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The preparation of fine and monodispersed water-in-oil (W/O) emulsions by uti-
lizing hydrophobic hollow polypropylene fibers with 0.4 pm pores was investigated in
this work. The experiments were carried out using demineralized water as the disperse
phase, mineral oil Velocite No. 3 as the continuous phase, and polyglycerol polyrici-
noleate (PGPR 90) in the concentration range of 2.5 — 10 wt % as the oil-soluble emulsi-
fier. The size of the water droplets in the prepared emulsions and the droplet size distri-
bution strongly depend on the content of the disperse phase, the transmembrane pressure
difference, and the emulsifier concentration. Stable emulsions with a very narrow drop-
let size distribution and a mean droplet diameter lower than 0.27 pum were produced us-
ing 10 wt % PGPR 90 at a pressure difference below 30 kPa.

Keywords: emulsification, membrane emulsification, water-in-oil emulsions, hollow fi-
ber, polypropylene hollow fibers.

INTRODUCTION

Emulsions are disperse multiphase systems consisting of at least two immiscible lig-
uid phases, e.g., water and oil. The stability of an emulsion is obtained by dispersion of very
fine droplets of one liquid, called the disperse phase, through the other liquid, called the con-
tinuous phase. Depending on which is the disperse and which the continuous phase there
are two types of two-phase emulsions: oil-in-water (O/W) and water-in-oil (W/O). Systems
containing an emulsion as the disperse phase are called double emulsions. Typical food
O/W emulsions are milk and mayonnaise, while typical food W/O emulsions are butter and
margarine. Low calorie mayonnaise is an example of a W/O/W type double emulsion in
which the dispersed aqueous drops themselves contain dispersed oil droplets.!2 For
macroemulsions, the droplet size of the disperse phase is between 0.1 and 50 um. These
emulsions are thermodynamically unstable and have to be stabilized by emulsifiers and/or
stabilizers. Emulsifiers are surfactants which lower the interfacial tension between the
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phases and stabilize the droplets by inducing steric and/or electrostatic repulsion between
the droplets. Stabilizers are macromolecules which prevent coalescence primarily by in-
creasing the viscosity of the continuous phase.

Emulsification is usually performed using ultrasonic homogenizers, high-pressure
homogenizers or rotor/stator systems, such as stirring vessels, colloid mills and toothed disc
dispersing machines.3 In the dispersing zone of these machines high shear stresses are ap-
plied to deform and disrupt large droplets of a premix. Therefore, shear-sensitive ingredi-
ents, such as proteins or starch, may lose their functional properties resulting in poor system
stability. Membrane emulsification is a new emulsification technology based on the use of a
microporous membrane. In this process, the disperse phase is pressed through the mem-
brane pores into the continuous phase where the droplets are formed. By using membranes
having a uniform pore diameter, emulsions with a very narrow droplet size distribution can
be produced. The production of monodispersed emulsions is important in the preparation of
uniform metal oxide particles by the hydrolysis of alkoxide,* in the preparation of a liquid
crystal/polymer composite film which is the heart of a liquid crystal display device,’ in the
hydrolysis of olive oil by lipase.® in the preparation of liposomes,’ and in the synthesis of
uniform polymeric microspheres by suspension polymerization.8:2 These uniform micro-
spheres can be used as carriers for enzymes, cells or catalysts, or as packing for analytical of
preparative columns, 0 efc.

The application of a microporous membrane has several advantages over con-
ventional emulsification devices. Firstly, the membrane emulsification method enables
very fine and monodisperse emulsions of controlled mean droplet size to be obtained.
Secondly, although an appropriate amount of emulsifier in the continuous phase is in-
dispensable, successful emulsification can be obtained with much less emulsifier and
much less energy consumption than is necessary with conventional methods. Thirdly,
because of the law shear stress at the membrane surface, membrane emulsification en-
ables the use of shear sensitive ingredients, such as starch and proteins. The micropo-
rous membrane employed for emulsification must have a narrow pore size distribution
with a mean pore diameter between 0.1 and 10 pm. Also, the membrane surface must
not be wetted by the disperse phase. Therefore, a W/O emulsion is produced using ei-
ther a hydrophobic membrane or a hydrophilic membrane previously treated with the
oil phase to render it hydrophobic. The Shirasu porous glass (SPG) membrane devel-
oped by Nakashima and Shimizu!! is the most suitable membrane presently available
for use in membrane emulsification systems. Monodisperse O/W emulsions have also
been successfully prepared using microporous alumina ceramics membranes!2:13 and
microporous polysulfone hollow fibers.!4

However, only a small number of investigations dealing with the preparation of W/O
type emulsions by membrane emulsification method have been reported. This can be ex-
plained by the fact that the preparation of a monodisperse W/O type emulsion is difficult
compared to a O/W emulsion because it is dificult to stabilize the water droplets by an elec-
trical double layer repulsion force in an oil phase with a low dielectric constant.!3 In this
study, the preparation of monodisperse W/O type emulsions using microporous polypropy-
lene hollow fibers has been investigated for the first time. Until now, these fibers have been
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used for membrane distilation, 16 dispersion-free solvent extraction,!” bubbleless gas ab-
sorption,!8 and other nondispersive phase contact processes.

EXPERIMENTAL

W/O emulsions containing demineralized water as the disperse phase and mineral oil Velocite
3 (Mobil Oil, Hamburg, Germany) as the continuous phase were stabilized using polyglycerol
polyricinoleate (PGPR 90, Danisco, Denmark) as the emulsifier. The emulsions were prepared in a
Microdyn membrane module (Wuppertal, Germany), type MD 020 CP 4N. The module consists of 40
microporous hollow fibers made of polypropylene with an inner diameter of 1.7 mm and a mean pore
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Fig. 1. a) Schematic view of the experimental set-up used in this work;
b) Cleaning cycle of the membrane emulsification system.
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size of 0.4 um. The effective fiber length is 468 mm and the effective membrane area is 0.1 m?. The fi-
bers were potted with polyurethane resin inside a cylindrical polypropylene shell with an outer diam-
eter of 25 mm and a length of 500 mm.

The experimental set-up used in this work is shown in Fig. 1a. In order to remove water from
the interior of the fibers, tubes, and the gear pump, the oil phase was first pumped from reservour B
through the inside of the module to reservoir A. Then, the setting of the three-way valve V8 was
changed allowing the oil phase to recycle between the module and the holding reservoir B with the
gear pump (Multifix, model MEL 3000). The flow rate of the oil phase was maintained constant at
about 130 L h!. In the pressure vessel C, on the other hand, the dispersed phase (water) was pressur-
ized to a specified pressure with compressed air and introduced to the outside of the fibers. At the be-
ginning of each experiment the air bubbles from the extracapillary space were released to the atmo-
sphere through the three-way valve V4. The disperse phase pressure was adjusted with the regulating
valve V1 and monitored by the gauge M1 located at the entrance of the module. The tube-side pres-
sures at the module inlet and outlet were measured by means of the pressure transducers M2 and M3
and used to calculate the transmembrane pressure difference Apy,,, according to the following equa-
tion:

Apim ~Pgd +100 — (Pc,in +Pc,out)/2 (1)

where p, 4 is the disperse phase gauge pressure outside the fibers, and p ;, and p ¢ are the continuous
phase absolute pressures at the module inlet and outlet, respectively (all in kPa). The weight of water
passing through the pores into the continuous phase was measured continuously by a digital balance on
which the pressure vessel rested. The digital balance was connected to a PC computer for data acquisi-
tion. The disperse phase flux was calculated as:

Ja=mg/pad) 2)

where 4 is the effective membrane area, pqis the disperse phase density, and m is the mass flow rate of
the disperse phase determined from the slopes of the m versus ¢ plots (Fig. 2) using the least-squares re-
gression analysis method. The mean droplet size and the droplet size distribution were measured using
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Fig. 2. Mass removal of disperse phase (water) from the pressure vessel as a function of time.
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a laser scattering system (Malvern Mastersizer X, Malvern Instruments, Germany), which allows the
detection of droplets with a minimum diameter of 0.1 pm. The mean droplet diameter was expressed as
the mean Sauter diameter, d3 5, which is the diameter of a spherical droplet which has the same area per
unit volume, S, as that of the total sum of droplets in the emulsion:

6 Zk V. B
B2 S( d J

t i

where V;is the volume fraction of droplets in the ith size range, the mean diameter of which is d;, and &,
is the number of size ranges.

After each experiment the system was cleaned in situ with cleaning agents (Fig. 1b). The
emulsion was first removed with a large amount of water flowing in an open cycle. The water was
than replaced with 4 L of a 1 wt % aqueous solution of the alkaline cleaning agent P3-ultrasil 11
(Henkel Hygiene, Diisseldorf, Germany) flowing in an open cycle. Afterwards, the system was
cleaned with an additional 4 L of 1 % P3-ultrasil 11 solution flowing in a closed cycle between the
module and reservoir B at a temperature of 50 °C. The cleaning solution was simultaneously recycled
outside the fibers using a gear pump and inside the fibers using a Netzsch mono-pump (Waldkraiburg,
Germany), type NL 20. After about 60 min, the alkaline cleaning agent was removed from the system
with 4 L of a 1 wt % aqueous solution of the neutral cleaning agent P3-ultrasil 53 (Henkel Hygiene).
The system was then cleaned with an additional 4 L of a 1 wt % P3-ultrasil 53 solution flowing in a
closed cycle at 50 °C for about 60 min. Finally, the system was thoroughly rinsed with demineralized
water until the pure water flux at the given transmembrane pressure difference was restored to its ini-
tial value.

RESULTS AND DISCUSSION

In Fig. 2 the mass of demineralized water removed from the pressure vessel is
ploted against time for two typical experiments. Similar dependencies were also ob-

3.5

2

3.0 10% PGPR

3

disperse phase flux J,, cm’/(m" min)

2.5

2.0 A |

1.5+

1.0+

0.5 T T T T T T T T T T T
20 30 40 50 60 70 80

transmembrane pressure difference Ap_ , kPa

Fig. 3. Steady-state disperse phase flux as a function of transmembrane pressure difference at an
emulsifier (PGPR 90) concentration of 10 wt %.
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Fig. 4. Mean droplet diameter as a function of the disperse phase concentration.

tained for other operating conditions, but for the sake of clarity these dependencies are
omitted from Fig. 2. The disperse phase flux initially decreased with time but after a cer-
tain period a steady-state was established. As shown in Fig. 3, the steady-state flux of
the disperse phase increases linearly with increasing transmembrane pressure differ-
ence Apn, Which is in accordance with Darcy’s law. At Apyy, = 28 — 76 kPa with an
emulsifier concentration of 10 wt %, the steady-state flux of the disperse phase ranges
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Fig. 5. Mean droplet diameter as a function of the transmembrane pressure difference at an emulsi-

fier (PGPR 90) concentration of 10 wt %.
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Fig. 6. Droplet size distribution curves for emulsions prepared under different experimental condi-
tions.

from 0.8 to 3.2 cm3/(m2 min). At the same pressures, water flux into the pure water at
the other side of the membrane was in the range of (0.8 —2.0)x 104 cm3/m?2 min), which
is 4 orders of magnitude higher than the disperse phase flux. Therefore, only a very
small fraction of the pores take part in the permeation of the disperse phase through the
membrane.

The influence of the content of the disperse phase in the emulsion on the mean
droplet size is shown in Fig. 4. In most cases, the mean droplet size decreases greatly
when the disperse phase content is increased from 2.5 to 5 vol %, but above 10 vol % an
almost constant value is attained. The largest mean droplet size at the lowest disperse
phase concentration of 2.5 vol % can be attributed to the relatively high disperse phase
flux at the beginning of each experiment. Larger dropletes are formed at higher fluxes
because the emulsifier is unable to stabilize the new interfaces fast enough.

Obviously, the mean droplet size increases with increasing transmembrane pres-
sure difference and with decreasing emulsifier concentration, which is also observed in
the preparation of O/W type emulsions.!3:19 At an emulsifier concentration of 10 wt %
and a transmembrane pressure difference of 28 kPa, the mean droplet diameter is only
0.265 pm (Fig. 5), which is 34 % smaller than the mean pore size. One of the possible
explanations of this is that the water which penetrates through the membrane cannot
completely displace the oil from the interior of the pores due to the high viscosity of the
oil compared to that of water. Therefore, some amount of the oil phase is retained inside
the pores in the form of a layer leading to a decrease in the effective pore diameter.20
This dependency between the mean droplet size and the mean pore size was also re-
ported by Kandori et al.,2122 for the preparation of W/O emulsion by the SPG filter
emulsification method using various kinds of microporous glass filters of different pore
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diameters and copolymer-type surfactants. As an example, Kandori2? prepared a
monodisperse W/O emulsion with a mean droplet size of 0.67 um using a 2 wt % PE-64
surfactant concentration and a hydrophilic SPC filter with a mean pore size of 0.98 um.
This result is opposite to that obtained for O/W emulsions when the mean diameter of
the oil droplets is several times larger than the mean pore size.!2-23

Typical droplet size frequency distribution curves for emulsions prepared under
different experimental conditions are shown in Fig. 6. The most frequently occurring
droplet size lies in the interval between 0.21 and 0.26 pwm, and is independent on the op-
erating conditions in the investigated range. As can be seen from Fig. 6, an elumsion
with very narrow droplet size distribution was obtained with a pressure difference of 28
kPa using 10 wt % PGPR in the continuous phase. This emulsion contained more than
98 vol % of water dorplets smaller than 0.65 pm. However, at higher transmembrane
pressures, emulsions with broader droplet size distributions were obtained. For exam-
ple, the emulsion prepared with a pressure difference of 77 kPa using 10 wt % PGPR
contained 77 vol % of droplets smaller than 0.65 pwm. On the other hand, the emulsion
prepared under the same pressure difference and stabilized using 2.5 wt % PGPR con-
tained only 35 vol % of droplets smaller than 0.65 pm.

CONCLUSION

W/O emulsions with narrow droplet size distributions and water content between
2.5 and 25 vol % were successfully prepared using microporous polypropylene hollow
fibers. The emulsification results were expressed as the disperse phase flux, the mean
droplet diameter, and the droplet size distribution. Both the disperse phase flux and the
mean droplet diameter increased with increasing transmembrane pressure difference.
In addition, the mean droplet size decreased with increasing emulsifier concentration.
The disperse phase flux decreased with time until a steady state flux value was estab-
lished. The steady-state disperse phase flux was 4 orders of magnitude lower than that
of the pure water flux, indicating that a large majority of the pores were blocked by the
oil phase during the permeation of water through the membrane.
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KAPAKTEPU3ALMNIA EMYII3NJA TUITA BOOJA-Y-YbY JOBUJEHUX IIOMORY
MMUKPOITIOPO3HUX ITOJTUITPOITMJIIEHCKHUX IIYTIIbMX BIAKAHA
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CrabunHe MOHOANCIIEp3HE eMYJII3Hje BOfle Y MUHEPATHOM YJbY CY MPOINpeMIbeHe NMpo-
NyLITakbeM BOJe MOJA IMPUTHCKOM KpPO3 IOpe MOJUNPONMISHCKUX HIYIJBUX BIaKaHa Ipe-
yarka 0,4 um y KOHTHHYaJIHY a3y Koja je peuupKyiucana yHyrap Biakana. Piaykc gucre-
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p3He dasze Kkpo3 MeMOpaHy y IPUCYCTBY YyJbHe (pa3e yHyTap BilakaHa je 3a 4 pefja BeJIMYnHe
MamH off hiryKca Koju ce fo6uja Kajja ce ca 06e crpaHe MeMOpaHe Hajla3| Boja, IITO yKasyje
Ja je IpH eMyJIroBakby BEJIUKU IPOLeHaT Nopa OJOKUPAH YIbeM U Kao TaKaB HE yUecTBYje y
nepMeanuju Boie Kpo3 MeMOpany. Cpeilbil IPEUHKK KalK Y IPUIPEM/bEHHM eMyJI3Hjama
pacTe ca opacToM TpaHcMeMOpaHCKe pa3jike IIPUTHCcAKa a Ollajia ca MopacTOM KOHIIEH-
Tpauuje eMyiararopa (IOJUINIUIEPOI-IOIUPHIMHOIeaTa). AKO ce eMyJITOBamkbe BPIIX HPU
TpaHCMeMOPaHCKO] pa3nuny nputrucaka Mamoj off 30 kPa u mpu KOHIIEHTpaIUju eMyraTopa
on 10 mac % mobwjajy ce eMyi3uje ca BpJIO YCKOM PaclofielIOM BEeJIMYNHA Kalld U CPENEHIM
NPEYHUKOM Kanu off caMo 0,27 pm.

(Ipmvbeno 20. penem6bpa 1999)
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