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Abstract: A highly viscous oil was used to create oil-in-
water emulsions. Rheological properties of the dispersed
phase, the emulsifier, and their combination were meas-
ured to study the flow behavior. The temperature depend-
ence of the viscosity and the influence of different mixing
orders on emulsion quality were examined. Furthermore,
the stability of the produced emulsions was studied.
Finally, the initial emulsification process was analyzed
and optimizations were suggested.
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1 Introduction

An emulsion is a mixture of two or more insoluble liquids,
typically water and oil. The dispersed phase forms drop-
lets which are surrounded by the continuous phase. Thus,
emulsions can be divided into oil-in-water and water-in-
oil types. The properties of emulsions mainly depend on
the droplet size distribution and the property of emulsi-
fiers as well as the viscosities of the dispersed phase and
the continuous phase [1].

The aim of the present work is to develop a continuous
emulsification process with minimal energy consumption.
A commercial product was used as a reference case. This
oil-in-water emulsion was manufactured using a batch
process. In many cases, emulsification aims to produce
droplets as fine as needed for physical stability to avoid
sedimentation [1]. Generally, emulsions with droplet sizes
from 0.1 to 1 pm are called mini or submicron emulsions

and up to tens of pm they are called macro emulsions [2].
The investigated emulsions in the present work are macro
emulsions. Droplet size distribution is one of the major
parameters for evaluating the quality of emulsions. At
first, the commercially available emulsion was analyzed
with respect to this property and the results were used to
compare with the properties of the emulsions from the
new processes. Another particular property of this emul-
sification process is, that the dispersed phase has a high
viscosity, which may induce problems for the use of micro-
channel devices.

For emulsification, different techniques exist, e.g., the
use of rotor-stator-systems, high pressure homogenizers
and membrane or microchannel systems [2]. Each method
has its area of application. The membrane technique can
result in narrow droplet size distributions. High pres-
sure homogenizers are frequently used to achieve small
droplet sizes, and can work for either low or high viscosity
dispersed phases [3], to give a few examples. In this work,
microstructured mixers (uMixer) were chosen for emulsi-
fication in this work and the preliminary process design
is presented.

2 Study of rheological properties

The dispersed phase used in the experiments has a
density of 1100 kg/m?>. It is called Oil in the context instead
of using its chemical name. In emulsification and homog-
enization processes, the viscosity of the fluids has an
influence on the critical Weber number in laminar shear
flow [2], elongational flow [2], turbulent flow [4] or cavi-
tational flow [5], which determines the formation of new
interfacial areas and droplet disruption. In this study, Oil
is a highly viscous fluid, thus the rheological properties
will be discussed first.

The rheological experiments were carried out with a
rheometer, Rheostress 1 from Thermo Haake. A cone-plate
system was used and the titanium cone had a diameter of
60 mm with an angle of 1°.
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2.1 Flow properties

The viscosity dependence on shear rate was examined
first. The temperature was set to 25°C and 95°C, respec-
tively, and the shear rate range was set to cover the range
of 0-1000 s. The moment of torque of the rheometer was
limited to 100 mNm. Due to the high viscosity of Oil at
25°C, the required shear stress for obtaining high shear
rates could not be reached. Thus, only the shear rate range
of 030 s'was achieved, however, the full studied range
was reached for the measurement at 95°C. The purchased
batch-fabricated emulsion and the emulsifier were still
studied at 25°C.

The results are shown in Figure 1A. The viscosity of Oil
at 95°C remained constant for the whole shear rate range
of 0-1000 s?, the deviation is <1%, and only a small vis-
cosity drop at low shear rates close to 0 (Figure 1B) can
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be seen, which shows Newtonian flow behavior under the
measurement conditions. The emulsifier exhibits similar
behavior at 25°C. There are evident viscosity changes at
low shear rates in the curves of the emulsions. To substan-
tiate these results, tests on different emulsion samples
were carried out and two of them are presented in Figure 1A
and B. It should be noted that the flow curves of the two
measurements overlapped exactly. As the dispersed phase
droplets may be deformed at high shear rates, the experi-
ments were limited to a shear rate of 320 s™.

It was found that at low shear rates, there were no
evident viscosity changes for Oil and the emulsifier, but
indeed a small viscosity decrease of the emulsion was
observed, which indicates that the emulsion may show
Bingham flow behavior. In this study, the curves shear
stress versus shear rate of the emulsion do not follow
Bingham’s linear function at low shear rates. De Larrard
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Figure1 (A) Flow curves of Oil, emulsifier and emulsions (orange legends for shear stress and black legends for viscosity). (B) Flow curves
magnification of Figure 1A (orange legends for shear stress and black legends for viscosity).
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et al. [6] developed a modified Bingham model, which
can fit well with our experimental data. The yield stress
7, and the equivalent plastic viscosity 4’ can be deter-
mined by [6]:
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= 2
W= he2) ! e 2

where a and b are constants, 7 is shear stress, y is shearrate,
and y__ isthe maximal shear rate of the studied range. The
fitted parameters are presented in Table 1. It is found the
emulsion has a yield stress of 0.66 Pa and an equivalent
plastic viscosity of 0.070 Pa-s. The slight viscosity changes
observed at low shear rates were probably caused by the
deformation of the droplets. The viscosity of the emulsions
became almost constant as the shear rate surpassed 30 s*. In
conclusion, the emulsion shows Newtonian behavior with a
low yield stress (Bingham behavior); Oil and the emulsifier
are Newtonian fluids without yield stresses.

2.2 Temperature dependence of viscosity

The viscosity of Oil is about 123 Pa-s at 20°C at a shear rate
of 10 s™. Besides its influence on the flow regimes in the
emulsification process, the high viscosity will also lead to
high pressure losses in microstructured devices. Thus, it is
necessary to find a way to reduce the viscosity efficiently.
Two options were tested, increasing the temperature of Oil
before mixing it with water, or mixing Oil with the emulsi-
fier first. In the latter case, the emulsifier is expected to
reduce the viscosity of Oil.

The viscosities of Oil and Oil-emulsifier mixture were
studied over the temperature range of 17-98°C at a shear
rate of 10 s* as shown in Figure 2 where the logarithm scale
was applied for the Y-coordinate due to the big viscosity
difference between the studied fluids. The viscosity of Oil
decreases dramatically with the temperature increase.
For example, the viscosity at 95°C is <0.3% of that at 17°C.
The addition of the emulsifier also has an evident effect

Table 1 Determination of the yield stresses and the plastic
viscosities.

Fluids a b . T, u R?
(s?) (Pa) (Pas)
Emulsion at 25°C-1  0.04884 1.065 321.3 0.63 0.070 1
Emulsion at 25°C-2  0.04354 1.087 320.0 0.69 0.070 1
Average - - - 0.66 0.070 -

Y. Li et al.: Continuous emulsification for a highly viscous dispersed phase using microdevices == 501

80 = Oil
x Qil-emulsifier mixture
+ Emulsion
@
©
a 8
2
‘B
o
[
L2
s
0.8
AMAMAdimaaabanan,
0.08

15 25 3 45 55 65 75 8 95
T(C)

Figure 2 Viscosities of Oil, Oil-emulsifier mixture and emulsion as
a function of temperature (at 10 s).

on viscosity reduction, especially at low temperatures.
The viscosity of Oil-emulsifier mixture at 25°C is 55%
lower than that of Oil.

The gap between the C60/1° cone and the plate is 52 pm
in height at room temperature and gradually becomes
smaller during temperature increase. The studied mate-
rials will expand due to temperature increase, so parts
of the materials can be pushed out of the gap. Thus, the
measured shear stress will be overestimated. As a result,
the measured viscosity is higher than the real values. In
this case, the viscosity was measured in temperature steps
of 20°C. That is the reason for the discontinuity shown in
the plots. The slight viscosity difference between two adja-
cent measurements at the same temperature was also due
to the volume changes mentioned above. The viscosities
of the emulsions were also studied in the temperature
range of 25-45°C and they are closer to the viscosities of
the continuous phase than that of the dispersed phase.

3 Designs of emulsification process

3.1 Analysis of emulsions

In this section, a few emulsification experiments were
performed in a batch using different mixing orders of the
components. The correspondent droplet size distributions
of the emulsions were analyzed and compared with the
purchased emulsion, which will contribute to the process
design. The stability of the emulsions over time was
studied, too.

The mass ratio of water to Oil was set to be about 1. The
emulsifier content in the emulsions is about 2% in mass.
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The relatively small quantity of the emulsifier compared
to the continuous phase or the dispersed phase indicates
the difficulty of its mixing with water or Oil using a pMixer
in a continuous process with the precise composition. It
would be easier to dissolve the emulsifier in water or Oil
in a batch container first, and then mix with Oil or water
to create the emulsions in a pMixer. In both cases, only a
single pMixer will be needed for the process.

Droplet size distribution is one of the most impor-
tant parameters for the emulsion quality evaluation. It
is related to the emulsions’ stability, viscosity, etc. The
droplet size distribution was measured by static light scat-
tering using a Beckman Coulter LS 230.

A commercially available product was used as refer-
ence (Process Ref). Different mixing arrangements refer-
ring to the components were tested to obtain emulsions:
first dissolving the emulsifier in water, then mixing with
0il (Process 1); first dissolving the emulsifier in Oil, then
mixing with water (Process 2). To test the solubility of Oil
in water, the water was mixed with Oil directly. Then the
emulsifier was added, and emulsions were generated after
stirring (Process 3). Furthermore, to test the stability of
the purchased emulsion, one sample was analysed after
it was stored for about three weeks at room temperature
[Process Ref (aged emulsion)].

For all the studied processes, Oil was preheated to
80°C before mixing with other components. For example,
in Process 2, due to the large viscosity difference between
0il and the emulsifier, Oil was preheated to 80°C so that
Oil had a similar viscosity to the emulsifier to facilitate the
dissolution. In this study, only batch emulsifications were
carried out under magnetic agitation. The results are pre-
sented in Figure 3 within reasonable uncertainties (<4%).

The volume weighted particle sizes d , d,, d,, and
the Sauter diameter d,, are often used to characterize
droplet size distributions of emulsions. The results of the
emulsions produced in this work are presented in Figure
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Figure 3 Characteristic droplet sizes of emulsions.
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3. Practically, d,;, is related to the energy density input
to the system during emulsification [7] and can be used
to compare different emulsification processes. The span is
used to indicate the width of the droplet size distributions.
It is defined by equation (3):

spanz—gé’1 0, (3)

50

Emulsions produced by Process 1 with 50% Oil content
had been tested before. In these investigations it was found
that Process 1 could generate a similar droplet size distri-
bution as it was seen in the purchased emulsion. Here the
experiments were repeated, but with slowly increasing the
0il content in the emulsion (about 60%) to test the pos-
sibility of high-content dispersed phase by this emulsifica-
tion process. The results show that the emulsion produced
exhibits lowest d(m, d,, and d,,, which may be a result of
the high energy input into the system due to longer stirring
time. The relatively high d,, was achieved due to the high
content of dispersed phase. Processes 2 and 3 show similar
droplet size distributions to Process Ref.

The span of the studied processes are given in Table
2. All the processes except Process 1 show similar span
compared to Process Ref, which means the width of
the droplet size distribution fits the requirements well.
Process 1 shows a very high span due to the high content
of dispersed phase in the emulsion.

Finally, the stability of emulsions was studied. It is
found that d,, dso, dgo, and d<3,2> all increased after three
weeks of storage at room temperature (aged emulsion),
which shows the stability of the emulsions cannot be
guaranteed over a long time period at room temperature.
This was due to the sedimentation effect and the coales-
cence of droplets. To reduce these effects, the product
needs to be stored at lower temperatures (e.g., 5°C) or has
to be used directly after production.

3.2 Design of the process

In previous work [8, 9], the possibility of using pMixers for
emulsification was shown. Here, a special pMixer will be
designed according to the ratio of the dispersed phase to

Table 2 Span of the droplet sizes of emulsions produced with the
different processes described.

Process Process Process Ref Process Process Process
Ref (aged emulsion) 1 2 3
Span 1.23 1.36 4.29 1.45 1.26
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the continuous phase, the correspondent pressure losses,
etc. The results given in Section 3.1 showed that all the three
batch processes (mixing Oil-emulsifier mixture with water,
mixing water-emulsifier mixture with Oil, or mixing Oil-
water mixture with emulsifier) could produce emulsions
and there is no major difference in terms of the emulsion
qualities between those three processes. In the last case, the
residence time needs to be long enough to cover the inter-
faces. In a continuous emulsification process, the residence
time in pMixers is usually very short and the emulsification
may not be ensured. Thus, only the two other possibilities
will be discussed as follows. A preliminary flow diagram is
developed and shown in Figure 4.

In Figure 4, the emulsification takes place in the pMixer.
From the discussion on viscosity given above, Oil should be
heated before the mixing device. A microstructured heat
exchanger (WHX) is preferred for its high efficiency in heat
transfer. Pump 1 will be a special pump designed for han-
dling highly viscous fluids. Depending on the pressure drop
after the pHX, an additional pump (Pump 3) may be needed
for the emulsification process. So far, a specially designed
MHX for highly viscous fluids has not been described in lit-
erature. The development of an efficient pHX will be one of
the major tasks in the development process.

The premixing of the emulsifier in water or in Oil is dis-
cussible. Dissolving the emulsifier in water is much easier,
this premixing does not require much energy input and can
be carried out in water containers with low or no agitation,
i.e., there is no process step for obtaining the pre-mixture.
If the emulsifier is dissolved in Qil, the pressure drop in the
UHX can be reduced due to the effect of viscosity reduction
by adding the emulsifier. In this case, most likely no addi-
tional pump (Pump 3) is needed. The disadvantage of this
procedure is the difficulty of preparing the Oil-emulsifier
mixture due to the high viscosity of Oil.

After emulsification, the temperature of the emul-
sion will be about 45°C. Therefore, at a later stage of this

Oil _
(or Qil-emulsifier)

Water-emulsifier

(or water)

Pump 2
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project, this portion of heat is planned to be recuperated?
for preheating Oil by using the process shown in Figure
5. The blockage due to viscosity increase can only take
place in the heating fluid passage (the emulsion, with the
temperature decrease) and not in the heated fluid passage
(Oil, with the temperature increase). The temperature
of the emulsion will be lowered down from 45°C. Figure
2 shows that its viscosity is 0.106 Pa-s at 45°C and 0.128
Pa-s at 25°C. This moderate viscosity increase reduces the
possibility of temperature change induced blockage in the
heating fluid passage.

In the suggested process, the thermal energy con-
sumption is optimized. However, the more microstruc-
tured devices are incorporated, the more pressure losses
are introduced. Thus, one or two additional pumps will
be needed. The energy dissipation due to flow through
microstructured devices may become important.

4 Energy balance in the pHX

In this section, the energy balances in the pHX of the two
processes presented in Figure 4, water-emulsifier flow
process and Oil-emulsifier flow process will be studied
theoretically. As the viscosity of Oil (or Oil-emulsifier
mixture) is reduced significantly with temperature vari-
ation, high heat transfer rates are desired close to the
entrance of the Oil (or Oil-emulsifier mixture) passage
of the pHX. Compared to cross flow and counter current
flow pHX, co-current flow pHX can yield the highest
temperature increases at the entrance, provided that the
water used for heating in the three cases has the same
heat capacitance rate and the same temperature at the
entrance of the water passage. Here, the pre-calculation
on co-current flow heat exchanger will be carried out to
estimate the thermal transfer and pressure drop distribu-
tion along the microchannels of the uHX.

Emulsion

Figure 4 Preliminary designed flow diagram for continuous emulsification.
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Figure 5 Flow diagram for continuous emulsification process using microstructured devices and energy recuperation.

In this study, Oil shows a dramatic viscosity drop
with increasing temperature. It is possible that the fluid
in the Oil passage shows low viscosity near the inner
channel surface due to high temperatures, however, the
main part of the fluid in the center of the channel may
go through rapidly without being heated sufficiently.
Thus, the dimensions of the channels should be appro-
priately designed. In this calculation, 10 foils were
taken for each passage and each foil had 100 micro-
channels. A single microchannel had a cross sectional
area of 0.2x0.2 mm? and a length of 4 cm. To simplify
the calculation, it was assumed that there were no tem-
perature gradients inside each cross-section of the pas-
sages and the length of the flow distribution area was
neglected. A hot water flow with an inlet temperature of
95°C was chosen to heat the Oil. The mass flow rate of
0il was set to 15 kg/h with an inlet temperature of 20°C.
Along the flow direction, each channel was divided into
400 cells of equal length. Calculation on each section
was carried out subsequently. The Oil was supposed
to be heated to 80°C, and based on the selected heat
exchanger geometry, the required water flow rate was
found to be 30 kg/h.

The heat capacity of Oil (C)) was measured by using a
SETARAM Micro DSC-II calorimeter under air atmosphere.
The scanning range was 20°C-90°C and the scanning rate
was 0.1 K-min™. The results are shown in Figure 6. C, of Oil
increases slightly with temperature and has an average of
1.94 kJ-kg'-K?, which is nearly half that of water. Oil will be
heated to 80°C using a pHX, so the temperature distribu-
tion inside the pHX will cover the temperature range from
room temperature to 80°C. C, values (Figure 6) and the
viscosities (Figure 2) were fitted by polynomial curves and
used for calculations. The calculated pressure losses and

the transferred thermal power along the channel length
are presented in Figures 7 and 8, respectively.

Figure 7 shows the differential and integrated pres-
sure loss along the channel length. Due to the dramatic
viscosity variation with temperature, the pressure loss
close to the entrance part of the pHX is more significant
than that of the rest of the channel length. At the same
time, the emulsifier may provide an important contribu-
tion to reducing the pressure loss, especially near the
entrance. Figure 8 shows that Oil flow or Oil-emulsifier
mixture flow has no evident difference with regard to heat
transfer. This is because the low content of emulsifier
in the mixture does not change the heat capacity much.
Figure 7 proves that most of the pressure loss occurs
within the first 1.5 mm from the entrance of the pHX, and
Figure 8 indicates that the heat transfer principally occurs
within the first 4 mm from the entrance, which shows the
pHX can be optimized by shortening the channel’s length.
For the co-current flow pHX [10] previously developed in
our institute, a short channel length can make it show
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Figure 6 Heat capacity of Oil.
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Figure 7 Pressure loss of Qil (Oil-emulsifier mixture) flow in an ideal co-current flow pHX (only the pressure drop along the first 5 mm of the
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similar behavior as the cross flow pHX due to the entrance
distribution area [11]. The calculation above was based on
the assumptions that there were no temperature gradients
inside each channel section and no flow distribution area.
In reality, it takes a certain time for the heat transfer from
channel surface to the center of the fluid and the length of
heat transfer area will be longer than the calculated value.
So, the co-current flow pHX will still show advantages in
this application, provided that the co-current flow pHX of
future designs can reduce significantly the flow distribu-
tion length.

Basically, Figure 7 presents the pressure loss in the
passages which is directly related to the pumping energy.

—a—Qil
=0=0Qil-emulsifier mixture

Locally transferred thermal power (kW/m)

Channel length (10 m)

Figure 8 Transfer of thermal power in an ideal co-current flow pHX
(only the transferred thermal power along the first 5 mm of the
channel length is shown).

Figure 8 presents the heat transfer which is directly related
to the heating energy. They are the two main energy con-
sumptions in the pHX system. The power balances for the
two processes were calculated and presented in Table
3. The energy efficiency of the pump was assumed to be
85%. The required pumping power is much smaller than
the required thermal power (<5%) for the pHX.

The Oil-emulsifier mixture flow can reduce the pres-
sure loss in the pHX compared to the Oil flow, but its
influence on the total energy requirement in the pHX is
negligible. The subsequent unit operation is emulsifi-
cation. This process causes a very high pressure loss
compared to the pHX. Losing more pressure in the pHX
requires the installation of an additional pump for the
high pressure emulsification. Thus, the investment on
pumps may increase the total costs. But the premixing
of Oil and emulsifier will need extra mechanical energy
input. For the water-emulsifier flow process, the pumping
energy is high, but the operation is relatively convenient
for industrial production. In conclusion, each process has
its advantage and both processes will be developed and
compared experimentally.

Table 3 Power consumption in the pHX for the two processes.

Fluids Total thermal Total pumping

power (W) power (W)
oil 488 23
Oil-emulsifier mixture 488 16
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5 Con ClU SiO ns of emulsions from different arrangements of mixing shows
that orders of mixing do not have much influence on cre-
Within the present study, a continuous emulsification ating the desired product quality. The emulsion needs to
process based on microstructured devices was developed be stored at low temperature to ensure its physical stabil-
schematically and evaluated. The dispersed phase and ity over along time or it has to be used directly. The energy
the emulsifier are Newtonian fluids and the emulsion was consumption in the pHX was also evaluated. In the end,
proved to show Bingham behavior; these properties will an emulsification process with energy recuperation was
facilitate the simulation work. Increasing temperature presented and will be tested at a later stage of this project.
and adding emulsifier can both reduce the viscosity of Oil,
which shows solutions to reduce the pressure loss in the
emulsification process. The droplet size distribution study Received July 17, 2013; accepted September 2, 2013
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