) were set at [5000-10000 rpm] for the Polytron speed,
and [2-10 min] for the sonication treatment.

3.2. Selection of the lecithin concentration

A second set of experiments was conducted in these ranges to
identify the optimal concentration for lecithin. Concentrations ranging
from 0.3 to 2.0 wt% were tested. Based on the previous results, three
levels of treatment were applied: light processing conditions (5000 rpm
Polytron speed for 5min followed by 2min of sonication), medium
processing conditions (7500 rpm-5 min for Polytron followed by 6 min
of sonication), and strong processing conditions (10000 rpm-5 min for
Polytron followed by 10 min of sonication). Results are reported in
Fig. 2.

All emulsions were produced and were sufficiently stable, allowing
characterization using the laser granulometer with rather good re-
producibility. However, the emulsions obtained using the light process
conditions (5000 rpm-5 min Polytron followed by 2 min of sonication)
were very different from the emulsions obtained using medium and
strong process conditions. Likewise, the changes undergone by the
three parameters of structure studied were also more erratic in the
emulsions produced using the light process conditions and larger
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Fig. 2. Impact of the processing conditions on the properties of the emulsions depending on the lecithin concentration. A: droplet mean diameter. B: smallest mode.
C: biggest mode. For all 3 graphs, circles: light processing conditions (Polytron 5 000 rpm for 5 min, sonication for 2 min); squares: medium processing conditions
(Polytron 7 500 rpm for 5 min, sonication for 6 min); triangles: high processing conditions (Polytron 10 000 rpm for 5 min, sonication for 10 min).

standard deviations were observed for the d(0.5) with lecithin con-
centration lower than 1wt%. Finally, with these process conditions,
whatever the lecithin concentration, the d(0.5) and the biggest mode
average size were significantly larger and the percentage of particles
with diameters under 0.316 pm was small (10-20% of the total droplet
volume). Thus, even if these light process conditions can be used for
lecithin concentration in the range 0.25-2.00 wt%, these results con-
firmed that 5000 rpm-5 min of Polytron, followed by 2 min of sonica-
tion, are the limits below which the lab-scale homogenization will not
be efficient enough.

Considering the medium and high process conditions, both the d
(0.5) and biggest mode average size decreased for lecithin concentra-
tions going from 0.3 to 0.7 wt%. On the opposite, the % volume of
particles under 0.316 um increased in that concentration range. Above
0.7 wt%, the diameters no longer changed, showing that with 10 wt% of
oil, 0.7 wt% of lecithin was enough to cover all the interface even when
the minimum diameter is reached, i.e. the maximum interface surface to
be covered. Concerning the % volume of particles under 0.316 pm, a
maximum was observed for 0.7 wt% of lecithin. For 1 and 2 wt% of
lecithin, values with no noticeable differences in the size distribution
curves were obtained, but no interpretation can be proposed. However,
0.7 wt% appeared to be the optimum lecithin concentration that al-
lowed the production of fine stable emulsions in a reproducible way.
The order of magnitude of the measured diameter (d(0.5) and biggest
mode average size) are in good agreement with those measured for
example by O'Sullivan et al. (2014) after high presure homogenization
of an emulsion containing 10 wt% of oil and between 0.1 and 1 wt% of
Tween 80. Thus, 0.7 wt% of lecithin was selected for the design of ex-
periments performed at both lab and pilot-plant scales.

3.3. Comparison of lecithin-stabilized emulsions obtained at lab and pilot-
plant scales

Two set of experiments were performed using lecithin, by following
a 2-process parameter central-composite design of experiment. As
mentioned above, the lab-scale experiment was performed in the
ranges: 5000-10000 rpm for 5 min using the Polytron and 2-10 min of
sonication that enabled the production of stable emulsions with the
widest possible values for the three parameters of structure. The pilot-
plant experiment was carried out with the same logic of exploring the
widest possible range of variations in emulsion structure characteristics.
For that purpose, the full pressure ranges were tested in the first and
second stages, i.e. 50-450 bars and 0-140 bars, respectively. At both lab
and pilot-plant scales, the response surface obtained for the three
parameters of interest (d(0.5), % volume of particles under 0.316 pm,
and biggest mode average size) are reported in Fig. 3.

Globally, the three parameters of interest compared pairwise (lab-
scale compared to pilot-plant scale) evolved in the same range of
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values, the response surface were the same shape and had the same
orientation in the 3D graphs. The sizes obtained after the high pressure
treatment at pilot scale were as expected, in accordance with those in
the literature (Floury et al., 2000). The results also showed that rotor-
stator turbulence and shearing followed by sonication cavitation and
resulting turbulence reduced the size of oil droplets in the same range
as pilot homogenization, with the same final size distribution. This
means first, that for lecithin-stabilized emulsions, the same micro-
structure can be obtained with the two emulsifying processes, de-
pending on the intensity of process conditions (Fig. 4A). Second,
equivalent process conditions can be given here. The finest emulsions,
obtained with high level of pressure in both the first and second stage of
the pilot plant, can be also produced at lab scale with 5min in the
Polytron at 10000 rpm followed by 10 min of sonication. In both cases,
d(0.5) around 0.8um is obtained, with biggest mode average sizes
around 1 pm and about 28% of particles with diameters < 0.316 um.
In contrast, the grossest emulsions were obtained with the lightest
process condition at both scales: the lowest values of pressure in the 1st
and 2nd stages in the case of the pilot plant homogenizer and 5 min in
the Polytron at 5000 rpm followed by 2 min of sonication at lab scale.

Thus, it is possible to satisfactorily mimic the pilot-plant scale
process using a rotor-stator shearing system followed by an ultrasound
system, which is very convenient when testing different formulation. In
our case, up to eight different formulations were tested in 1 day at lab-
scale, which amounts to a total of 1L of emulsion. In comparison, four
days would be necessary to test that number of recipes at pilot scale,
and would produce about 10 times as much emulsion, requiring 10
times more raw material. Lecithin was used as a model for small sur-
factants, and one can confidently use the lab-scale process to test dif-
ferent formula. However, for other molecules, especially thermo-sen-
sitive ones, it could be another story. For this reason, similar process
conditions at both scales were tested while replacing lecithin by whey
proteins.

3.4. Comparison of whey protein stabilized emulsions obtained at lab and
pilot-plant scales

The response surface obtained at lab and pilot-plant scales using
whey proteins are shown in Fig. 5. Although the same orders of mag-
nitude were again obtained for the three parameters of interest when
compared pairwise for the lab scale and for the pilot scale, Figs. 5 and 3,
several differences can be observed.

Firstly, with whey proteins, droplet size variations versus process
conditions were about two times larger than with lecithin. At the same
time, the percentage of particles with diameters under 0.316 um was
lower, under 20% for every process condition at both lab and pilot
scales. Whey protein showed lower stabilizing properties than lecithin.
However, the effect was the same at lab- and pilot-scales, thereby
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Fig. 3. Impact of the processing conditions on the properties of the lecithin-stabilized emulsion. A, B and C: lab-scale processing and D, E and F: pilot-scale
processing. A and D: droplet mean diameter; B and E: smallest mode; C and F: biggest mode.

confirming that the rotor-stator plus sonication process generally pro-
duces the same level of energy to break droplets into smaller sizes as the
pilot plant.

Secondly, the response surface does not show the same orientation
in the 3D graphs nor the same shape for the percentage of particles with
diameters under 0.316 um. It appears that, as for lecithin, the most
efficient process conditions using the pilot-plant are the strongest ones
(high pressure in both the first and second stages). At lab scale, al-
though a long sonication time was even more efficient, a lighter initial
treatment in the Polytron (5000 rpm instead of 10000 rpm) appeared to
be more efficient at producing small droplets (d(0.5) of 0.7 um instead
of 1.3 um and biggest mode average sizes of 1.0 um instead of 1.5 um,
respectively). Shen et al. (2017) reported slight aggregation of proteins
induced by sonication while O’Sullivan et al. (2014) observed no effect
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on the emulsion stabilizing ability of whey proteins that were pre-
treated by sonication. Moussier et al. (2019) also showed that a rotor-
stator plus sonication treatment of a native whey protein solution led to
some denaturation, most likely due to local heating during the Polytron
step. In addition, these authors observed almost no protein aggregation
during a high-pressure treatment at 163 bars, which is in our pressure
range. They also described differences in kinetics to reach the interface,
depending on whether or not proteins were denatured: native ones
adsorbed more rapidly with a stabilizing effect, which may be of in-
terest during homogenization to limit recoalescence. In our experi-
ments, a stronger Polytron treatment probably induced a larger amount
of protein aggregates, which adsorbed more slowly at the interface.
Consequently, the higher the Polytron speed, the more recoalescence
during processing, and hence the larger droplet diameters at the end of
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Fig. 4. Comparison of the optimal processing conditions (within the experimental design data) at lab and pilot scale on emulsion size distribution curves. A: lecithin
stabilized emulsion obtained at lab scale (solid line, Polytron 9300 rpm, 5 min, sonication 8min50) and at pilot scale (dashed line, 1st stage 390 bars — 2nd stage
120 bars). B: whey protein stabilized emulsion, obtained at lab scale (solid line, Polytron 5700 rpm, 5 min, sonication 8min50) and at pilot scale (dashed line, 1st

stage 450 bar — 2nd stage 70 bar).
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Fig. 5. Impact of the processing conditions on the whey protein-stabilized emulsion properties. A, B and C: lab-scale processing and D, E and F: pilot-scale processing.
A and D: droplet mean diameter; B and E: smallest mode; C and F: biggest mode.

rotor-stator step. During the following sonication step, the droplet
diameter continued to decrease. However, starting from a higher value
and with less efficient partially denatured proteins, the final droplet
size was nevertheless larger.

Thus, with thermo-sensitive proteins, it is also possible to sa-
tisfactorily mimic the pilot-plant scale process using a rotor-stator
shearing system followed by an ultrasound system (Fig. 4B). However,
the lab-scale process conditions need to be adapted in order to account
for the protein denaturation. The finest emulsions, in that case, can be
produced using Polytron 5 min at 5000 rpm followed by 10 min of so-
nication.

3.5. Some advice concerning control of lab-scale process conditions

Throughout the lab-scale experiments, we noticed that two process
parameters, not discussed so far, had to be carefully controlled in order
to guarantee the reproducibility of the trials. The first one concerns the
position of the probe during the sonication step. For optimal treatment
of the sample, the probe is supposed to be slightly submerged (about
1 mm) in the emulsion: the sonication step is based on cavitation-in-
duced droplet fragmentation, which happens in a cone below the probe
(Walstra, 1993). The deeper the probe, the smaller the cone, and the
larger the volume of untreated material above it. The parameters of
interest (d(0.5), % volume of particles under 0.316 um, and biggest
mode average size) obtained for different probe positions are shown in
Fig. 6. The positions were as follows: in the middle of the sample (M), at
the top (high, or H), and a location between the two (intermediary, or I,
i.e. quantitatively at % of the total sample height).

As expected, the finest emulsions, with a d(0.5) around 0.43 um,
were obtained when the probe was in the highest position. Deeper
immersion (M and I) led to a significantly bigger mean droplet diameter
(0.55 um), and decreased the volume of small particles (39%, versus
around 45% when the probe was in the highest position). There was no
real impact on the size of the biggest mode. It is interesting to compare
the results obtained when the probe was in the highest position (H)
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with those conducted in the same processing conditions when the probe
was also positioned at the top of the sample, but its position was not
carefully controlled (high uncontrolled position, or H (nc)). As a result,
both the d(0.5) and the volume of small particles turned out to be
slightly different to the H position (0.47 versus 0.43 pm, and 43%
versus 45% respectively) and the standard error was slightly higher.
Thus, the reproducibility of the emulsion properties can quickly dete-
riorate if not enough attention is paid to the position of the probe. In
addition, it should be noted that the emulsification efficiency of the
sonication step may have decreased when the probe started to wear out:
as its surface became irregular, the input of energy in the cavitation
cone probably decreased, hence reducing the droplet fragmentation
rate. Thus, it is important to pay careful attention to the condition of the
probe when an ultrasonic device is used repeatedly.

The second parameter that needs to be controlled is the temperature
of the sample throughout the emulsification process. The droplet size
distributions for two lecithin-stabilized emulsions obtained using the
same formulation under medium processing conditions (Polytron
7500 rpm for 5 min, sonication for 6 min), are shown in Fig. 7. The solid
line corresponds to the emulsion obtained under the usual conditions:
controlled temperature (kept at around 15 °C) with a cooling bath. The
dashed line corresponds to an emulsion made at room temperature,
with no temperature control (temperature varying between 20 °C and
35°C, with the maximum at the end of the Polytron step). In the ab-
sence of temperature control, the particle size distribution shifted to-
wards smaller sizes. This was probably due to a modification of the
different physical-chemical properties: as the temperature increases,
the viscosity of both the aqueous and the oil phases decreases, in-
creasing the emulsification efficiency of the rotor-stator shearing step.
Thus, even when surfactants that are not sensitive to temperature are
used, temperature control is required to avoid a shift in droplet size.
This is even more important for thermo-sensitive emulsifiers, when it is
crucial to be able to reproduce the level of denaturation from one trial
to the next.
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Fig. 7. Impact of temperature on lecithin-stabilized (0.7% lecithin) emulsion
properties. Both experiments were conducted under medium processing con-
ditions (Polytron 7500 rpm for 5min, sonication for 6 min). Solid line: usual
conditions (cooling bath, emulsion temperature kept around 15°C). Dashed
line: no temperature control (the entire process took place at room temperature,
the emulsion temperature varied between 20 °C and 35 °C).

4. Conclusions

The lab-scale process we designed made it possible to reliably mimic
what occurred at pilot-scale since the microstructural properties of the
lab-scale emulsion were consistent with the pilot-scale properties. A
correspondence between process conditions was found for both small
surfactant and thermo-sensitive proteins. For lecithin, the strongest
conditions in the range studied led to the finest emulsions both at lab-
and pilot-scale. For whey proteins, denaturation issues need to be taken
into account. The rotor-stator step is suspected to be responsible for
some aggregation due to local heating, which reduces the efficiency of
the proteins in stabilizing the interface during the emulsification pro-
cess. Thus, in presence of thermo-sensitive protein, a lighter Polytron
treatment is recommended.

In all cases, the lab process, which consists in a rotor-stator step
followed by sonication makes it possible to test four times as many
formulations per working day with around ten times less raw materials
than required for the pilot homogenizer. Moreover, the cost of the
rotor-stator plus sonication equipment is about 10 times less than a
pilot-plant homogenizer. Provided that the temperature of the sample,
the position depth and the state wear of the sonication probe are
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controlled, many formulations can be very efficiently tested prior to
upscaling.
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