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Abstract

We investigate the process of membrane emulsification in the presence of the nonionic surfactant Tween 20, and
the milk proteins Na-caseinate and beta-lactoglobulin (BLG). Our goal is to examine the factors which control the
drop-size distribution in the formed emulsions. The drops are produced at the outer surface of a cylindrical
microporous glass membrane, so that the process of their formation and detachment can be directly observed by an
optical microscope. In the case of 2 wt.% aqueous solution of Tween 20 we obtain a relatively fine and monodisperse
oil-in-water emulsion with a mean drop diameter about three times that of the pore. The microscopic observations
show that in this case the oil drops intensively pop out of separate pores. In contrast, for the lower concentrations
of Tween 20, as well as for the investigated solutions of Na-caseinate and BLG, we observe that the membrane is
covered by a layer of growing attached emulsion drops, which are polydisperse, with a relatively large mean drop size.
This fact can be explained with a greater dynamic contact angle solid-water-oil. In such a case, after a drop protrudes
from an opening, it does not immediately detach, but instead, the contact area drop/membrane expands over several
pore openings. The smaller drop size in the emulsions stabilized by BLG, in comparison with those stabilized by
Na-caseinate, is related to the circumstance that BLG adsorbs faster at the oil-water interface than Na-caseinate. In
the investigated emulsions we did not observe any pronounced coalescence of oil drops. Hence, the generation of
larger and polydisperse oil drops in some of the studied solutions is attributed mostly to the effect of expansion of
the drop contact line and formation of hydrophobized domains on the membrane surface. Therefore, any factor,
which leads to decrease of the dynamic three-phase contact angle, and thus prevents the contact-line expansion,
facilitates the production of fine and monodisperse emulsions. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Studies on membrane emulsification

The method of membrane emulsification, pro-
posed by Nakashima et al. [1,2], has found a
considerable development and many applications
during the last decade [3–39]. The influence of
different factors on the process of emulsification
by microporous membranes has been investigated
in the works by Kandori et al. [3,4,6], Asano et al.
[8,9,17,33,34], Schubert and Schröder [19–21],
Williams et al. [22–24], and Yuyama et al. [37–
39]. The method has been applied in many fields,
in which monodisperse emulsions are needed. An
example is the application in food industry for
production of oil-in-water (O/W) emulsions:
dressings, artificial milk, cream liqueurs, as well as
for preparation of some water-in-oil (W/O) emul-
sions: margarine and low-fat spreads [5–
10,17,32–35]. Another application of this method
is for fabrication of monodisperse colloidal parti-
cles: silica-hydrogel and polymer microspheres;
porous and cross-linked polymer particles; micro-
spheres containing carbon black for toners, etc.
[4,11,12,18,25–31,38,39]. A third field of utiliza-
tion is for obtaining multiple emulsions and mi-
cro-capsules, which have found applications in
pharmacy and chemotherapy [13–16]. A recent
review can be found in [36]. Closely related to the
membrane emulsification is the method employing
capillary tubes and micro-channels to produce
monodisperse emulsions [40–45]. Studies on the
detachment of emulsion drops from the tip of a
single capillary have been also carried out [46–
48].

1.2. Factors affecting the emulsion drop size

A key problem of membrane emulsification is
to explain and predict the dependence of the mean
drop diameter, ddrop, on the experimental parame-
ters: mean pore diameter, dpore, applied cross flow
in the continuous phase, flux of the disperse phase
along the pores, viscosity of the oil and water
phases, interfacial tension and kinetics of surfac-
tant adsorption, etc. (Here and hereafter we call
‘disperse’ the phase from which the drops are

made, despite the fact that this phase is continu-
ous before the drop detachment from the mem-
brane.) The values of the ratio ddrop/dpore, reported
in different experimental works, vary in the range
from 2 to 10 [36]; the reasons for this variation
have not yet been well understood. Below we
briefly consider the major factors affecting the
ratio ddrop/dpore.

The experiment shows that the presence of
crossflow (stirring) in the continuous phase de-
creases the size of the oil drops, which are detach-
ing from the emulsification membrane
[20,21,23,32,35,36,47]. This fact can be explained
with the action of a hydrodynamic drag force,
which helps the emulsion drops to brake away
[23,47,49]. Ito et al. [47] have obtained a semiem-
pirical theoretical expression, which agrees very
well with the experimental dependence of the drop
volume on the applied shear rate (characterized
by the Weber number) in the case, when there is
no surfactant dissolved in either of the two liquid
phases. The approach by Ito et al. [47] uses the
diameter of the drops, formed in the absence of
crossflow, as an input parameter. In the latter case
(no cross flow), the experiment shows that ddrop/
dpore�3�0.5. On the other hand, values ddrop/
dpore�3 are typical for experiments, which are
carried out in the presence of sufficiently intensive
crossflow, supposedly the disperse phase does not
wet the membrane [2]. (If the disperse phase wets
the membrane, one obtains emulsions with ddrop/
dpore�3.5 even in the presence of considerable
stirring; this issue is discussed in details in Section
6 below.)

The flux of the disperse phase along the pores
of the emulsification membrane can be varied by
controlling the pressure difference applied across
the membrane. The experiments show that typi-
cally an increase of the transmembrane flow (or of
the applied pressure) results in a greater mean
drop size and in a higher polydispersity of the
formed drops [9,19,21,32,37]. Moreover, one can
distinguish two regimes of transmembrane flow:
(i) fixed flow rate and (ii) fixed pressure. The
former regime takes place in the emulsification
setups using a bunch of capillaries or micro-chan-
nels, where the disperse phase is usually supplied
by a pump [40–45]. The second regime is typical



N.C. Christo� et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 209 (2002) 83–104 85

for the standard emulsification setups, in which
the disperse phase is pushed across the membrane
by nitrogen gas from a bottle [2,5,9,14,20]. In this
case the gas plays the role of a buffer which keeps
constant the applied pressure difference across the
membrane; on the other hand, the flow rate along
a given pore may oscillate when drops grow and
detach at its orifice.

The oil–water interfacial tension, �, is recog-
nized to be the major retention force, that is the
force which keeps the drops attached to the mem-
brane surface [19,21,46]. Greater � is expected to
cause the production of larger emulsion drops.
Complications arise from the fact that, as a rule,
a surfactant (emulsifier) is dissolved in the contin-
uous phase to stabilize the produced emulsion
against drop coalescence. Since the surfactant has
a finite rate of adsorption at the oil–water inter-
face [50], the coverage of the drop surface with
adsorbed surfactant molecules decreases (and the
dynamic value of � increases) when the frequency
of drop release from the pores grows. The latter
effect could explain, at least in part, the aforemen-
tioned rise in the drop size with the increase of the
transmembrane pressure.

Another factor, related to the surfactant ad-
sorption, is the role of coalescence for establish-
ment of the drop-size distribution. The low
coverage of the drop surfaces with adsorbed sur-
factant leads (i) to a larger interfacial tension and
(ii) to a drop coalescence in the formed emulsion.
The latter two effects have the same consequence:
appearance of larger drops. It should be clarified
which effect [(i) or (ii), or both] is more important
for the observed formation of larger drops (of
diameter greater than three times the pore diame-
ter). It is possible to have coalescence of emulsion
drops at the membrane surface (during their for-
mation) and later, in the bulk of the formed
emulsion [19]. To our surprise, it turns out that
neither of the aforementioned effects is decisive
for the appearance of larger drops (ddrop/dpore�4)
in the emulsions studied by us (in Section 6 we
describe the actual mechanism of large drop for-
mation, which involves an expansion of the con-
tact area drop/membrane over several pore
openings).

Last, but not least, the membrane hydrophilic-
ity/hydrophobicity also influences the drop size
and monodispersity. In the first experiments by
Nakashima et al. [2] it became clear that the
membrane should be initially soaked and wet by
the continuous phase for fine and monodisperse
emulsion to be produced. The effect of membrane
wettability was noticed by several authors
[2,8,17,37]; some of them characterized the used
membranes with the respective solid–water–oil
contact angle. It has been established experimen-
tally that more hydrophilic membranes produce
finer O/W emulsions with a better monodisper-
sity, and vice versa [2,37].

1.3. Aim and structure of the paper

Our paper is aimed at investigating the relative
importance of several factors for the occurrence
of the membrane emulsification with O/W food
emulsions. With such emulsions, the greatest dif-
ferences between the size distributions of the pro-
duced drops have been registered, depending on
the emulsifier type and concentration
[8,17,32,34,36]. In contrast with the preceding
studies, in which the emulsion drops have been
formed at the inner surface of a tubular mem-
brane, we employ a special setup for producing
the drops at the outer membrane surface (Fig. 1).
In the former regime of emulsification, the mem-
brane could sustain larger applied transmembrane
pressures, but one cannot observe the actual pro-

Fig. 1. Sketch of the used membrane emulsification method:
the oil phase is supplied under pressure in a tubular micropo-
rous glass membrane; the emulsion drops appear at the outer
surface of the membrane, which is immersed in the water
phase.
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cess of drop formation at the microporous sur-
face, which is hidden inside the non-transparent
tube. In contrast, the setup sketched in Fig. 1
enables one to observe directly the processes at
the membrane surface and to relate the distribu-
tion of the produced emulsion drops with the
elementary acts of drop formation and
detachment.

In this paper we focus our attention (i) at the
role of the surfactant adsorption and dynamic
interfacial tension and (ii) at the effect of mem-
brane hydrophilicity on the drop size distribution.
For that reason, in the present study we do not
apply a cross flow in the continuous phase (such
flow would also influence the drop size). As men-
tioned above, the approach by Ito et al. [47],
allows one to determine the mean drop diameter
for a given crossflow rate, if the drop diameter in
the absence of stirring is known. In this way, the
problem is reduced to determining the mean drop
diameter, and the factors influencing it, in the
absence of crossflow (stirring). The latter problem
is the subject of the present study.

The paper is organized as follows. In the next
section we describe the used methods and materi-
als. In Section 3 we report results for production
of O/W emulsions by microporous membranes
using Tween 20 as emulsifier; we present and
interrelate experimental drop-size distributions
and photographs of drop formation at the mem-
brane surface. Section 4 and Section 5 contain
similar data, but for the milk proteins Na-ca-
seinate and �-lactoglobulin (BLG). Finally, in
Section 6, we discuss and interpret the experimen-
tal results for the process of membrane emulsifica-
tion in an attempt to identify the underlying
capillary mechanisms.

2. Methods and materials

2.1. Membrane emulsification apparatus and
procedure

In our experiments we used a Microkit mem-
brane emulsification module (SPG Technology,
Miyazaki, Japan), which works with tubular type
Shirasu porous glass membranes of outer diame-

ter 10 mm, thickness 1 mm and working area of
approximately 3 cm2. Membranes of different av-
erage pore diameter are available: from 1 to 20
�m. According to the manufacturer, the porosity
(the surface fraction of the pores) is about 50%.
The working pressure difference is up to 105 Pa.
As the membranes are made of hydrophilic glass,
they are suitable for producing O/W emulsions,
which is the type of emulsions investigated by us.
(After hydrophobization, the membranes can be
used also for generating W/O emulsions.) All
experiments were carried out at temperature T=
23�2 °C.

As mentioned above, one of our aims is to
observe the emulsion drops in the moment of
their detachment from the membrane. Therefore,
to produce O/W emulsions, the oil phase is sup-
plied inside the tubular membrane, and the oil
drops are released in the outer aqueous phase
(Fig. 1); this is the so called ‘batch method’ [6].
The higher pressure in the oil is provided by a gas
(N2) bottle. We do not apply a cross flow in the
outer aqueous phase. The only directed motion of
the formed oil droplets occurs under the action of
the buoyancy force. The membrane and the water
phase are placed in a cuvette from optical glass
(Hellma GmbH, Müllheim, Germany), which en-
ables one to directly observe the emulsification
process at the membrane surface. For that pur-
pose, we used a CCD camera with an attached
long-focus objective: CTL-6 (Tokyo Electronic
Industry Co., Japan) with magnification ×6 and
working distance 39 mm.

After the end of every emulsification experi-
ment, the used membrane has been recovered by
means of the following procedure: (i) soaking in 2
wt.% solution of AOT in ethanol for 2 h; (ii)
rinsing and soaking in pure water; (iii) immersion
for 1 h in water solution of 2 M HCl at 70 °C;
(iv) rinsing and soaking in pure water for 30 min.
Our practice shows that this procedure fully re-
covers the initial hydrophilic state of the SPG
membranes, which can be used in subsequent
experiments.

In the beginning of each experiment, the tubu-
lar membrane is first fixed at the holder of the
emulsification setup and immersed in the aqueous
surfactant solution. Then, the oily phase is sup-
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plied under pressure. We start with an initial
pressure that is not sufficiently high for the oil to
displace the aqueous phase from the pores of the
membrane, and consequently, emulsification is
not observed. Next, the pressure is gradually in-
creased, until the emulsification begins at a certain
threshold (critical) pressure, Pcr [2]. The working
pressure, P, during the emulsification experiment
is afterwards fixed at a value, which is slightly
(with less than 10%) greater than Pcr.

The critical pressure can be estimated from the
equation Pcr= (4�ow cos �)/dpore, where �ow is the
oil–water interfacial tension and � is the mem-
brane–water–oil contact angle (measured across
water) [2]. Since �ow and � depend on the bulk
surfactant concentration, the interfacial age (fre-
quency of drop release), and the pore diameter, in
our experiments Pcr, as well as the flux of oil
across the membrane, was different for the differ-
ent used solutions and membranes. As already
mentioned, the fixed parameter in our experi-
ments was P/Pcr�1.

In other experiments, we varied the transmem-
brane pressure, P, in a certain range above Pcr.
The formed emulsions were markedly more poly-
disperse, in agreement with the results of other
authors [9,19,21,32,37], and in consonance with
the hydrodynamic theory of drop detachment
[51].

2.2. Determination of the drop size distribution

Representative samples of the produced emul-
sions were observed in transmitted light by micro-
scope Nikon Optiphot 2 with objectives ×100
and ×50. The specimens were prepared by plac-
ing a small portion of the emulsion in a cytomet-
ric glass cell. The resolution of the used optical
microscope is 0.8–1 �m; consequently, this is the
lower limit for precise measurements of drop di-
ameters in our experiments. The microscopic pic-
tures were recorded by means of a high resolution
CCD camera (Sony) and digital memory VCR
(Panasonic WV-5490). The images were processed
using a semi-automatic image analysis software,
operating with Targa+graphic board (True Vi-
sion, USA). To determine the size distribution in
a given emulsion, the diameters of several hun-

dred droplets (at least 300) were measured and
recorded. To decrease the probability for system-
atic errors, the measurements were performed
with, at least, six different randomly chosen
frames. All droplets on the frames were taken into
account, even the smallest ones which were still
visible. The collected data were used to obtain the
drop size distribution in the form of histograms or
line-and-scatter plots (see below).

2.3. Materials

As oil phase in our experiments we used hex-
adecane (C16H34), product of Sigma (without ad-
ditional purification), and soybean oil. The latter
was purified by passing through a glass column
filled with the chromatographic adsorbent
Florisil.

In some experiments, as aqueous phase we used
solutions of the nonionic surfactant Tween 20
(polyoxyethylene-20 sorbitan monolaurate),
product of Merck. No electrolyte was added. In
other experiments, we used water solutions of
proteins, such as �-lactoglobulin (BLG) and
sodium caseinate (both of them products of
Sigma), as well as mixed solutions of BLG and
Tween 20. All protein solutions contained also 0.1
g l−1 NaN3 for antibacterial protection.

3. Results for solutions of Tween 20

3.1. Emulsions in 2 wt.% solutions of Tween 20

Fig. 2 shows the size distribution of hexadecane
drops formed by membrane emulsification (pore
diameters dpore=1.0 and 3.2 �m) in a 2 wt.%
aqueous solution of Tween 20. The distribution in
Fig. 2(a) has two peaks, the major one being at
drop diameter d1=3.0�0.2 �m. The distribution
in Fig. 2(b) has a well pronounced single peak at
ddrop=9.8�0.1 �m, that is at ddrop/dpore�3.06.
The same value of the ratio ddrop/dpore�3 has
been reported in other membrane-emulsification
experiments [2,5,6,14,19,35,36]. The hydrody-
namic theory of drop detachment [51] really pre-
dicts ddrop/dpore�3 for transmembrane pressure
equal to the critical one (for commencement of



N.C. Christo� et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 209 (2002) 83–10488

Fig. 2. Size distribution of hexadecane drops formed by mem-
brane emulsification in 2 wt.% water solution of Tween 20; the
water and oil phases are pre-equilibrated; diameters of 300
drops are measured: (a) pore diameter 1.0 �m; (b) pore
diameter 3.2 �m; the curve is a Gaussian fit, see Eq. (1).

2(a)), indicates the presence of a weak drop coa-
lescence. Most probably, the drops have coalesced
in the produced emulsion: due to the buoyancy
force the drops emerge to form a cream in the
upper part of the cuvette. There, the drops rest in
a close contact with each other and some of them
could coalesce. The absence of a secondary peak
in Fig. 2(b) can be explained with the fact that the
sample for drop-size measurement has been taken
immediately after the production of the emulsion.
In particular, Fig. 2(b) demonstrates that it is
possible to obtain emulsions with ddrop/dpore�3
and with a narrow drop-size distribution under
unstirred conditions. Our experiments indicate
that such results can be obtained if the following
two necessary conditions are satisfied: (i) The
transmembrane pressure is equal, or slightly (with
less than 10%) greater, than the critical
(threshold) pressure for drop production, and (ii)
the continuous (aqueous) phase wets well the
membrane. In addition, if stirring is applied, one
can achieve ddrop/dpore�3, see e.g. [47].

3.2. Effect of pre-equilibration of oil �ersus water
phases

It is worthwhile noting that Tween 20 is soluble
not only in the aqueous, but also in the oily
phase. The data in Fig. 2 are obtained with hex-
adecane, which was pre-equilibrated with the sur-
factant solution. If the two phases are not
equilibrated, one may expect a lower surfactant
adsorption at the oil–water interface, which im-
plies higher interfacial tension and easier coales-
cence of the emulsion drops upon collision [52].
Moreover, some dynamic phenomena, like the
cyclic dimpling [53] and osmotic swelling [54],
have been observed with emulsion films from
non-equilibrated phases. To check whether the
pre-equilibration of the oil and water phases is
important for the membrane emulsification, in
Fig. 3 we compare the drop-size distributions
obtained with pre-equilibrated and non-equili-
brated phases. (The distribution for pre-equili-
brated phases is the same as in Fig. 2(a)). One
sees that the fraction of the larger drops is slightly
greater in the case of non-equilibrated emulsions.
For statistical analysis of the drop-size distribu-

emulsification) and in the absence of cross flow in
the continuous phase.

The secondary peak in Fig. 2(a), which appears
at d2�3.8 �m, can be explained as a result of
drop coalescence. Indeed, if two drops of volume
V1 coalesce, the resulting bigger drop will have
volume V2=2V1, which implies d2=21/3d1. With
d1=3 �m, this really yields d2�3.8 �m, as exper-
imentally observed. The fact that the secondary
peak is much smaller than the major one (Fig.
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Fig. 3. Comparison of the size distributions obtained by
membrane emulsification (pore diameter 1 �m) using pre-equi-
librated and non-equilibrated hexadecane and water phases; 2
wt.% Tween 20 were initially dissolved in the water phase; for
each distribution diameters of 300 drops are measured; the
curves are Gaussian fits, see Table 1.

The values of R in Table 1 show that the size
distributions in both types of emulsions are fitted
well by a Gaussian curve. The Gaussian character
of the distribution is, most probably, due to the
random, essentially non-equilibrium, character of
the drop detachment (by a necking instability),
and to the non-uniformity in the pore sizes. The
values of dm, b and N0 are slightly greater for the
case of non-equilibrated phases. We could at-
tribute the difference between the two size-distri-
butions to the effect of a weak coalescence in the
emulsion produced from non-equilibrated phases,
or to the effect of contact-line expansion, which is
discussed in Section 6 below. The obtained small
differences (Table 1) indicate that the effect of
pre-equilibration turns out to be insignificant, at
least for the investigated system. In contrast, as
demonstrated in the next section, the variation of
surfactant concentration may have a dramatic
effect.

3.3. Effect of the concentration of Tween 20

Fig. 4 shows experimental size distributions of
hexadecane drops formed by membrane emulsifi-
cation (pore size 1.0 �m) for three concentrations,
0.02, 0.2 and 2 wt.% Tween 20. For Tween 20 we
have CMC�2.8×10−5 M, that is the above
three working concentrations correspond to �6,
60 and 600 times the CMC, respectively. The oil
and water phases have been pre-equilibrated. For
each concentration, the diameters of 300 drops
have been measured.

It is seen in Fig. 4 that the peak at ddrop�3 �m
is predominant for 2 wt.%, whereas at the lower
concentrations, 0.02 and 0.2 wt.%, the fraction of
the larger drops prevails, although the peak at 3
�m is still present. To find the reasons for the
differences between the obtained drop-size distri-

tion, we fitted the data points with a 4-parameter
Gaussian curve:

N(d)=N0+a exp
�

−
(d−dm)2

2b2

n
(1)

where N denotes the number of drops; d is the
drop diameter, dm is its most probable value,
corresponding to the maximum of the Gaussian
curve (Fig. 3), b is the half-width of the peak, N0

characterizes the background at which the peak
appears, and a is a scaling parameter. We deter-
mined the parameters of the best fit using a
commercially available software (Sigma Plot 6.0,
SPSS Inc.) The parameters, corresponding to the
two curves in Fig. 3, are listed in Table 1. The
multiple correlation coefficient, R, is a measure of
how well the regression curve describes the data
(0�R�1). R values near 1 indicate that the
model curve agrees well with the experimental
points.

Table 1
Parameters of the Gaussian fits in Fig. 3 drawn by means of Eq. (1)

dm (�m)State of the oil and water phases b (�m) RN0

0.983.19�0.03Non-equilibrated 5.3�1.40.39�0.03
3.04�0.02 0.34�0.03 4.1�2.4 0.99Pre-equilibrated
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Fig. 4. Comparison of size distributions of hexadecane drops
formed by membrane emulsification (pore diameter 1 �m) for
three concentrations (a) 0.02 wt.%, (b) 0.2 wt.% and (c) 2 wt.%
Tween 20; for each distribution diameters of 300 drops are
measured.

Fig. 5. Photos of the outer surface of a microporous glass
membrane taken during the process of emulsification; the
drops are of hexadecane in water solutions: (a) 0.02 wt.%
Tween 20, pore size 3.2 �m; (b) 2 wt.% Tween 20, pore size
10.4 �m.

butions, we carried out direct observations of the
drops, at the moment of their formation and
release from the membrane surface.

Typical video-frames of the membrane surface,
taken during the process of emulsification of hex-
adecane in solutions of Tween 20 at concentra-
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tions 0.02 and 2 wt.% are shown in Fig. 5(a) and
(b), respectively. To produce drops of greater size,
which are better visible by optical microscope, we
used membranes with larger pores, viz. dpore=3.2
and 10.4 �m.

At concentration 0.02 wt.% Tween 20, we ob-
served simultaneous formation of small oil drops
(ddrop/dpore�3) and larger oil drops (ddrop/dpore�
3) at the membrane surface (Fig. 5(a)), which is in
agreement with the size distribution shown in Fig.
4(a). The small drops are quickly emitted from
membrane pores; the dynamics of their detach-
ment resembles the release of gas bubbles in the
maximum bubble pressure method [55,56]. In con-
trast, the larger drops are observed to stay and
grow attached to the membrane surface for rela-
tively longer periods of time, from several seconds
to dozens of seconds. A closer examination of the
video-records shows that a larger drop originates
from a small drop, whose ejection from the pore
is accompanied by expansion of its three-phase
contact line. Thus a larger drop is formed at-
tached to the membrane. In fact, the whole mem-
brane surface is covered with a layer of larger
drops, which stay attached, gradually increase in
size, and eventually detach. The smaller drops are
emitted from pores situated in-between the larger
drops.

At concentration 2 wt.% only small drops
(ddrop/dpore�3) are formed, which are swiftly
ejected from the pores (Fig. 5(b)). This observa-
tion is consonant with the size distribution in Fig.
3 and Fig. 4(c). We occasionally observed detach-
ment of larger drops from few isolated small
domains on the membrane surface, but such
larger drops seem to be an exclusion, which con-
tribute to the background of the drop-size distri-
bution (see Fig. 3 and Table 1). The domains of
question are most probably hydrophobized spots
on the membrane surface, see Section 6 for a
more detailed discussion.

We examined carefully the video-records to
identify acts of coalescence of oil drops at the
membrane surface. For the lower concentration,
0.02 wt.% Tween 20, we observed only a few acts
of coalescence; for the higher concentration, 2
wt.% Tween 20, we could not observe any. (As
already mentioned, the secondary peak in Fig.

2(a) can be attributed to a weak coalescence in the
produced emulsion cream.) In general, the coales-
cence of emulsion drops in these experiments is a
very rare phenomenon. On the other hand, as
explained above, the formation of larger drops
(ddrop/dpore�3), which is typical for 0.02 wt.%
Tween 20 (Fig. 5(a)), occurs through expansion of
the contact line of forming attached drops; see
Section 6 for further explanations.

4. Membrane emulsification with milk proteins

4.1. Experiments with Na-caseinate

We applied membrane emulsification (pore size
1.0 �m) to form emulsions from hexadecane in
aqueous solutions of Na-caseinate without added
electrolyte. At Na-caseinate concentration 0.01
wt.%, it was impossible to produce emulsion;
instead, we observed the formation of a cream of
millimeter-sized drops adhering to the membrane.
In 3–4 min, the drops in this adherent cream
coalesced and formed an oil layer covering the
membrane. This is the only case with pronounced
coalescence observed in our experiments.

At ten times larger concentration, 0.1 wt.%
Na-caseinate, it was possible to produce emulsion,
which contained large drops with a relatively
broad size-distribution: the drop diameters ranged
from 3 to 300 �m. At higher concentrations, 1
and 3 wt.% Na-caseinate, the produced emulsions
had slightly smaller drops and narrower size dis-
tributions, see Fig. 6. The respective mean drop
diameters, ddrop�33 and 31 �m, are close to each
other, see Table 2. The half-widths of the respec-
tive Gaussian fits are relatively large, b�7 and 11
�m. Despite some scattering of the data, reflected
by the higher values of N0 (cf. Table 1), the size
distributions are fitted well by Gaussian curves,
which is evidenced by the value R=0.97 in Table
2.

The above results rise the question why the
ratio ddrop/dpore is about 10 times greater for Na-
caseinate in comparison with 2 wt % Tween 20
(cf. Figs. 3 and 6). To get some additional infor-
mation, we carried out direct microscopic obser-
vations of the membrane emulsification process
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Fig. 6. Size distributions of hexadecane drops formed by
membrane emulsification (pore diameter 1 �m) in water solu-
tions containing 1 and 3 wt.% Na-Caseinate; for each distribu-
tion diameters of 300 drops are measured; the curves are
Gaussian fits, see Table 2.

Na-caseinate is that for BLG the average drop
size is considerably smaller. This can be seen also
in Fig. 8, where the drop size distributions in
emulsions, formed by membrane emulsification
(dpore=1.0 and 2.1 �m) in solutions containing 1
wt.% BLG and 1 wt.% Na-Caseinate, are com-
pared. One sees that in the case of BLG the most
probable diameter and the half-width of the
Gaussian curve (Table 3) are several times smaller
in comparison with those for Na-caseinate. In
particular, for dpore=1.0 �m we obtain dm�6
versus 33 �m and b�1 versus 6 �m. The situation
is similar for the membrane with dpore=2.1 �m
(Fig. 8(b) and Table 3). The drop size distribu-
tions for both BLG and Na-caseinate are fitted
well by Gaussian curves.

We conducted comparative experiments on
emulsification by a common rotor-stator homoge-
nizer Ultra Turrax T25 (Janke & Kunkel GmbH
& Co.). Emulsions containing 30 vol.% of oil were
prepared by stirring the oil–protein solution mix-
ture for 3 min at 20 500 rpm. The results for 1
wt.% BLG solutions are compared in Fig. 9 and
Table 3 with those for emulsions produced by
membrane emulsification, pore size 1 �m. One
sees that in this specific case, the emulsion pro-
duced by Ultra Turrax has smaller mean drop
size. The relative width of the Gaussian peak is
comparable: b/dm=0.25 and 0.26 for membrane
of 1 �m pores and Ultra Turrax. On the other
hand, the background, N0, is higher in the case of
Ultra-Turrax, in comparison with the membrane
emulsification (Table 3). The microscopic obser-
vations showed that the membrane-produced
emulsion does not contain drops of diameters
smaller than dpore, whereas the emulsion obtained
by Ultra Turrax contains even sub-�m drops; in
the latter case the Gaussian peak appears on the
background of drops of various size.

for solutions containing Na-caseinate, see Fig.
7(a). We observed the formation of a layer of
relatively large oil drops adherent to the mem-
brane surface. The major difference with Fig. 5(a)
is that the small drops (ddrop/dpore�3) are missing.
The adherent layer of oil drops (Fig. 7(a)) is
dynamic: the drops grow, detach and new drops
are formed on their place. At concentrations 1
and 3 wt.% Na-caseinate, we did not observe any
pronounced coalescence of oil drops in the adher-
ent layer. The results of these experiments are
discussed and interpreted in Section 6.

4.2. �-Lactoglobulin in comparison with
Na-caseinate

At concentration 1 wt.% �-lactoglobulin (BLG)
we also observed the presence of transiently ad-
herent oil drops at the membrane surface (Fig.
7(b)). The main difference in comparison with

Table 2
Parameters of the Gaussian fits in Fig. 6 drawn by means of Eq. (1)

dm (�m) b (�m)Concentration of Na-Caseinate N0 R

32.9�0.5 0.971 wt.% 5.2�1.26.8�0.5
30.9�0.8 11.5�1.0 3.6�1.4 0.973 wt.%
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4.3. Dynamic interfacial tension and adsorption
rate

One of the reasons for the larger emulsion
drops formed in Na-caseinate solutions, in com-
parison with the BLG solutions (see Fig. 8), can
be the difference between the rates of adsorption
of these two proteins at the oil–water interface.
To check this hypothesis, we carried out measure-
ments of dynamic interfacial tension by means of
the fast formed drop (FFD) technique [57,58]. A
drop with fresh oil–water interface is produced at

Fig. 7. Photos of the outer surface of a microporous glass
membrane taken during the process of emulsification; the
drops are of hexadecane in water solutions: (a) 1 wt.% Na-ca-
seinate, pore size 2.1 �m; (b) 1 wt.% BLG, pore size 10.4 �m.

Fig. 8. Size distributions of hexadecane drops produced by
membrane emulsification in solutions containing 1 wt.% Na-
caseinate or 1 wt.% BLG. (a) Pore diameter 1 �m, size
distributions for 413 drops with BLG and for 300 drops with
Na-caseinate; (b) pore diameter 2.1 �m, size distribution for
600 drops. The curves are Gaussian fits, see Table 3.
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Table 3
Parameters of the Gaussian fits in Figs. 8 and 9 drawn by means of Eq. (1)

b (�m) N0 Rdm (�m)Protein concentration

Pore diameter 1.0 �m
1.4�0.1 4.1�2.0 0.981 wt.% BLG 5.8�0.1
6.8�0.5 5.2�1.2 0.9732.9�0.51 wt.% Na-caseinate

Pore diameter 2.1 �m
6.1�0.8 3.5�4.41 wt.% BLG 0.9115.9�0.7

12.3�0.8 3.0�1.6 0.9750.0�0.71 wt.% Na-caseinate

Emulsion obtained by Ultra Turrax
1 wt.% BLG 0.7�0.12.7�0.1 11�5 0.96

the tip of a capillary by a sudden breaking of a jet
from the aqueous solution, which flows out of the
capillary into the oil phase. The protein (the
surfactant) adsorbs at the immobile curved sur-
face of the formed drop, and consequently, the
interfacial tension �, and the pressure inside the
drop, decrease with time, t. The pressure is regis-
tered by means of a piezo-transducer, whose elec-
tric output can be converted in terms of interfacial
tension, �, by using the Laplace equation of capil-
larity. In this way, the data for the dynamic
interfacial tension �(t) in Fig. 10 have been ob-
tained. The capillary pressure has been recorded
every 0.005 s, which gives a large number of
experimental points and provides a good statistics
and time-resolution.

Fig. 10(a) shows the plots of � versus t1/2

during the first 2.5 s of the adsorption process.
The data for BLG, at the earlier times, well
comply with the dependence

�(t)−�e

�(0)−�e

�1−2
� t

�td

�1/2

(2)

which represents the short-time asymptotics of the
interfacial tension in the case of adsorption under
diffusion control [50]; �e is the solution’s equi-
librium interfacial tension, while �(0) is the ten-
sion of the bare oil–water interface; td is the
diffusion relaxation time. In contrast, the short
time behavior of �(t) for Na-caseinate (Fig. 10(a))
is typical for adsorption under mixed barrier-dif-
fusion control; in such a case, the theoretical
dependence �(t) is described by the expression
[59]

�(t)−�e

�(0)−�e

=
2
�

�td

ta

�1/2��

0

exp(− t�2/ta)
(�2−1)2+ td�2/ta

d� (3)

where ta is the adsorption relaxation time which
accounts for the existence of a barrier to adsorp-
tion. In general, one has [59]

td=
G2

D
, ta=

G
ka

, G�
���

�c
�

e

(4)

D is the diffusivity of the adsorbing surfactant; ka

is the kinetic rate constant of adsorption [59–61];
c and � are, respectively, the surfactant concen-
tration and adsorption.

Fig. 10(b) shows the long-time asymptotics of
�(t) (for 8� t�30 s) plotted as � versus t−1/2.
One sees that the data agree well with the theoret-
ical dependence

Fig. 9. Comparison of the size distributions of oil drops
produced by membrane emulsification (1 �m pore diameter)
and by a rotor-stator homogeniser Ultra Turrax in water
solutions containing 1 wt.% BLG; the curves are Gaussian fits,
see Table 3.
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Fig. 10. Comparison between the dynamic interfacial tensions
of aqueous solutions of BLG and Na-caseinate against soy-
bean oil: data obtained using the FFD technique [57] at
protein concentration 0.02 wt %: (a) short-time asymptotics;
(b) long-time asymptotics. The lines are the best theoretical
fits, see Table 4.

�(t)−�e

�(0)−�e

�
�td

�t
�1/2

(5)

which corresponds to adsorption under diffusion
control. Note that Eqs. (2)– (5) are applicable in
two cases: (i) small initial perturbation and (ii)
linear (Henry) adsorption isotherm, �=Gc. The
latter relationship holds for protein adsorption
monolayers at not-too-long adsorption times
[62,63]. (At the longer adsorption times, some
aging effects are observed with the proteins, which
may form an elastic, rather than fluid, interfacial
film [64].)

As mentioned above, the data for BLG and
Na-caseinate in Fig. 10(a) are fitted, respectively,
with Eqs. (2) and (3) The data in Fig. 10(b) are
fitted with Eq. (5). The parameter values deter-
mined from the best fits are given in Table 4. The
values of �(0), obtained from the fits of the data
for BLG and Na-caseinate, are coincident with
the tension of the bare soybean oil–water inter-
face, �0=31.1 mN m−1, as it should be expected.
The major difference between the two proteins is
the existence of a barrier to adsorption for the
Na-caseinate, which is characterized by the ad-
sorption time ta=2.7 s. The latter is a measure
for the average time of stay of the Na-caseinate
molecule/aggregate in the subsurface before its
adsorption at the surface. The barrier lowers the
adsorption rate for Na-caseinate, which, in its
own turn, affects the size of the oil drops formed
by membrane emulsification (see Section 6 for a
more detailed discussion). Indeed, the time of
formation of an oil drop at the membrane surface
is typically smaller than ta=2.7 s.

Table 4
Parameters determined from the best fits of the data in Fig. 10

Interfacial tension (mN m−1)RProtein concentration ta (s)td (s)

Short-time asymptotics, Eqs. (2) and (3); Fig. 10(a)
0.995 �(0)=31.0�0.1 1.9�0.1 –0.02 wt.% BLG

2.7�0.30.999 1.3�0.20.02 wt.% Na-caseinate �(0)=31.1�0.1

Long-time asymptotics, Eq. (5); Fig. 10(b)
0.993 –0.02 wt.% BLG 3.0�0.1�e=15.2�0.1

–3.0�0.1�e=16.0�0.10.9950.02 wt.% Na-caseinate
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It is known that in aqueous solutions both
BLG and Na-caseinate form polydisperse aggre-
gates, see e.g. [65,66] and the literature cited
therein. When the protein diffuses toward a newly
created oil-water interface, the smaller aggregates
reach the phase boundary earlier, while the larger
aggregates arrive later. This is a possible explana-
tion why the characteristic diffusion time, td=G2/
D, see Table 4, is smaller for the short-time
asymptotics and larger for the long-time asymp-
totics (D is greater for the smaller aggregates
which affect the short-time asymptotics, whereas
D is smaller for the larger aggregates whose trans-
port influences the long-time asymptotics). Note
also, that the values of �e in Table 4, determined
from the long-time asymptotics (from the inter-
cepts of the lines in Fig. 10(b)), correspond to a
fluid protein adsorption layer, before the occur-
rence of structural changes in this layer.

5. �–Lactoglobulin and Tween 20

We carried out additional experiments in which
the aqueous phase was again 1 wt.% BLG with
0.1 g dm−3 sodium azide (NaN3), but we added
also a certain amount of the nonionic surfactant
Tween 20. It is believed that the molecules of
Tween 20 (and of other low-molecular-weight sur-
factants) adsorb at vacant holes in the interfacial
protein network. Thereafter, the surfactant dis-
connects this network and causes a displacement
of the protein molecules [67,68]. The latter are
found to form aggregates at the oil–water inter-
face; this action of Tween 20 has been called the
‘orogenic effect’ [69,70]. Our purpose is to see
whether the addition of Tween 20 to the BLG
solution would influence the membrane
emulsification.

Fig. 11 compares the size distributions of soy-
bean oil drops formed by membrane emulsifica-
tion (pore diameter 1 �m) in aqueous solutions of
1 wt.% BLG with and without Tween 20. The
parameters of the Gaussian fits in Fig. 11 are
listed in Table 5. One sees that the addition of
Tween 20 slightly decreases the mean drop diame-
ter, 5.1 versus 5.8 �m, but simultaneously it in-
creases the distribution’s half-width: 1.8 versus 1.4

Fig. 11. Comparison of size distributions of soybean oil drops
produced by membrane emulsification (pore diameter 1 �m) in
solutions containing 1 wt.% BLG without Tween 20 and with
0.2 wt.% Tween 20; for each distribution diameters of 413
drops are measured; the curves are Gaussian fits, see Table 5.

�m. We may conclude that the addition of Tween
20 has a weak influence on the emulsions pro-
duced by a microporous membrane. We could
hypothesize that the reason for the weak effect of
Tween 20 is that the drop size is influenced mostly
by the adsorption of BLG at the surface of the
glass membrane (rather than by the orogenic ef-
fects), see Section 6 for details.

To examine the effect of the type of oil, in Fig.
12 we compare the experimental size distributions
of soybean-oil and hexadecane drops, obtained
with the same emulsification membrane (dpore=
2.1 �m) at transmembrane pressure, �P=60 kPa.
The aqueous phase is also the same: 1 wt.%
BLG+0.02 wt.% Tween 20+0.1 g l−1 NaN3.

Table 5
Parameters of the Gaussian fits in Figs. 11 and 12 drawn by
means of Eq. (1)

dm (�m) N0b (�m) RSystem

Effect of Tween 20 (Fig. 11; dpore=1.0 �m)
No Tween 20 5.8�0.1 1.4�0.1 4.1�2.0 0.98

0.975.1�0.1 6.6�3.00.2 wt.% Tween 1.8�0.1
20

Effect of the type of oil (Fig. 12; dpore=2.1 �m)
17.1�0.5Soybean oil 2.5�2.16.5�0.4 0.97

Hexadecane 14.7�0.4 4.5�0.4 2.7�2.2 0.97
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Fig. 12. Comparison of size distributions of soybean oil and
hexadecane drops, obtained by membrane emulsification (pore
diameter is 2 �m; transmembrane pressure, �P=60 kPa); the
aqueous phase is 1 wt.% BLG+0.02 wt.% Tween 20. For each
distribution the diameters of 300 drops are measured; the
curves are Gaussian fits, see Table 5.

Regime A: almost monodisperse emulsion
drops are produced by separate pores. The
drops are released quickly, similarly to the bub-
bles in the case of the known maximum-bubble-
pressure method [55,56]. Drops, which stay
attached to the membrane surface, are not ob-
served. In this regime, as a rule ddrop/dpore�3,
see e.g. Table 1, and Figs. 2 and 3. Such is the
case of O/W emulsions stabilized by Tween 20
(at higher concentrations), by ionic surfactants
like sodium dodecyl-sulfate (SDS), and by some
egg yolk emulsifiers; similar results have been
obtained also with some W/O emulsions; see
[2,5,6,14,19,35,36].
Regime B: larger, ddrop/dpore	4, and relatively
polydisperse emulsion drops are formed. The
surface of the microporous membrane is cov-
ered with a layer of emulsion droplets, which
are attached to the membrane, grow with time,
and eventually break away. The contact area
between an attached drop and the membrane
may span several pores at the membrane sur-
face. This regime is observed with Tween 20 at
the lower concentrations (Fig. 4(a) and (b) and
Fig. 5(a)), as well as for the investigated solu-
tions of Na-caseinate and BLG (see Figs. 6–8
and Tables 3 and 5). ddrop/dpore	4 has been
found for milk proteins and diluted solutions of
Tween 20 [8,17,32,34,36].
To get some additional information about the

occurrence of the membrane emulsification in
regimes A and B, we carried out microscopic
observations with a model system: a glass capil-
lary connected to a Hamilton syringe, which sup-
plies the oil phase. A hydrophilic capillary with
inner and outer diameters, respectively, 65 and
250 �m, is used. In the beginning of each experi-
ment, the capillary was filled with the aqueous
phase (solution of an emulsifier) and, next, the oil
phase (hexadecane) was supplied by the syringe.
Thus oil drops were released in the water phase
one after another. Typical photos are shown in
Fig. 13.

For solutions which provide membrane emul-
sification in Regime A, we observed the presence
of water, wetting the inner wall of the capillary in
the vicinity of its orifice (Fig. 13(a)). The flux of
oil could not remove this water from the capillary

The viscosities of the two oils differ by more than
17 times: 3 mPa s for hexadecane and above 50
mPa s for the soybean oil. Nevertheless, the dif-
ference between the produced emulsions is small
(Fig. 12 and Table 5). Still, the more viscous
soybean oil produces slightly bigger drops, mean
diameter 17.1 versus 14.7 �m, with a slightly
broader size distribution, standard deviation 6.5
versus 4.5 �m. The found weak effect of the oil
viscosity is consonant with the results by Schröder
[21].

6. Discussion and data interpretation

6.1. Two distinct regimes of emulsification

Our direct microscopic observations of the for-
mation and detachment of emulsion drops at the
surface of a SPG membrane showed that two
regimes of emulsification can be distinguished,
depending on the emulsifier type and
concentration:
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channel. In other words, there is a lasting hy-
drophilization of the capillary inner wall by the
solution of emulsifier. In contrast, for solutions,
for which the membrane emulsification occurs in
regime B, we did not observe penetration of water
inside the capillary, see Fig. 13(b). Although the
capillary was initially filled with the aqueous solu-
tion, the water phase was completely pushed out
by the advancing oil.

We use the photos in Fig. 13 only as an illustra-
tion of the effect of hydrophilization of the glass
surface around the orifice of a capillary, which
probably happens in a similar way for the pore
openings of the SPG membranes. On the other
hand, the size of the drops released by the microp-
orous membranes and the glass capillary in Fig.
13 is not comparable, because the mechanisms of

Fig. 14. Sketch of the surface of a microporous membrane at
the moment t0 and in a subsequent moment t0+�t during
emulsification. (a) The dynamic contact angle � is small and
the contact line solid-water-oil is fixed at the pore diameter. (b)
The angle � is larger and facilitates the contact-line expansion
in the course of growth of the drop; the latter may span two
or more pores.

Fig. 13. Photos of a capillary (inner diameter 65 �m) with
attached hexadecane droplets; the outer phase is an aqueous
solution of (a) 1 wt.% sodium dodecyl benzene sulfonate+
0.012 M NaCl; (b) 1 wt % Na-caseinate.

drop detachment are rather different. In both
cases the breaking of the drops occurs through a
necking instability, however, in the former case
the source of drop deformation is the hydrody-
namic flow of oil along the pore, whereas in the
latter case the deformation is caused by the buoy-
ancy force due to gravity [51].

6.2. Role of the dynamic contact angle

First of all, we note again that the formation
and detachment of emulsion drops at the surface
of a microporous membrane is an essentially dy-
namic process: its characteristic time is usually
�1 s. Hence, the rate of surfactant adsorption is
expected to play an important role. The adsorp-
tion rate depends not only on the type of
emulsifier, but also on its concentration. For ex-
ample, the decrease of surfactant concentration
leads to an increase of the characteristic adsorp-
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tion time by several orders of magnitude; see e.g.
[61], Chapter 1.

Fig. 14(a) illustrates the case when the contact
angle solid–water–oil, denoted by �, is small, that
is the oil does not wet the membrane. In such a
case, the expansion of the contact line solid–wa-
ter–oil is energetically disadvantageous. For that
reason, the contact line tends to acquire the
smallest possible diameter, which is equal to dpore.
In this way, the formation of an oil drop at the
orifice of a pore occurs at fixed diameter of the
contact line. The drop detachment happens by
necking, when the drop volume reaches a critical
value; the hydrodynamic theory [51] predicts that
in such a case ddrop/dpore�3. In other words, the
situation depicted in Fig. 14(a) corresponds to the
case, when relatively monodisperse emulsion
drops are produced by the microporous mem-
brane, that is to regime A (see above).

Fig. 14(b) illustrates the case of larger contact
angle �. In this case, the growth of the drop at the
orifice of a pore may cause a disbalance of the
forces acting per unit length of the contact line,
and the latter will begin to expand. Thus, after the
drop pops up from the opening, it does not
immediately detach by necking (as in regime A);
instead, its contact line expands and the drop
spends longer time attached to the membrane.
The contact area drop/membrane could span the
orifices of two or more pores, and thus, a growing
droplet can be fed by several pores (Fig. 14(b)).
Moreover, the expansion of the contact line can
lead to the appearance of a hydrophobized do-
main on the membrane surface. Therefore, it
turns out that the oil drops can be released by
separate hydrophobized domains rather than by
the individual pores. Since the hydrophobized do-
mains are greater than the pores, they release
larger emulsion drops, as it is in regime B (see
above). In addition, since the hydrophobized do-
mains (unlike the individual pores) are polydis-
perse in size, they would produce polydisperse
emulsion drops (see e.g. Fig. 6).

In the first manual on membrane emulsifica-
tion, Nakashima et al. [2] noted that a fine and
monodisperse emulsion can be produced if the
membrane is not wetted by the dispersion phase.
In other words, one has to ensure small contact

angle �, which leads to working regime A. Here,
we will discuss in more details the capillary mech-
anisms influencing the emulsification regimes, and
especially, the effect of the dynamic surface ten-
sion and the contact-line expansion. The known
Young equation, which expresses the force bal-
ance per unit length of the solid–water–oil con-
tact line, reads

cos �(t)=
�so−�sw

�ow(t)
(6)

where �so and �sw are the superficial tensions of
the boundaries solid/oil and solid/water, and
�ow(t) is the interfacial tension of the fluid
boundary oil/water. As the latter interface quickly
and significantly expands during the emulsifica-
tion process, then �ow, and consequently �, will
essentially depend on the time of drop formation,
t. That is the reason why we term �(t) ‘dynamic
contact angle’.

Now, having in mind Eq. (6), let us try to
explain why the drops formed in the solution of 1
wt.% BLG are considerably smaller than those in
1 wt.% Na-caseinate, see Fig. 8 and Table 3. As
mentioned above, for both these solutions the
membrane emulsification happens in regime B. In
view of the proposed interpretation, the formation
of smaller drops in the BLG solutions should
correspond to a smaller angle �. Indeed, one can
expect that

�sw (BLG)� �sw (Na-caseinate) (7)

�ow (BLG)��ow (Na-caseinate) (8)

The relationship (Eq. (7)) follows from the experi-
mental fact that BLG (and other globular
proteins), unlike Na-caseinate, are found to spon-
taneously adsorb at the glass–water interface [66],
and, consequently, to decrease the surface free
energy per unit area, �sw. In addition, Fig. 10(a)
shows that the dynamic interfacial tension �ow(t)
is smaller for BLG in comparison with Na-ca-
seinate, because the latter encounters a kinetic
barrier to adsorption at the oil water interface
(Section 4.3); for this reason, the relation Eq. (8)
holds. Eq. (6) implies that the factors behind Eqs.
(7) and (8) act in the same direction, viz. both of
them lead to a smaller dynamic contact angle �



N.C. Christo� et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 209 (2002) 83–104100

for BLG in comparison with Na-caseinate. The
latter fact can explain the difference between the
two curves in Fig. 8.

Likewise, the dynamic interfacial tension �ow is
expected to be significantly smaller for 2 wt.%
Tween 20, in comparison with 0.02 wt. % Tween
20, which could imply �(2 wt.%)
�(0.02 wt.%),
see Eq. (6), and could explain why with the for-
mer solution the membrane emulsification hap-
pens in regime A, while with the latter
solution— in regime B, see Figs. 4 and 5. More
precisely, the coexistence of a peak at ddrop/dpore

� 3 with considerably larger drops in Fig. 4(a)
and (b), indicates that for the lower concentra-
tions of Tween 20 a fraction of the pores remains
hydrophilic, while the others are hydrophobized.
Hence, one may conclude that in this specific case,
we are dealing with a hybrid of regimes A and B.

6.3. Dri�ing force of contact-line expansion

Finally, let us discuss the contact-line expansion
(Fig. 14(b)), taking into account the fact that, as a
rule, a hysteresis of the contact angle exists on the
solid surface, which is not expected to be molecu-
larly smooth. The presence of hysteresis implies
that the contact line will begin to expand (the
water meniscus will start to recede) when the
actual contact angle, �, becomes smaller than a
certain critical value, the receding angle �R; see
e.g. [61], Chapter 6. For �=�R the forces acting
per unit length of the contact line are still bal-
anced, that is �ow cos �R+�ow−�ow=0. How-
ever, for ���R the latter balance is violated and
the oil begins to spread over the glass. The driving
force of oil spreading, �f, stems from the disbal-
ance of tensions exerted at the contact line, viz.

�f=�ow cos �+ �sw−�ow

=�ow(cos �− cos �R)��ow(1−cos �R) (9)

In regime A (Fig. 14(a)) we have 0����R
1
and then Eq. (9) predicts that in this regime the
driving force �f will have a vanishingly small
value. For example, taking �R=3° and �ow=10
mN m−1, from Eq. (9) we estimate �f�0.014
mN m−1. In other words, in regime A the hypo-
thetical driving force is rather small, and for that

reason it is unable to give rise to a contact-line
expansion. Indeed, the glass surface is not molec-
ularly smooth and contact line will stick to an
edge.

In contrast, in regime B (Fig. 14(b)), the reced-
ing angle �R can be larger, which ensures a greater
driving force �f. The larger �f prevents the at-
tachment of the contact line to small edges at the
glass surface, so spreading of oil on the glass will
take place. In particular, to have �f	1 mN m−1

for �ow=10 mN m−1, a receding contact angle
�R	26° is needed, see Eq. (9). Such, and greater,
values of �R are quite realistic, which explains the
reason why the forming emulsion drop is not
attached to the opening of the feeding pore in
regime B, but instead, the drop spans a wider area
of the membrane surface and grows larger in size.

Despite the fact that the above analysis has
been done for O/W emulsions, it can be easily
adapted to the case of W/O emulsions. In both
cases, the general recommendation is the same:
To produce a fine and monodisperse emulsion
(ddrop/dpore�3) by means of a microporous mem-
brane, one has to ensure such conditions, that the
membrane is not wet by the dispersion phase. In
addition, if a cross flow (not considered in the
present article) is applied in the continuous phase,
one could achieve ddrop/dpore�3, see [47].

7. Summary and conclusions

In this paper we investigate the process of
membrane emulsification in the presence of the
nonionic surfactant Tween 20, and the milk
proteins Na-caseinate and BLG. Our goal is to
examine the factors which control the drop-size
distribution. The emulsion drops are produced at
the outer surface of a cylindrical microporous
glass membrane (Fig. 1), so that the process of
their formation and detachment can be directly
observed by optical microscopy.

In the case of 2 wt.% aqueous solution of
Tween 20, we obtain relatively monodisperse O/W
emulsion with ddrop/dpore�3, see Fig. 2. The pre-
equilibration of the oil and water, with respect to
the distribution of Tween 20 between the two
phases, has a weak effect on the drop size (Fig. 3
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and Table 1). The direct microscopic observa-
tions show that monodisperse oil drops inten-
sively pop out of separate pores (Fig. 5(b)). The
monodispersity and the small drop size of the
produced emulsions can be attributed to the fast
kinetics of surfactant adsorption at the oil–wa-
ter interface which, in accordance with Eq. (6),
ensures a good wetting of the membrane surface
by the respective surfactant solution under dy-
namic conditions (Fig. 14(a)).

In contrast, for the lower concentrations of
Tween 20, as well as for the investigated solu-
tions of Na-caseinate and BLG, we observe that
the membrane is covered by a layer of growing
attached emulsion drops, which are polydisperse,
with a relatively large mean drop size (ddrop/
dpore	5), see Fig. 4(a) and (b), Fig. 5(a), Figs.
6–8, 11 and 12, and Tables 2, 3 and 5. This fact
can be attributed to a greater dynamic contact
angle solid-water-oil. In such a case, after a
drop protrudes from an opening, it does not
immediately detach, but instead, its contact line
expands and the contact area drop/membrane
could span the orifices of two or more pores. In
this way, a growing droplet can be fed by sev-
eral pores (Fig. 14(b)). The contact-line expan-
sion can lead to the appearance of
hydrophobized domains on the membrane sur-
face. Thus, it turns out that the oil drops are
released by separate hydrophobized domains
rather than by the individual pores. Correspond-
ingly, the size distribution of the formed emul-
sion drops reflects the size distribution of the
hydrophobic domains.

The smaller average size and half-width of the
drop distribution in the emulsions stabilized by
BLG, in comparison with those stabilized by
Na-caseinate (Figs. 7 and 8 and Table 3), can be
explained (i) with the spontaneous adsorption of
BLG on the membrane surface and (ii) with the
fact that BLG has a faster adsorption kinetics at
the oil-water interface than the Na-caseinate (the
latter encounters a kinetic barrier to adsorption,
see Fig. 10 and Table 4). Both these effects lead
to diminishing of the dynamic contact angle
solid–water–oil, see Eq. (6), and impede the ex-
pansion of the drop contact line. In other exper-
iments, we established that the addition of 0.2

wt.% Tween 20 to BLG, and the viscosity of the
used oil, have a weak influence on the mem-
brane emulsification, see Figs. 11 and 12.

It is worthwhile nothing that in none of the
investigated emulsions (except the case with 0.01
wt.% Na-caseinate) we observed any pronounced
coalescence of the oil drops, either on the mem-
brane surface or in the bulk of the produced
emulsion. Hence, the generation of larger and
polydisperse drops in some of the studied solu-
tions is attributed mostly to the effect of con-
tact-line expansion and formation of
hydrophobized domains on the membrane sur-
face. Therefore, any factor which leads to de-
crease of the dynamic three-phase contact angle
� (Fig. 14), and in this way prevents the con-
tact-line expansion, facilitates the production of
fine and monodisperse emulsions.
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