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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

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-

Table 1
Comparison of microstructured emulsification techniques.

Emulsification technique Phase to be controlled⁄ Mono-dispersitya Amount of productb Energy inputa,b Droplet size range (lm)

T-junction Continuous & dispersed ++ - - - - 100 ! 101

Flow focusing Continuous & dispersed ++ - - - - 10!1 ! 100

l channel/straight through/EDGE To be dispersed +++ - + 101 ! 102

Membrane (direct) Continuous & dispersed o o o 10!1 ! 101

Membrane (pre-mix) Pre-mix - o - 100 ! 101

Ultrasonic using CIB’s None o o - - 10!1 ! 100

+ or ! means scores better or worse than the standard technology (direct membrane emulsification).
a Direct membrane emulsification is the benchmark, and denoted with a neutral value (o).
b Assuming equal channel dimensions for the microfluidic devices.

⁄ Feed liquids that need to be controlled in order to make ‘monodisperse’ droplets.

Fig. 8. Comparison of energy density of different emulsification techniques. The d32

is shown as a function of energy density, EV , for various emulsification devices: (+)
grooved microchannel [48], (!) straight-through microchannel [49,50], (") EDGE
emulsification [51], (") Y-junction [52], (!) premix emulsification using 55 lm glass
beads, (#) cross-flowmembrane emulsification [53] (j) flat valve homogenizer [53],
(4) orifice valve [53], (N) microfluidizer [53], and standard ultrasonic homogenizers
(.) [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]).
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Fig. 9. Energy usage needed to obtain d32 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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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 d32 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 lm whereas no
droplet was larger than approximately 9 lm for the CIB. The aver-
age volume of the droplets decreased with a factor of 60 (based on
d32), 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.

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 lm, 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 lm, 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. Oil 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 lm 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-

0 
0.5 

1 
1.5 

2 
2.5 

3 
3.5 

4 
4.5 

0 10 20 30 
R

el
at

iv
e 

vo
lu

m
e(

%
) 

Droplet size (µm) 

t=15, 
unmodified 

t=15 modified 
(CIB) 

0 
0.5 

1 
1.5 

2 
2.5 

3 
3.5 

4 
4.5 

0.01 0.1 1 10 

R
el

at
iv

e 
vo

lu
m

e(
%

) 

Droplet size (µm) 

t=15 
unmodified 

t=15 
modified 
(CIB) 

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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qualitative decision, which means there are no “hard !gures”, and it is
just an overall impression of the sustainability OASEN's team opinion.
For example, they are not using CO2 equivalents, which is less sus-
tainable-oriented. The “+” symbol means that there is a positive per-
ception; similarly, “+++” is a subjective assessment in which the
process is assigned a numeral accordingly: +++ = 3.

4. Discussion

Here we provide a general discussion relevant for all cases analysed
before. The !rst one we have identi!ed is that there might be risks of
considering a given factor or weight more than once. This could happen
based on di"erent terminologies used by experts in di"erent activities
or historical documents. Additionally, depending on how the informa-
tion or “factors” are calculated, some hidden elements could inad-
vertently be left out. As a compensation, besides the obvious bene!t
achieved after normalisation of values by dividing each IF, the only
action to reduce this possibility is to have a transparent database and
ask for external auditing of the method.

Taking as an example the OBR case (Section 3.1), Pressure is a factor
that could be considered important to “decrease” in one analysis, but
the opposite could also happen. For this we think is useful to de!ne two
times an IF having both alternatives:

1. When lower pressure is desired for safety reasons, d = 1.
2. When the increase is needed for improved kinetics, d=!1.

Alternative 1 would have an IFtotal = 1195 as calculated in Section
3.1, whereas the new IFtotal = 3443 of Alternative 2 would indicate a
stronger argument to replace the existing equipment. Here the role of
the analysts or experts comes as the most important decision step, de-
ciding whether Safety is more “desired” or the improved kinetics al-
ternative. If the experts would decide to include both alternatives for a
more inclusive analysis, a new Intensi!cation Factor could be calcu-
lated having di"erent d values.

As mentioned in Section 2.1, the choice of scales used for each F
when calculating the IF value needs to follow some basic guidelines,
such that it is invariant to a change of the physical scale in any of the
performance factors Fi. If two intensi!cation teams in two di"erent
locations (say Europe and North America) are working on a same
problem, there needs to be an agreement on which scale to use, for
example in the case of temperature (Fahrenheit or Celsius). To avoid
these situations, it is necessary to use scales that have an absolute zero
in a physical sense.

The !nal discussion we want to emphasise is the last case (Section
3.6) where the importance of having all available information for a
given analysis is evidenced. For the case of a total value
IFtotal = IFa · IFb · IFc, having only the values corresponding to alter-
natives a and b would motivate the change of the second option. If the
decision would have been based on the technical experts alone, the
result would certainly be di"erent to the situation in which the eco-
nomical aspects c are included.

5. Conclusions

We believe to have given su#cient evidence of the advantages of
using a simple evaluation tool, based on a method for intensi!cation
factors calculation. Together with a step-by-step procedure, and ex-
amples extracted from scienti!c literature, as well as from industrial
practice, we think the reader can start applying this tool to his own
problems (academic or industrial). This method has been employed in
pedagogical settings while teaching a Process Intensi!cation Principles
course at the University of Twente. The students have managed to
understand better the advantages of intensifying a given process by
making use of this simple method.

Another important argument is that this method might seem su-
per$uous to experts who have worked for many years in intensi!cation
or innovation of chemical processes. However, for outsiders or non-
experts on a particular process to be improved, we believe our proposed
method comprises very simple mathematic operations that can be un-
derstood by most educated persons without a specialisation in chemical
engineering. For example, in companies such as small and medium
enterprises, spin-o"s or other multidisciplinary settings, normally there
is only one expert; convincing other non experts from marketing, !-
nances, etc., is a challenge we have aimed at resolving with this
method.

Our simple method rests on the value assignment of two exponents:
ci and di. The !rst leads to a “base case” at the beginning of a project,
when all ci = 1, and such IFtotal value can be used as a benchmark for
improvements in advanced phases of the speci!c project. The di allows
to express when the increase or decrease of a given factor is desired or
not.

More limitations besides those hinted in this work will be found as
the method is tested in real life scenarios. Identifying the weak aspects
and improving them, such as increasing the analytical power (weights
determination, etc.), will be more e#cient as other colleagues use it
and their !ndings are reported. Practice will tell if this simple method is
of use beyond what the authors have already identi!ed and reported
here. We are aware that it has already been used by a spin-o" company,
BuBclean, VOF, The Netherlands, to report to their clients and in sub-
sidies proposals. Similarly, OASEN BV, The Netherlands, has used the
method and compared the result of using this method with an existing
business case employed for the decision of building a new plant.

As a follow-up for this paper, we have created a group in “LinkedIn”
as a means to open a discussion where academic and industrial scien-
tists share their experiences in using this method. The title of the group
is Intensi!cation Factor initiative, its weblink can be found in the link
https://www.linkedin.com/groups/7062911. We expect experts from
di"erent communities to share their ideas and experiences to test the
validity of this method.
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