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Cavitation Intensifying Bags (CIBs), a novel reactor type for use with ultrasound, have been recently pro-
posed as a scaled-up microreactor with increased energy efficiencies. We now report on the use of the
CIBs for the preparation of emulsions out of hexadecane and an SDS aqueous solution. The CIBs have been
designed in such a way that cavitation effects created by the ultrasound are increased. It was found that
the CIBs were 60 times more effective in breaking up droplets than conventional bags, therewith showing
a proof of principle for the CIBs for the preparation of emulsions. Droplets of 0.2 um could easily be
obtained. To our knowledge, no other technology results in the same droplet size more easily in terms
of energy usage. Without depending on the wettability changes of the membrane, the CIBs score similarly
as membrane emulsification, which is the most energy friendly emulsification method known in litera-
ture. Out of the frequencies used, 37 kHz was found to require the lowest treatment time. The treatment
time decreased at higher temperatures. While the energy usage in the current non-optimised experi-
ments was on the order of 10’ — 10° ]/m3, which is comparable to that of a high-pressure homogenizer,
we expect that the use of CIBs for the preparation of fine emulsions can still be improved considerably.
The process presented can be applied for other uses such as water treatment, synthesis of nanomaterials
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and food processing.
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1. Introduction

The use of ultrasonic waves has been considered as a simple,
inexpensive, and valuable tool in chemistry because of its “green”
character while promoting faster and selective transformations [1].
Scalability, high safety, low waste generation, and energy effi-
ciency are also important qualities of a process for its successful
commercialisation and adoption by industry. [2,3] The advantages
of using ultrasound for industrial chemical engineering processes
have been described for processes such as defoaming, emulsifica-
tion, extraction, and drying, as well as for environmental applica-
tions such as water remediation, pharmaceutics, cosmetics and in
food processing [4-10]. Following the concept of Process Intensifi-
cation as a tool to achieve more sustainable and efficient chemical
engineering processes [11], ultrasound has been used extensively,
alone and in combination with other activation techniques such as
microwaves, with significant improvement of process efficiency,
together with waste and energy consumption reduction [1,12-15].
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The use of ultrasound for the creation of emulsions is based to a
great extent on the process of cavitation. The ultrasound is gener-
ated by a piezoelectric actuator resulting in pressure fluctuations,
leading to the formation and activation of bubbles in the liquid
(cavitation). The oscillation and collapse of these bubbles lead to
large velocities (~100 m/s) on small scales (~10 pm), which is very
useful for local mixing to make droplets, and other associated
physicochemical phenomena of practical uses known as sono-
chemistry [16,17].

Emulsions are dispersions of two (or more) immiscible liquids,
and are widely used in various industries including food, cosmet-
ics, pharmaceutics, paints, asphalt, etc. [18,19]. Several devices
can be used to make an emulsion, amongst which high-pressure
homogenizers, rotor-stator systems and ultrasound treatment
are the prevailing methods. Recently, microfluidic devices are
receiving more attention because they allow better control over
the micrometer scale: the scale that is important in the structuring
of foods [20]. Control relates to both the droplet size and monodis-
persity of the emulsion that can be obtained, unlike classic tech-
niques that make rather polydisperse emulsions. Emulsions
having a droplet span lower than 0.4 are considered to be monodis-
perse [21]. Microstructured emulsification devices are also known
for their relatively low energy demand, which is an important rea-
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son for the increasing interest in their use in industry. Some of the
main micro-emulsification techniques include the T-shaped junc-
tion, flow focusing devices, the EDGE method, and membrane
emulsification [22].

It is known that the physical stability of emulsions increases
when the size of the droplets in the dispersed phase becomes smal-
ler, the viscosity of the continuous phase is higher, and the density
ratio between both phases is minimal [23]. In 1851 Sir George G.
Stokes derived the following equation for a single droplet present
in a large amount of continuous phase [24]:

o 8(Pc— Pa)2Rg (1)
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In which v is the creaming or sedimentation velocity in m/s;
(p. — pq) the density difference between the continuous and dis-
persed phase in kg/m?; R, the droplet radius in m; and # the viscos-
ity of the continuous phase in Pa-s. However, making small
droplets involves increasing the surface area of the droplets,
thereby increasing the Gibbs free energy. To this aim, a consider-
able amount of energy is needed ~ 10® J/m3, which in practice is
much more than the minimal amount of energy necessary to create
the interfacial area. This happens because interfaces are not duly
stabilized, leading to coalescence and energy is dissipated as heat
during preparation [23].

One drawback of common ultrasonic systems is that they
require significant amounts of energy in order to generate suffi-
cient bubbles for emulsification, which is partly due to the fact that
the generation of bubbles is a nearly stochastic process and diffi-
cult to control [25]. The energy applied by ultrasound cannot be
used as efficiently as in the high pressure homogenization device.
A first possible explanation is that a broad distribution of shear
rates may be created in the ultrasound unit, providing shear rates
not always sufficient to break up the droplets. Another possibility
is related to the residence time of the droplets in the shear zone
being too short to deform and disrupt droplets [26]. The presence
of bubbles in the liquid can additionally negatively influence
energy transmission since they scatter sound, shielding certain
regions in the liquid [25]. In general, this technique is applied to
specific emulsion formulations, e.g. those that do not contain veg-
etable oils that might suffer oxidation of the product as a result of
radicals produced by ultrasonic cavitation [27].

The synergy of sonochemistry and microfluidics has been
praised as a greener technology [15,28-30], demonstrating its
advantages for chemical synthesis, crystallization, and solid form-
ing reactions [31-33], etc. The chemical initiation on emulsion
polymerisations, exfoliation and synthesis has been demonstrated,
having better conversion results when combined with ultrasound,
and in certain cases without additives nor conventional methods
[34-38].

The effect of ultrasound is known to be localised when used for
emulsification; the liquids need to be brought closely to the posi-
tion where the effects of cavitation are largest [23]. In standard
ultrasound equipment, the cavitation is not controlled, meaning
it can take place at various locations inside the sonicated volume
of liquid, leading to suboptimal processing. For example, hot spots
and pressure (anti) nodes are present in the liquid volume of an
ultrasonic bath, meaning that there are sections that have almost
no cavitation.

Here we present our solution for controlling cavitation through
the use of a novel device known as the Cavitation Intensifying Bag
(CIB) (commercialised as BuBble bags by BuBclean, Enschede, The
Netherlands); which is a scaled-up microfluidic sono-reactor
[39]. It was originally developed for cleaning purposes, but it also
gave improved radical formation and reproducibility of results
[40]. In this work we present results of this technology used for

emulsification. The CIB can be seen as an intensified batch reactor,
with scaling up potential and the possibility of converting it into a
continuous flow reactor concept.

The CIBs are plastic bags that are modified to include pits
(indentations) in their inner surfaces. There are ca. 900 pits inside
the CIBs, with a spacing of 3.5 mm. The pits have a diameter
between 100 and 500 pm and a depth of 100-200 pm; more
details can be found elsewhere [40] When a liquid is poured inside
(e.g. water, ethanol, acetone, surfactant solutions), a gas bubble can
be trapped in the pits, depending on the gas content of the liquid.
Upon exposure to ultrasound, microbubbles are generated in large
quantities from these gas-filled pits. Earlier research showed that
these CIBs are indeed able to enhance cavitation (radical formation
and mechanical effects) [40]. The CIBs demonstrated to lead to a
reduction of cleaning times with 86%, as well as 22% more repro-
ducible and 45% more efficient generation of cavitation-related
effects, such as emulsification [41]. To the best of our knowledge
this is the first detailed investigation in which CIBs are used to pro-
duce emulsions under different experimental conditions.

In the current paper, we report on the various process parame-
ters influencing the emulsification process of hexadecane and SDS
solutions using CIBs. Amongst others, a comparison will be made
between the CIBs and other emulsification methods with regard
to monodispersity of the obtained emulsions, energy usage, and
ease of upscaling. Furthermore, decentralised production of emul-
sions is discussed as a point that could favour application of CIBs in
industrial settings.

2. Materials and methods

Emulsions of hexadecane (CisHs4, ReagentPlus, 99%, Sigma-
Aldrich) in water were prepared at concentrations of 5, 10, 15, 20
and 25% (volume/volume, v/v) by adding hexadecane to a CIB that
was first filled with a 1% SDS (ACS reagent, >99%) aqueous solution
(Milli-Q system ZMQS 50001, Millipore). The total volume in the
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Fig. 1. Overview of the setup. The CIB (top) is positioned inside an ultrasonic bath
(bottom) above one of its transducers.
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bag was between 11 and 15 ml. The CIB containing the two
unmixed liquids was placed inside an ultrasonic bath (P60H, Elma,
Singen, Germany; sweep and pulse off), directly above one of the
transducers of the ultrasonic bath using a custom-made hanging
rod (see Fig. 1). The frequencies used were 37 and 80 kHz and
the amplitude was set to 100%. The bath was filled with 1/3 tap
water and 2/3 demi water at 21 °C. In most experiments the water
remained at room temperature, but some were carried out with
the water heated to 80 C (and at 37 kHz). The total ultrasonic treat-
ment times varied from 30 min for a frequency of 37 kHz to
120 min for a frequency of 80 kHz, depending on the effectiveness
of the emulsification process. The CIB treatment was compared to a
conventional plastic bag (Minigrip, Lelystad, The Netherlands) with
identical size but no pits on its inner surface, using a 15% hexade-
cane concentration.

The resulting emulsion droplet size distribution and the average
droplet diameter d;, were measured after various time intervals
using a dynamic light scattering particle size counter (Mastersizer
Hydro 2000 SM, Malvern, Worcestershire, UK). These physical
parameters were only determined when a fully dispersed emulsion
was obtained (determined by eye) and the phases were completely
mixed. If this was not yet the case, the CIB was put back into the
bath and the process was resumed. In case a fully dispersed emul-
sion was observed, the process was paused and a sample of ca. 1 ml
was taken using a transfer pipette. Single experiments were carried
out, the results of which are shown in the next section.

3. Results and discussion
3.1. CIBs vs. conventional bags

First, emulsions obtained with CIBs are compared with that of
regular bags. To illustrate the difference, Fig. 2 shows the droplet
size distribution in 15% v/v hexadecane in water emulsions con-
taining 1% (w/v water) SDS for both types of bags that were
exposed to 37 kHz. It is clear from Fig. 2a that the droplet size pro-
duced in a CIB after 15 min is considerably smaller than that in a
conventional bag after the same exposure time. The largest droplet
size obtained with the unmodified bag is about 30 pm whereas no
droplet was larger than approximately 9 pm for the CIB. The aver-
age volume of the droplets decreased with a factor of 60 (based on
ds»), which clearly demonstrates that the CIBs facilitate droplet for-
mation, presumably enhanced by cavitation effects. The bubbles
that are formed by cavitation perform rapid oscillation and col-
lapse along the water/oil interface, which disrupts this interface
resulting in the emulsion being formed [42]. When plotted on a
logarithmic scale, as shown in Fig. 2b, it is easier to observe how
many small droplets are formed especially when using the CIB.
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This also implies that stability against creaming has been increased
considerably as can be deduced from Stokes law (Eq. (1)). Many
droplets are well below 1 pm, which also positions the CIB process
in the lower regions of Fig. 8, as will be discussed further in this
section.

From Fig. 2 it is clear that the CIB enhances emulsification; the
effect of various processing parameters, such as processing time,
oil volume fraction, frequency, and temperature, is discussed in
the next sections.

3.2. Processing time

Fig. 3 shows the resulting droplet size distribution at three dif-
ferent ultrasound treatment times: 2, 15, and 30 min; the emulsion
contained 5% hexadecane and 1% SDS, and emulsification is carried
out at 80 kHz. In this experiment, the oil was incorporated in the
emulsion after 2 min treatment. At 2 min treatment, the largest
droplets were about 100 pm, which are split up into much smaller
ones at higher treatment times. The droplet size decreased consid-
erably at higher treatment times. As is the case in standard emul-
sification processes, the local energy needs to be such that larger
droplets break up into smaller ones This occurs in consecutive
steps (not in one step), until the local energy is no longer high
enough to break up the droplets that are continuously decreasing
in size. Similar graphs were obtained at a frequency of 37 kHz.

3.3. 0il volume fraction

In Fig. 4, the droplet size is plotted as a function of treatment
time for various oil fractions at 1% SDS concentration. All samples
were treated at 80 kHz. From Fig. 4 it is clear that more time is
needed to emulsify higher oil concentrations and to reach similar
droplet size.

For all concentrations and at 80 kHz, small droplets in the sub-
micrometer range that are very stable against creaming were
obtained (see equn. 1). The average droplet size decreased even
further when applying longer treatment times. In Fig. 4, the 5%
and 10% graphs show a fast reduction in droplet size, and the
two highest oil concentrations decrease their size the slowest.
Since the applied energy is used (at least partly) to break up dro-
plets, it is expected that emulsions with lower oil volume fractions
would reach smaller sizes faster. The time at which e.g. a size of
0.4 um is reached does not necessarily scale with the volume frac-
tion that is used (Fig. 4), and this may be due to effects that atten-
uate the ultrasound. The formed droplets might form barriers for
the ultrasound to protrude the solution and reduce the effective-
ness of droplet formation. But also other aspects can play a role:
upon increasing the hexadecane fraction in the emulsion, the frac-
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Fig. 2. The droplet size distribution of hexadecane in water emulsions (15%, 1% SDS). The emulsions were prepared at 37 kHz and 20 °C. The data are shown on a linear (left)

and logarithmic scale (right).
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Fig. 3. Droplet size distribution at three different ultrasound treatment times (2, 15
and 30 min) inside the CIB at 80 kHz and 20 °C.
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Fig. 4. The average droplet size (ds;) as function of time at 80 kHz and 20 °C for five
different concentrations of hexadecane (5, 10, 15, 20 and 25%). The peak in the line
for an oil fraction of 15% might be due to non-ideal mixing within the CIB.

tion of water in which cavitation takes place will decrease, leading
to less cavitation per unit volume of hexadecane. Besides, when
hexadecane is incorporated into the continuous water phase, the
viscosity of the emulsion is higher, the acoustic modulus of the lig-
uid is changed and thus the ultrasound may reach the inside of the
CIB weakened, leading to milder bubble collapses. Also, because
the oil layer first lies on top of the water/sds layer, it takes time
before the entire body of oil is processed into the water phase.
Therefore a larger droplet may initially be present that requires
time to be turned into smaller droplets. The thicker this oil layer,
the more energy needed in the system before a particular droplet
size is obtained.

3.4. Frequency

An experiment similar to the one described in the previous sec-
tion was also carried out at 37 kHz, with the results shown in Fig. 5.
It is clear that also at this lower frequency very small droplets can
be made, and that the rate at which droplet size reduction takes
place is a function of the oil volume fraction (see Fig. 4). At the low-
est concentration, the emulsion established at shorter times than
at higher concentrations, and these droplets were relatively large,
when compared to the first points taken at higher concentration.
If the first points were all taken after 2 min, we expect that the
diameter for the 5% emulsion would be in line with the values
found for 10 and 15%, because the initial size reduction takes place
much more rapidly than for longer treatment times, simply
because the smaller the droplets are, the more difficult their size
can be reduced (see also arguments elsewhere in this text). How-
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Fig. 5. The average droplet size (ds; ) as function of time at a frequency of 37 kHz for
four different concentrations of hexadecane (5, 10, 15 and 20%).

ever, the reduction in droplet size is faster at low energy input,
as is illustrated in Fig. 6 for selected experiments, which could be
an evidence that inertial (or mechanical) effects of cavitation are
influencing the break-up of droplets [43].

Fig. 6 shows that the data for the lowest concentration of hex-
adecane (5%) at the highest frequency (80 kHz) follows a similar
trend with those for the higher concentrations (15 and 20%) at
the lowest frequency (37 kHz). This effect is even clearer when
comparing only the 20% hexadecane samples at different frequen-
cies. At a frequency of 80 kHz, a fully dispersed emulsion was not
yet obtained until t = 25 min, while at a frequency of 37 kHz a
proper emulsion was already visible at t = 2 (15%), respectively
at t =4 min (20%).

In addition, when considering the 20% concentration data, the
graph for 80 kHz lies entirely above the graph for the lower fre-
quency. This effect was also mentioned in literature [44]; for the
same cavitation effects, more power is required at higher frequen-
cies. At low frequency, where a long acoustic cycle exists, large
bubbles are created. At high frequency, the acoustic cycle is short
and therefore the bubbles are smaller. This results in a less violent
cavitation collapse, with milder mechanical effects, and thus a
lower droplet formation rate; this in turn leads to a longer process-
ing time. This is elaborated on in the appendix in which the process
time is also related to the amount of oil that needs to be emulsified.
At 80 kHz, the process efficiency is a function of the oil fraction,
while at 37 kHz this effect is less pronounced. Apparently, the
ultrasound waves created at 37 kHz hold more energy which
results in a higher shear force, while the ultrasound at 80 kHz hold
less energy and less penetration depth. Though not verified for
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Fig. 6. A comparison of the average droplet size (ds,) as function of time at different
frequencies (37 and 80 kHz) and at different concentrations of hexadecane.
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these particular experiments, shielding effects are more noticeable
at higher frequencies [25,45].

From the perspective of economically sustainable processing,
the amount of energy needed to obtain the desired droplet size is
important. Since the electrical power is almost the same for both
frequencies (680 and 640 W for 37 and 80 kHz respectively), it is
in this respect crucial to keep the processing time as short as pos-
sible while creating the same average droplet size, and for this
clearly the lower frequency is preferred. For e.g. a droplet size of
0.2 pm, 30 min are needed at 37 kHz, while at 80 kHz this takes
130 min, and this is directly coupled to the energy usage. Besides
the lower frequency leads to less attenuation of ultrasound and
less heating, which is an additional reason to prefer the low fre-
quency of 37 kHz [25,44].

3.5. Viscosity and temperature

As mentioned before, viscosity may influence the efficacy of the
ultrasound treatment; therefore we compared emulsification at 20
and 80 °C. Fig. 7 shows the droplet size distribution after 15 and
25 min at 37 kHz, 15 v/v¥% oil, and 1% SDS. At both temperatures,
the droplet size reduces considerably, and small droplets were
obtained. This effect was stronger at higher temperature. The lower
viscosity changes the bubble dynamics (maximum radius, pressure
reached during collapse, etc.), and a lower intensity and energy is
needed to induce cavitation. Additionally, the interfacial tension
is lower, and this facilitates droplet formation [44]. On the other
hand, the vapor pressure of the solvent is higher at higher temper-
atures, and this leads to less violent collapse of the bubble; this
may counteract the previously mentioned effects. However, at
80 °C the latter effect does not seem to outweigh the more power-
ful cavitation effects that were mentioned earlier. Experiments
performed at the same temperature and at a frequency of 80 kHz
resulted into the liquids leaking out of the bags. This might be
due to increased erosion processes at these conditions [40], or
the sealed edges of the CIB might loose its tightness.

3.6. Comparing emulsification with microstructured devices to CIBs

A comparison of several microstructured emulsification tech-
niques [20] is reproduced in Table 1, where ultrasonic emulsifica-
tion using CIBs is added as well. The monodispersity of the CIB
technique is rather average, and the energy input is rather high.
The CIB technique does allow preparation of larger amounts of
emulsions than the other microfluidic techniques, and it could be
scaled-up further. These amounts are such that properties (e.g.
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Fig. 7. The droplet size distribution for emulsification at 20 and 80 °C, a processing
time of 15 or 25 min. All four graphs are measured at a frequency of 37 kHz and a
concentration of 15% hexadecane.

rheological) of the emulsion can be determined, which is not pos-
sible when using the other microfluidic techniques. This latter
aspect is in our view the most promising aspect of CIBs: to use
them only an ultrasonic bath is required, and emulsions with very
small droplet sizes can be prepared within minutes, i.e. on demand.
Although CIBs behave similarly as membrane emulsification
regarding the amount of product that can be made (Table 1), the
latter process is sensitive to wettability changes of the membrane.
This requires the ingredient and processing conditions to be cho-
sen very carefully [46]. This is a great advantage in the use of ultra-
sound in combination with the CIBs. In addition, although the
droplet size obtained by the various techniques is not shown in
Table 1, this is also a very positive aspect of the use of CIBs in com-
bination with ultrasound, as shown in Fig. 8. A droplet size of
0.2 um is very low compared to other emulsification techniques.

3.7. Energy considerations

As mentioned previously, the energy usage of emulsification
techniques in relation to the droplet sizes created is a very impor-
tant parameter for comparing among them. For microfluidic
devices it is known that the required energy input is much lower
than the classic techniques such as high pressure homogenization
due to the lower applied pressure [20], see also Fig. 8. It has to be
noted that these devices have not been tested yet for small droplet
sizes. The only technique that is proven to be capable of making
small droplets at low energy density is cross-flow membrane
emulsification [47].

Not taken into account in Fig. 8 are the monodispersity of the
droplets, and the scalability of some of the techniques. For the
shear-based microfluidic devices it should be mentioned that their
scalability has not been proven yet; often when scaling up through
parallelization, the units interact, which leads to preferential flow
towards some of the pores. This causes the droplets to become
polydisperse or to be very difficult to control [54,55]. This draw-
back is not reported for spontaneous emulsification techniques
such as straight-through microchannels and EDGE devices.

The energy efficiency when using the CIB for the different oil
fractions used is estimated from the time for a certain value of
ds;, to be obtained. This time in minutes was then multiplied by
the power required for each frequency (680 and 640 W for 37
and 80 kHz respectively). By taking into account the amount of
oil and by assuming a total volume of 1.5 L of emulsion being pre-
pared, the energy usage as shown in Fig. 9 was obtained.

From the results shown in Fig. 9, we can interpret that at very
low oil concentration, the bubbles that are generated are not all
close enough to oil droplets to generate smaller droplets, and
energy is wasted. At higher concentrations (10-15%), it seems that
the ratio between droplet size and bubble size is rather optimal for
generation of droplet break-up, while at even higher oil fractions
more energy is needed. This is partly because more oil needs to
be broken up into small droplets, and besides the presence of so
many droplets will make the efficiency of the ultrasound less effec-
tive due to the previously described viscosity effects. How larger
the droplets, how easier to break up. The interfacial tension force
scales with 1/r which makes small droplets much less deformable,
and that is needed for break-up. That is not only the case for the
CIBs, but for any emulsification device.

At a frequency of 80 kHz and 15% of oil, an approximation was
made for the energy usage because of the peak shown in Fig. 4.
Also, no data were available on the energy usage at this frequency
and at a d3; of 0.2 at the highest oil volume fraction, since this size
was not found. At 37 kHz no data were available for a d3, of 0.5
because the size of the droplets was already smaller at the first
measurement.
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Table 1
Comparison of microstructured emulsification techniques.

Emulsification technique Phase to be controlled’

Mono-dispersity®

Amount of product” Energy input®,” Droplet size range (pum)

T-junction Continuous & dispersed ++
Flow focusing Continuous & dispersed ++
u channel/straight through/EDGE To be dispersed +++
Membrane (direct) Continuous & dispersed o
Membrane (pre-mix) Pre-mix -
Ultrasonic using CIB’s None o

-- -- 10° - 10
-- -- 107" —10°
- + 10' — 10?
o o 107! - 10!
o - 10° — 10
o -- 107" —10°

+ or — means scores better or worse than the standard technology (direct membrane emulsification).
2 Direct membrane emulsification is the benchmark, and denoted with a neutral value (o).

> Assuming equal channel dimensions for the microfluidic devices.
* Feed liquids that need to be controlled in order to make ‘monodisperse’ droplets.
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Fig. 8. Comparison of energy density of different emulsification techniques. The d3,
is shown as a function of energy density, Ey, for various emulsification devices: (+)
grooved microchannel [48], (¢) straight-through microchannel [49,50], (x) EDGE
emulsification [51], (O) Y-junction [52], (°) premix emulsification using 55 pm glass
beads, (e) cross-flow membrane emulsification [53] (M) flat valve homogenizer [53],
(A) orifice valve [53], (o) microfluidizer [53], and standard ultrasonic homogenizers
(V) [47]. The solid red rectangle shows the values estimated from the present
study; the dashed rectangle shows projected values assuming 100-fold increase in
emulsification efficiency (adapted from [47]).

From the above, it is clear that more energy is needed to obtain
small droplets, when just focusing on one frequency. When com-
paring 37 and 80 kHz, the process efficiency is much higher for a
frequency of 37 kHz (much lower energy usage per volume of
oil). This is caused by the previously discussed effect of the forma-
tion of larger bubbles at 37 kHz that collapse much more violently,
and that do not or much less experience shielding from the dro-
plets that are present in the emulsion.

When comparing with the data in Fig. 8, the CIB would be in the
lowest part of the graph in regard to droplet size and in the same
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range as the high pressure homogenizers in terms of energy usage.
This is indicated by the rectangle in Fig. 8. The lower frequency,
being much more effective than the higher frequency, is in the left
part of this rectangle. The process with CIBs as carried out in this
study is expected to be far from optimal. From improved position-
ing of the ultrasound transducer relative to the cavitation bag, as
well as larger volumes of emulsion compared to the amount of
water in the bath, the efficiency of the process can be improved
by at least a factor of 10 but possibly with a factor of 100 (dashed
rectangle in Fig. 8). This would need to be the result of a purpose-
built bath that operates over short length scales.

As mentioned, CIBs can produce small droplets in a repro-
ducible way, which makes them interesting devices for the produc-
tion of emulsions on larger scale and higher throughputs. The
current set-up allows the preparation of samples of 10-20 ml,
but clearly that is not the limit. Large volumes are processed regu-
larly in industrial applications compared to the small size of the
CIBs and the ultrasonic baths used in this research and that are
common in laboratories. When using larger bags, larger amounts
of emulsions can be made as long as the cavitation sites are in close
proximity of the liquids (interfaces) that need to be emulsified.
How the dimensions of the bags and the ultrasound bath can be
matched in the best possible way is part of follow-up research.

4. Conclusions

The proof of principle that emulsification with ultrasound can
be enhanced by the use of specific surface modifications in bags
is given in this paper, alongside the effect of various process
parameters that can be used to modulate the droplet size. The pro-
cess is more energy efficient at a frequency of 37 kHz than at
80 kHz. Increasing the temperature of the liquid leads to a decrease
in required processing time, but also consumes more (electrical)
energy, and is only suited for the lower frequency.

When comparing different techniques, we found that the CIB
ultrasound technique stands out with regard to the small droplets
produced, as well as the flexibility in using different emulsion com-
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Fig. 9. Energy usage needed to obtain ds, of 0.5-0.2 vs oil fraction at 37 kHz (left) and 80 kHz (right). Values are given in GJ.
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position. Based on the fact that a large number of laboratories have
ultrasonic baths, the technique as it is right now is very accessible
and suited to make smaller amounts of stable emulsions on
demand.

There is no physical or practical limitation for the scalability of
this concept: bags can be made bigger, a larger number of pits can
be accommodated per unit area, and industrial scale ultrasonic
reactors can be designed for an optimal utilisation of the diffuse
acoustic energy. Nevertheless, there is an engineering challenge
to be tackled as larger bags are used with cavitation activity hap-
pening only close to the walls of the bags, and not in the bulk lig-
uid. Similarly, in our previous studies we have reported on the
negative influence of interacting clusters of bubbles leading to
lower energy efficiencies, and the erosion of the reactor walls;
hence the density of pits cannot be increased infinitely. Clearly,
the optimal configuration for a commercially appealing CIBs and
its industrial adoption needs more investigation.

The same concept of the CIBs is of relevance to other important
chemical processing and engineering applications, like in waste
water treatment, where the generation of radicals is required to
remove recalcitrant water contaminants. Similarly, in applications
where the mechanical effects of ultrasound are more desired than
the radical formation, the possibility of using shorter processing
times with sufficient reproducibility can solve several limitations
of ultrasonic processing, such as stringent requirements in food
processing and nanomaterials synthesis. Further work is required
to test an equivalent concept for continuous flow CIBs, as well as
finding an optimal configuration in the spacing of the pits, which
will be our next point of attention.
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