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Abstract Oil-in-water(o/w) emulsions were produced with a membrane emulsification system. The effect of the
continuous phase viscosity on the emulsification was studied. The theoretical analyses show that the continuous
phase viscosity influences not only the flow field of the continuous phase but also the interfacial tension. The droplet
size distribution and disperse phase flux for different continuous phase viscosity were investigated experimentally at
constant wall shear stress and constant volume flow rate of the continuous phase respectively.
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1 INTRODUCTION

Emulsions are dispersions of two or more nearly in-
soluble phases e.g. water and oil. One phase is
distributed in form of droplets in the other phase.
Emulsions are often prepared as foods, pharmaceuti-
cals and cosmetics. The mainly conventional emul-
sification systems are rotor-stator-systems and high-
pressure homogenizers. In these systems, the droplets
of a premix are deformed and disrupted under great
stress applied!?),

Membrane emulsification is a new emulsification
technology based on the use of a microprous mem-
brane. With this technology, droplets of the disperse
phase are produced in a different way from the above
conventional technology(®. Fig.1 shows the mem-
brane emulsification process for an o/w emuision. The
disperse phase in one side of a hydrophilic microprous
membrane is pressurized and permeates through pores
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Figure 1 Membrane emulsification process
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of the membrane into the continuous phase flowing
along another side of the membrane. Droplets of the
disperse phase form at the ends of membrane pores,
and detach from the membrane when their diameter
reaches to certain value. Emulsifier molecules absorb
to the newly formed interfaces to stabilize the emul-
sion.

By using a membrane with a very narrow pore size
distribution, one can produce emulsions with a very
narrow droplet size distribution®=5. Because of the
low shear stress at the membrane surface, this method
also allows to use shear sensitive ingredients®!. More-
over with membrane emulsification the energy needed
is considerably less than that required by the con-
ventional systems. It is possible to produce o/w,
w /o emulsions and even multiple emulsions depending
on the membranes used (hydrophilic or lipophilic){”.
Previous experiments have shown that besides the av-
erage pore size of the membrane the transmembrane
pressure and the interfacial tension have influence on
the result of membrane emulsification2—¢/.

In order to prepare a stable emulsion, some sub-
stances e.g. emulsifiers or stabilizers are usually added
in the continuous phase (or disperse phase). Stabi-
lizers change the viscosity of the continuous phase.
The purpose of this work is to investigate the effect of
the continuous phase viscosity on emulsification with
application of a stabilizer.

2 THEORY
2.1 Flux of disperse phase

The flux of disperse phase Jy is determined as fol-
lows
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I:).
Ja= (1)
It is assumed that Jy obeys Darcy’s law, i.e.
Aptm — Apy
Jy=B——m——~
4 N7 (2)

where B is a factor depending on the membrane struc-
ture, Apry is the transmembrane pressure and de-
fined as i

Pe,in QP("OM (3)
Ap., is the pressure difference to overcome the capil-
lary effect!®]

Aprm = pd —

4y(t)
ddr
2.2 The forces acting on a droplet
The forces acting on a droplet determine the
droplet formation and detachment. These forces can
be divided into holding and detaching forces, which
hold the droplet on the membrane surface and de-
tach the droplet from the membrane surface respec-
tively. When the detaching forces become higher than
the holding forces, the droplet begins to pinch off and
breaks away.

Apy = (4)

The main forces acting on a droplet before its de-
tachment are schematically shown in Fig.2. They are
as follows.

Foo

F;—Fg Fp

.

Figure 2 Schematic diagram of forces acting on a
droplet

(1) Interfacial tension force
qu = ﬂ'dn"f(t} (5)

(2) Static pressure difference force Fsp, which is
a force due to static pressure difference between the
inside and outside of the droplet, i.e. between the
disperse phase and continuous phase.

Fsp = (p3 — p?)An (6)
In quasi-static state
ps — P2 = Apy (7)

From Eqgs. (4), (6) and (7) we obtain

4y(t) ™ d,
F —_ d2 —

P74y 4 b dgr ®)
The force Fsp is in the same straight line as force F.,,
thus from Eqgs. (5) and (8) we obtain

2) =rd(1- ) ©
Since d, is always less than dg4;, F,, — Fsp is positive
i.e. the direction of F., — Fgp points to the inside of a
membrane pore (Fig. 2).

(3) Dynamic lift force Fpr, which results from the
asymmetric velocity profile of the continuous phase.
Rubin gives the following relation for calculating dy-
namic lift force(®19)

Fy - Fsp = Fy(1-

1.5
For = 0.761 7% %aPe° (10)
p‘c
(4) Viscous drag force Fp. It is assumed that the
droplets are formed only in the laminar sublayer. For
a spherical droplet the viscous drag force can be cal-
culated according to Stokes’s equation!!]
3 2
Fp = 3mwe mdacpte = Eﬂdedr (11)
Among these forces, F, is a holding force, while
Fsp, Fpr and Fp are detaching forces. Increase in
F., — Fsp will increase the diameter of droplets at de-
tachment, while increase in Fpy, and Fp will decrease
the diameter of droplets at detachment. The other
forces like the inertial force, buoyancy force and grav-
ity force are negligible in our calculation(2.
2.3 The probable influence of continuous phase
viscosity
2.3.1 Influence on wall shear stress
The relationship of the continuous phase viscosity

pc and the wall shear stress 7, isl12]
e Ve )
Tw = Slefc D3 (for laminar flow) (12)
and
02507571 75 0.25 ,0.75771.75
Pe p22 2TV
l i
(for turbulent flow) (13)

From Egs. (12) and (13) Tw is proportional to p. for
laminar flow and to p%?® for turbulent flow. There-
fore, the continuous pha.se viscosity will affect the
forces Fp and Fpy acting on the droplet. Egs. (12)
and (13) indicate that when p. varies, 7y can be kept
constant by changing volume flow rate of continuous
phase ‘L{:
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2.3.2 Influence on interfacial tension

As time goes on, more and more emulsifier
molecules adsorb to the newly formed interface be-
tween oil and water to cause a reduction of the inter-
facial tension v(t). Hence «(t) is a function of interface
age t. Three steps must be considered in adsorption of
emulsifier molecules(!3!: (1) solution of emulsifier mi-
cellae; (2) transport of emulsifier molecules from the
aqueous bulk phase to the interface; (3) adsorption
of emulsifier molecules at interface i.e. the transfer
of the molecules from the dissolved state to the ad-
sorbed state. If the oil droplets are within the lami-
nar sublayer, the transport of emulsifier molecules to
the interface is by diffusion. The diffusion coefficient
can be described with the following Stokes-Einstein
equation*4)

D, = T (14)
A

According to this equation the diffusion coefficient of
emulsifier is inversely proportional to the continuous
phase viscosity p.. It means that with increasing p.
the rate of reduction of ¥(t) decreases due to decreas-
ing diffusion coefficient of emulsifier.

3 EXPERIMENTAL
3.1 Materials

In this work only o/w emulsions were prepared.
Purified vegetable oil was used as the disperse phase.
The continuous phase consists of deionized water and
polyethylene glycol (PEG) 20000, which is often used
as a stabilizer of emulsions. The greater the PEG
concentration, the higher the viscosity of the continu-
ous phase. By changing PEG concentration we obtain
continuous phases with different viscosity. The viscos-
ity was measured with a Controlled Stress Rheometer
(Carri-Med Germany Ltd., Duesseldorf). Sodium do-
decy! sulfate (SDS) was used as emulsifier in the con-
tinuous phases.
3.2 Membranes

The membranes used are aluminium oxide (a-
Al;03) membrane tubes (Membranflow, Germany).
The inner diameter of the membrane tube is 7 mm,
and the effective area of membrane surface is about
0.005 m?.
3.3 Apparatus

The membrane emulsification apparatus used in
this study is shown in Fig.3. The continuous phase
or emulsion was circulated through the inner side of
the membrane tube. The disperse phase was stored in
a container, and was pressurized with compressed air.
Through a pipe the oil reaches the outside of the mem-
brane tube. The oil container was put on an electric
balance in order to determine the mass of oil added in
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the continuous phase. The oil flux Jq was calculated
from this mass.

Figure 3 Membrane emulsification apparatus
1—cooling system; 2—water with stabilizer and emulsifier;
3,9—cleaning solution; 4—pump; 5,10,11—manometer;
6—electric balance; 7—oil; 8—compressed air;
12—membrane module; 13—membrane; 14—thermometer

3.4 Measurement of emulsion properties

The average droplet diameter and the droplet size
distribution of emulsions were measured by means of
a laser-scattering particle analyzer (Master Sizer X,
Malvern Instruments Ltd., Herrenbeg). The aver-
age droplet diameter was expressed in sauter diameter
d3,2. The span of the droplet distribution was defined

as follows
3,90 — 3,10

3,50
where x3 . (2=10, 50, 90) is a droplet diameter, which
means z% volume of the disperse phase form droplets
with diameter not larger than z3 ..

(15)

4 RESULTS AND DISCUSSIONS
4.1 Effect of continuous phase viscosity on av-
erage droplet diameter and span of the droplet
size distribution

Fig. 4 shows the relationship between the average
droplet diameter d3 2 and the continuous phase viscos-
ity p. under different transmembrane pressure drop
Aprm when the wall shear stress 7, is constant. For
every Aprm, d3 2 increases with increasing u.. This
is because that when 7, is constant, with increasing
e, Fpi decreases [see Eq.(10)], and F, — Fsp in-
creases due to the decrease of reduction rate of «(t)
[see Eq.(9)]. Thus, the diameter of droplets at de-
tachment increases. This leads to the increase of dj 5.

Moreover it is possible that the droplets co-
alesce due to insufficient adsorption of the emulsifier
molecules on the interface. Besides, an osmotic press-
ure gradient between the bulk phase and the gap of
two droplets will form when the PEG-molecules can
not reach the liquid film between the droplets. In this
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case the water will flow out from the gap and there-
fore diminish the stabilized film between droplets. If
a critical film thickness is reached, the droplets will
coalesce. These will also lead to the increase of dj 2
with increasing pu..
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Figure 4 Average droplet diameter ds 3 versus
continuous phase viscosity p, under different
transmembrane pressure Apppg
(emulsifier: 2% SDS; average pore diameter of the membrane:
0.5 pm; operating temperature: 25°C; tw=33 Pa)
Aprm % 1075 Pa: ® 1.5; @ 2.0; A 2.5; ¥ 3.0

Fig. 5 shows the relationship between dz 2 and p.
under a fixed Apty when the volume flow rate of con-
tinuous phase V. is constant. With increasing i, d3 2
increases till . =~ 10 mPa-s and then decreases. From
Egs.(12) and (13), 7w will increase with increasing
pe when V. is constant. According to Ref.[12] the
increase of 7, will lead to a decrease in d3 5. There-
fore, with increasing p. the change of das in Fig.5
should result from the increase of ds » due to the rea-
sons mentioned above in the discussion on Fig. 4, and
the decrease of d3 2 due to the increase of 7.

In the scope of this experimental work, the span
of the droplet size distribution is independent of the
continuous phase viscosity. It varies between 1.2 and
1.6.
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Figure 5 Average droplet diameter d3 2 versus
continuous phase viscosity p
(emulsifier: 2% SDS; average pore diameter of the membrane:
0.8 um; operating temperature: 25°C; Aprm=2.0x10° Pa;
V. = 0.45m3-h~1)

4.2 Effect of continuous phase viscosity on dis-
perse phase flux

Fig. 6 shows the relationship between the disperse
phase flux Jy and p. for different Appy when 7, is
constant. With increasing p., Jyq decreases slightly
when p. < 10mPa-s, and then keeps approximately
constant. This is because of two tendencies, one is
the decrease in Ap, due to the increase of dy, with
increasing p. (see 4.1), and the other is the increase
in Ap, due to the decrease of reduction rate of ~(t)
with increasing p..

Fig.7 shows the relationship between Jy and pu.
when V. is constant. In this figure, with increasing
le, Jg increases when u. is less than about 60 mPas,
and then keeps approximately constant. This can also
be interpreted easily by the varying of 7., da, and (t)
with p.. The varying of Jq with 7, has been studied
by our previous work(12),
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Figure 8 Disperse phase flux J4 versus continuous
phase viscosity pu. under different transmembrane
pressure Apry
(emulsifier: 2% SDS; average pore diameter of the membrane:
0.5 um; operating temperature: 25°C; 7, =33 Pa)
Aprm % 1075, Pa: B 1.5; @ 2.0; A 2.5; ¥ 3.0
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Figure 7 Disperse phase flux J4 versus continuous
phase viscosity u.
(emulsifier: 2% SDS; average pore diameter of the membrane:
0.5 pm; operating temperature: 25°C; Apry = 2.0 X 10° Pa;
V.=0.45m3-h~1)
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5 CONCLUSIONS

(1) For membrane emulsification, the viscosity of
continuous phase influences the wall shear stress and
the diffusion of emulsifier molecules, and therefore in-
fluences the emulsification.

(2) For constant wall shear stress with increasing
of the continuous phase viscosity, the average droplet
diameter of the emulsion increases; the disperse phase
flux decreases slightly when the viscosity is less than
10mPa-s and then keeps constant.

(3) For constant volume flow rate of the continuous
phase, with increasing of the continuous phase viscos-
ity, the average droplet diameter increases when the
viscosity is less than 10 mPa-s, and then decreases; the
disperse phase flux increases when the viscosity is less
than 60 mPa-s, and then keeps constant.

NOMENCLATURE

A area of membrane surface, m?

An cross-sectional area of the droplet neck, m?

a length of emulsifier molecule, m

B factor depending on membrane pore characteristics
[Eq. (2)].

D, diffusion coefficient of emulsifier, m2.s~1

Dy inner diameter of membrane tube, mm

dy, diameter of oil droplet, pm

dn diameter of the droplet neck, um

da 2 average droplet diameter of emulsion, um

Fp viscous drag force, N

Fpy dynamic lift force, N

Fgp Static pressure difference force, N

F, Interfacial tension force, N

Jg disperse phase flux, L-m~2.h~!

k Boltzmann’s constant, J.-K~1

AL membrane thickness, m

Pe,in pressure of continuous phase at the module inlet,
Pa

Pe,out pressure of continuous phase at the module outlet,
Pa

Pd pressure of disperse phase, Pa

p? pressure of continuous phase on membrane surface,
Pa

pﬂ pressure of disperse phase on membrane surface,
Pa

Aprm  transmembrane pressure, Pa

June, 2000

Ap,  pressure difference to overcome the capillary effect,
Pa

T absolute temperature, K

e average velocity of continuous phase in membrane
tube, m:s~?

Ve volume flow rate of continuous phase, m®.h~!

Vy volume permeation rate of disperse phase, m*h~!

we,m  average velocity of continuous phase flowing past the

surface of forming droplet, m-s~?!

T3,z droplet diameter, which means z% volume of the dis-
perse phase form droplets with diameter not larger

than z3,z, pm
~(t) interfacial tension, N-m~—!
He viscosity of continuous phase, mPa-s
Ha viscosity of disperse phase, mPa-s
Pc density of continuous phase, kg:m~3
Tw wall shear stress, Pa
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