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Maik J. Geerken, Rob G.H. Lammertink ∗, Matthias Wessling

Membrane Technology Group, Faculty of Science and Technology, University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands

Received 22 February 2007; accepted 31 March 2007

Available online 7 April 2007

Abstract

The formation of emulsions with micro-engineered silicon based arrays of micro-orifices is a relatively new technique. Until now, only the
preparation of oil-in-water emulsions was studied due to the hydrophilic nature of silicon. This work evaluates the emulsification of water into
n-hexadecane with hydrophobized arrays of micro-orifices. We have studied the drop formation rate, the number of active pores and the drop
size. In contrast to conventional macroporous membranes used for membrane emulsification, we observed high dispersed phase fluxes up to
4600 L h−1 m−2 bar−1 while all pores being active at applied pressures below 2 times the critical pressure. The drop diameter was independent
from the applied pressure difference. We observed a pressure dependent lag time between drop formations at low emulsification pressures. The
lag time is related to the rate of surfactant diffusion to the water–oil interface causing a reduction of the interfacial tension. A significant influence
of the used hydrophobization agents, perfluorinated octyltrichlorosilane (FOTS) and octyltrichlorosilane (OTS), was found for the resulting drop
sizes and the number of active pores.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Emulsification techniques are widely used in food, phar-
macy, and cosmetic industry to produce oil-in-water or water-
in-oil emulsions. Commonly used techniques include rotor–
stator systems, high-pressure homogenizers, and ultrasound [1].
Due to high shear forces, the dispersed phase is divided into
small droplets, stabilized by surfactants. However, shear stress
and thermo sensitive ingredients, such as proteins, may loose
their bioactivity during this process [2]. Muschiolik et al. [3]
showed that whey proteins could change their physico-chemical
properties due to a high pressure treatment. The whey protein
β-lactoglobulin for instance looses its emulsifying efficiency
due to pressure-induced unfolding resulting in protein aggrega-
tion [4].

Cross-flow membrane emulsification is a relative new emul-
sification process. This technique requires less energy, gener-
ates less stress to the ingredients and produces narrow drop size
distributions [5]. In this process, the dispersed phase is forced
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through a porous membrane into the flowing continuous phase
(see Fig. 1).

Lately, different types of membranes were employed for
membrane emulsification having pore sizes in the micrometer
range. As Table 1 indicates, most of them were exploited for

Fig. 1. Schematic drawing of the emulsification process with a porous mem-
brane to produce water-in-oil emulsions.
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Table 1
Membranes used for cross-flow membrane emulsification

Membrane material Type of emulsions Ref.

Al2O3 Oil-in-water [6,7]
Shirasu porous glass (SPG) Oil-in-water [8–10]
Polycarbonate (PC) Oil-in-water [11]
Polypropylene (PP) Water-in-oil [12]

Fig. 2. Optical image of 3.5 µm micro-orifices (A) and a schematic represen-
tation of the micro-orifice array designed for emulsification application (B).
Further details can be found in Section 2.

the production of oil-in-water emulsions requiring hydrophilic
membranes.

Until now, membrane emulsification technology has not
found its way to large-scale manufacturing, because commer-
cially available membranes possess some disadvantages. They
require a high-pressure drop and consist of a highly porous
and irregular morphology on a microscopic scale [13]. To over-
come these disadvantages, a micro-engineered membrane was
adopted from microfiltration [14,15]. This microsieve mem-
brane, fabricated out of silicon nitride with a silicon support,
has a precisely defined pore size and a narrow pore size dis-
tribution, combined with a micron-sized membrane thickness.
Furthermore, the porosity can be optimized for emulsification
to limit coalescence of neighboring drops as displayed in Fig. 2.

It is frequently stated, that membrane emulsification needs a
surface that is not wetted by the dispersed phase. To our knowl-
edge, only the work of Kobayashi et al. [11] clearly shows
for different emulsifiers that successful emulsification of oil
into water only occurs if the oil phase does not wet the mem-
brane surface. In our recent paper we proved that a hydrophobic
surface is required for producing water-in-oil emulsion [16].
Due to the silicon nitride processing conditions, groups like
silanol (SiOH), primary (SiNH2), and secondary amino groups
(Si2NH) are present [17]. Overall, this results in a relatively hy-
drophilic surface with water/air contact angles of 65◦.
To perform successful emulsification of water into an oil
phase, the surface properties of silicon nitride have to be
changed into a hydrophobic state. A possible way to achieve
surface hydrophobicity is the deposition of self-assembled
monolayers of alkyltrichlorosilanes. These kinds of monomole-
cular coatings are hydrophobic and they show a good thermal
and chemical stability [18].

In this paper we discuss interfacial aspects of water drop for-
mation at silicon nitride micro-orifices to produce water-in-oil
emulsions. Until now, only oil-in-water emulsification with sil-
icon nitride arrays of micro-orifices was investigated. Within
these studies, it was found that only a few percentages of the
nozzles were active and that the drops were not formed con-
tinuously at the single nozzles [13]. A physical reason for this
period of inactivity was not given. Here, we will show that
the nozzle activity reaches 100% at relatively low pressures
and that the discontinuity of the drop formation is related to
the dynamic interfacial tension of the used water–oil–surfactant
system.

2. Experimental

2.1. Chemicals

n-Hexadecane (Merck) was used as the continuous phase
containing either 1 wt% BolecMT (Loders Croklaan B.V.)
or 1 wt% Span85 (sorbitan-trioleate; Merck). BolecMT is a
soybean based industrial emulsifier containing approximately
40 wt% mono-, di-, and tri-glycerides, 36 wt% phospholipids,
18 wt% free fatty acids and 6 wt% proteins, polysaccharides
and seed residues. For the dispersed phase MilliQ-water was
used.

For the self-assembled monolayer formation two types of
alkyltrichlorosilanes were used. Octyltrichlorosilane (OTS)
(Aldrich, 97%) and perfluoro-octyltrichlorosilane (FOTS)
(Fluka, >97%) were used as received.

2.2. Micro-nozzle plates

Two types of silicon nitride micro-orifice arrays received
from Aquamarijn Micro Filtration B.V. were used. The first one
had nozzles with 2.5 µm in diameter arranged in three single
row nozzle fields with distances of 100 µm between the noz-
zles.

The second used micro-orifice array (see Fig. 2) had nozzles
with a diameter of 3.5 µm arranged in one single row and two
double row nozzle fields. The distance between the nozzles in
all fields was 35 µm. The nozzle fields were separated by sev-
eral hundreds of micrometer. The backsides of the nozzle fields
for both arrays were fully open to guarantee a high accessibil-
ity for the dispersed phase without generating additional flow
resistance. The thickness of the micro-orifice array within the
nozzle fields was 1 µm.

2.3. Surface modification

As a pre-treatment, the micro-orifice arrays were cleaned
and oxidized using a reactive oxygen plasma (Plasmafab 508,
Electrotech; 10 min, 500 W, pO2 = 16 mbar).
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For the chemical vapor deposition of silane monolayers
plasma oxidized silicon nitride micro-orifice arrays were stored
together with a few microliters of FOTS or OTS in a dry and
sealed glass box. The heat treatment was carried out at 120 ◦C
for 2 h in a nitrogen flushed oven. Afterwards the micro-orifice
arrays were allowed to cool down to room temperature while
staying in the oven followed by a stabilization step at 100 ◦C
for 1 h. The modification process was finished by extensively
rinsing first with isopropanol, then with ultra pure water and
dried with nitrogen. After these modifications surfaces coated
with OTS and FOTS showed water contact angles of 104 ± 2◦
and 114 ± 1◦, respectively.

2.4. Interfacial tension and static contact angle

The dynamic interfacial tension measurements of BolecMT
were conducted with a drop volume tensiometer (Lauda) at
the University of Karlsruhe, Institut für Lebensmittelverfahren-
stechnik (Germany). Static contact angles were measured with
a goniometer (OCA 15, Data Physics).

2.5. Emulsification set-up

In order to visualize and quantify the drop formation process
the micro-orifice arrays were placed into a module with a trans-
parent cover slide designed for studying the filtration perfor-
mance of silicon nitride microsieves shown in Figs. 3B and
3C [19]. The continuous (oil) and the dispersed phase (water)
were fed into the module via gear pumps with maximum flow
rates of 100 L h−1 for the continuous phase and 1 L h−1 for
the dispersed phase (Verder Pumps). Both phases were recircu-
lated within the system. To prevent blocking of the nozzles the
dispersed phase (water) was pre-filtered inline with a 0.45 µm
cellulose acetate filter (Schleicher & Schuell).

The dispersed phase pressure was adjusted either with a nee-
dle valve or by changing the dispersed phase flow rate and
monitored via a pressure sensor (Keller AG) connected to a
data acquisition system. The continuous phase pressure was
measured next to the position of the micro-orifice array in-
side the module and collected as well by a data acquisition
system. The data acquisition system was obtained from Na-
tional Instruments equipped with two signal read-out cards and
a serial interface connected to a personal computer. For the sig-
nal processing and for the calculation of the applied pressure
difference (�p = pdispersed phase − pcontinuous phase) a Labview
program was used. The entire set-up is shown schematically in
Fig. 3A.

The visualization was performed using an inverted optical
microscope (Zeiss Axiovert) equipped with a CCD camera pro-
viding a maximum frame rate of 8 frames per second. Although
slow, this rate is sufficiently accurate to observe the drop forma-
tion process at low emulsification pressures and low cross-flow
velocities.

The set-up was cleaned first with an aqueous detergent so-
lution (Lux, Unilever, contains anionic and amphoteric surfac-
tants) followed by a 1–2 vol% aqueous Deconex solution (Borer
Chemie; contains KOH). Both cleaning steps were performed
(A)

(B)

(C)

Fig. 3. Cross-flow membrane emulsification set-up (A), top view (B) and cross-
section (C) of the emulsification module.

at room temperature and low pressure. Afterwards the set-up
was rinsed several times with ultra pure water. Before drying
with air the ultra pure water was pressed out with air followed
by flushing isopropanol through the system. After each experi-
ment, the oil phase was pressed out with air before starting the
mentioned cleaning procedure.

Used micro-orifice arrays were cleaned separately from set-
up and were replaced inside the set-up with a dummy array.
The micro-orifice arrays were first washed with the aqueous
detergent solution, then rinsed with tap water and followed
by MilliQ-water, and finally with isopropanol. All rinsing and
washing steps were performed at room temperature. After-
wards, the micro-orifices arrays were dried first in a nitrogen
stream and then at 80 ◦C.

The hydrophobized micro-orifice arrays were fixed and
sealed within stainless steel holders with silicon glue (TSE
399C, GE Bayer Silicons). To start an experiment, the holder
including a micro-orifice array was mounted into the emulsi-
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fication module and connected to the dispersed phase supply
tubing. Then both liquid phases were slowly pumped into the
system at low pressure. At the same time the pressure data ac-
quisition system was started. After the set-up was completely
filled with both phases, the desired continuous phase velocity
of 0.074 m s−1 was adjusted. Higher velocities were not ex-
plored due to the restrictions of the CCD camera. However,
increasing the cross-flow velocity leads to smaller drop sizes
as already reported in several studies [2,5,7,11]. The dispersed
phase pressure was step-wise increased until first droplet for-
mation occurred. From there on the dispersed phase pressure
was adjusted. At each pressure step two movies of minimum
30 s were recorded.

Individual frames were extracted from the movies with a
video converter program and the drop size, the drop formation
rate and the number of active nozzles were achieved from single
frames with the imaging software Scion Image® (Scion Corpo-
ration).

3. Results and discussion

3.1. Drop formation rate

The drop formation process starts when the pressure dif-
ference exceeds the critical pressure (pcritical), which is deter-
mined by the pore radius (rNozzle) and the interfacial tension
(γ ) according to equation

(1)pcritical = 2γ

rNozzle
.

For the 2.5 µm array and 1 wt% BolecMT the experimen-
tally obtained critical pressure is equal to 183 mbar and for the
3.5 µm array and 1 wt% Span85 the value is 54 mbar as it can
be seen in Fig. 4, which shows the drop formation rate versus
the applied pressure difference.

The drop formation rate also accounts for the increasing
number of active pores with increasing pressure. When do-
ing this, we found a linear relationship with the intercept at
the x-axis giving the critical pressure of the used surfactant
containing system. These pressures correspond to interfacial
tensions of 11.4 for BolecMT and 4.7 mN m−1 for Span85, re-
spectively. The slope of the regression lines in Figs. 4A and 4B
corresponds to the resistance of the nozzles following Darcy’s
law. To obtain the flow resistance of the nozzles, the average
dispersed phase flow through the nozzles (V̇dispersed phase) is cal-
culated by dividing the average drop volume with the average
drop inflation time. The actual flow resistance is calculated via

(2)RNozzle = (�p − pcritical)

V̇dispersed phase ηdispersed phase

and the theoretical flow resistance according to

(3)RNozzle,HP = 128lNozzle

πd4
Nozzle

.

Equation (3) might not be applicable for volumetric flow
through nozzles with small length/diameter ratio. In this case
Fig. 4. Drop formation rate versus applied pressure difference (�p) of water
drops emulsified (A) into 1 wt% BolecMT containing n-hexadecane with a
2.5 µm micro-orifices array and (B) into 1 wt% Span85 containing n-hexa-
decane with a 3.5 µm micro-orifices array.

the total resistance is approximately the sum of Hagen–
Poiseuille’s resistance (Eq. (3)) and Sampson’s resistance lead-
ing to equation [20,21]

(4)RNozzle,HP+S = 128lNozzle

πd4
Nozzle

+ 24

d3
Nozzle

.

From Eq. (2) the flow resistance for the 2.5 µm nozzle is
(3.64 ± 1.1) × 1018 m−3 which is in the same order of mag-
nitude compared to the theoretical resistance (RNozzle,HP =
1.04 × 1018 m−3) according to Eq. (3). Considering the small
length/diameter ratio the theoretical flow resistance (Eq. (4)) is
2.58 × 1018 m−3 and agrees even more with the experimen-
tal value. The experimental flow resistances (Eq. (2)) obtained
from the 3.5 µm nozzle arrays coated with FOTS and OTS
are (1.56 ± 0.41) × 1017 m−3 and (1.23 ± 0.6) × 1017 m−3,
respectively. These values are as well in same order of magni-
tude compared to the theoretical values (RNozzle,HP = 2.72 ×
1017 m−3 and RNozzle,HP+S = 8.31 × 1017 m−3). The deriva-
tions between the found experimental flow resistances and the
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Table 2
Dispersed phase flux obtained here in comparison with different membranes found in literature

Type of membrane Mean pore size
(µm)

�p

(bar)
Dispersed
phase

Flux

(L h−1 m−2 bar−1)

Ref.

SixNy micro-orificesa 3.5 0.177 Water 4600 Present work
SixNy micro-orifices 7 0.09 n-Hexadecane 21000 [13]
Silicon MC 17.3 0.108 Soybean oil 600 [25]
SPG membrane 2.5 0.264 Rape seed oil 11 [10]
Ceramic membrane 0.2 1.4 Mineral oil 14 [22]
PP hollow fiber 0.4 0.76 Water 0.26 [12]
MPG membrane 0.5 3.5 Sunflower oil 13 [23]

a Hydrophobized with OTS.

Table 3
Number of active pores and membrane properties

Dpore
(µm)

Thickness
(µm)

Porosity
(%)

No. of active
pores (%)

At x times
Pcritical

Ref.

SPG-membrane 15 1000 53 0.5 6 [24]
Silicon microchannel 17.3 200 1.2 95 10 [25]
SixNy microsieve 7 1 0.12 16 3 [13]
Micro-orifice arraya 3.5 1 0.25 100 1.6 Present work
Micro-orifice arrayb 2.5 1 0.05 100 1.3 Present work

a Hydrophobized with FOTS.
b Hydrophobized with OTS.
theoretical values can arise from the variations of the drop vol-
ume and the drop formation times, which are in range of 5–25%
for the drop volume and up to 50% for the drop formation time.
Both are resulting at first from the low time resolution of the
CCD camera and at second from the less controlled drop forma-
tion process at high drop formation rates and nozzle activities.

The dispersed phase flux in our experiments was remarkable
high compared to conventional macroporous membranes and
comparable to the flux obtained for oil-in-water emulsification
with silicon nitride micro-orifice arrays as indicated in Table 2.
The flux value was calculated from the average drop volume
(V Drop), the drop formation rate and the number of active noz-
zles (Nactive Nozzles) according to

(5)Flux = V Drop · Drop formation rate · Nactive Nozzles

�p · AArray
.

The considered array area (AArray) was 1.599 × 10−7 m2 and
represents only the observed unsupported area of the micro-
orifices array.

The most distinguishing feature between conventional mem-
branes and the silicon based micro-orifices arrays is their thick-
ness and morphology. The conventional membranes have a
thickness ranging from 50 to several hundreds of micrometer.
The morphology is tortuous and pore sizes are polydisperse.
Thickness and tortuosity will lead to a high membrane resis-
tance.

The pure water flux for polypropylene hollow fibers was
measured to be 6000 times higher than the water flux in a
membrane emulsification experiment [12]. Contrary to the high
porosity of the conventional membranes, which enables a high
pure liquid permeability, Vladisavljevic and Schubert [10] cal-
culated that for SPG membranes only 2% of the pores were
active within emulsifying oil into water. The interfacial ten-
sion between oil and water influences the permeability of the
dispersed phase in highly porous and tortuous membranes to a
great extend.

The silicon based micro-orifices arrays are extremely thin
and have an optimized morphology. The porosity is quite low
to prevent coalescences of growing drops. Here, in contrast
to Vladisavljevic et al. the percentage of active pores was ex-
tremely high. The percentage of active nozzles was over 90% in
case of the 2.5 µm array in combination with BolecMT, reached
at 1.25 times the critical pressure. For the 3.5 µm micro-orifices
array coated with OTS the percentage of active nozzles was
about 60% at 3.3 times the critical pressure. For the same arrays
coated with FOTS the nozzle activity reached 100% at 1.6 times
the critical pressure. For comparison, these values are listed in
Table 3.

Only a few papers have reported the number of active
pores (nozzles) obtained by visualization of the drop formation
process. The optical observation of the oil drop formation into a
0.3 wt% SDS aqueous solution using a 10 µm hydrophilic poly-
carbonate track-etch membrane showed only 1 percent of active
pores just above the critical pressure of 13.5 mbar. Unfortu-
nately, no data is given for higher pressures [11]. A SPG mem-
brane with a mean pore size of 15 µm used to emulsify soybean
oil into 0.3 wt% SDS aqueous solution showed an increase of
the number of active pores from 0.3 to 0.5% while the dispersed
phase flux was increased by a factor of six [24]. For rectangu-
lar straight-through microchannels with a hydraulic diameter of
17.3 µm, the number of active microchannels increased from
10 to 95% with the increasing pressure from 1.8 mbar (critical
pressure) to 18 mbar. As dispersed phase soybean oil was used
and emulsified into a 0.3 wt% SDS aqueous solution [25]. Abra-
hamse et al. [13] reported at 3 times the critical pressure for a
7 µm silicon nitride micro-orifice array that 16% of the pores
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were active during the emulsification of hexadecane into 1 wt%
Tween20 aqueous solution. The reason for the low pore activity
was explained by the small ratio of the pore resistance (Rp) over
the substructure resistance (Rs) against flow. The ratio found
for the 7 µm silicon nitride array was 3.7. The authors claim
that a higher ratio leads to a higher number of active pores [26].
Here, micro-orifice arrays were used with an open substructure,
which results in a lower flow resistance in the substructure, and
with smaller pore sizes resulting in higher flow resistances in
the pores. This increases the ratio of Rp over Rs compared to
Gijsbertsen-Abrahamse et al. [26] by a factor of 14 and explains
the differences between the high percentage of active pores re-
ported in our work and low activity reported by Abrahamse et
al. [13]. Table 3 suggests also that the surface porosity influ-
ences the number of active pores.

3.2. Drop size

The formed water drops had diameters in the range of 100–
200 µm as shown in Fig. 5. They were one order of magnitude
larger than the nozzle diameter of the used arrays. In order to
observe the drop formation process we performed the emulsi-
fication at low cross-flow velocities resulting in relative large
drops. The drop to nozzle diameter ratio was 45 and 52 for the
2.5 µm arrays coated with OTS and FOTS. For the 3.5 µm ar-
rays the ratio was 40 for the OTS coated one and 52 for the
FOTS coated array.

The coefficient of variation, which is the standard devia-
tion divided by the average drop size, varied between 5 and
25% and increased with increasing number of active pores. At
high pore activity growing and detaching drops were interfering
with drops growing next to it. This results in a less controlled
drop detachment of neighboring drops and larger drop size vari-
ations. As already indicated before, the drops produced with
FOTS coated arrays were for both pore sizes and both surfac-
tants larger compared to those produced via OTS coated arrays.
This is related to the approximately 20◦ lower contact angle of
water in surfactant containing hexadecane on FOTS coated sub-
strates [16].

The drop diameter was independent of the applied pressure
for both observed emulsifier systems and for both hydropho-
bic coatings as depicted in Fig. 5. Van der Graaf et al. [27]
reported that the drop size increases at constant emulsifier con-
centration if the applied pressure difference increases. These
observations can be related to the adsorption rate of the emulsi-
fier on a growing droplet. Schröder and Schubert [2] suggested
that the influence of the dispersed phase pressure becomes less
as the emulsifier adsorbs faster. When the fast emulsifier SDS is
used, the drop diameter is nearly independent from the applied
dispersed phase pressure [2,24].

The dynamic interfacial tension is a major factor determin-
ing the final drop size. It forces the drop to remain attached to
the pore as long as the interfacial tension force is higher than
the shear force applied by the cross-flowing continuous phase
(Fig. 6). When the pressure is increased, the drop grows faster
while the adsorption kinetic of the emulsifiers is not changed.
The higher interfacial tension force keeps the drop attached to
Fig. 5. Average drop diameter versus applied pressure difference (�p) of wa-
ter drops emulsified (A) into 1 wt% BolecMT containing n-hexadecane with
2.5 µm OTS and FOTS coated arrays and (B) into 1 wt% Span85 containing
n-hexadecane with 3.5 µm OTS and FOTS coated arrays.

Fig. 6. Schematic drawing of the major forces acting on a droplet inflated from
a pore into the parallel to a membrane flowing continuous phase.
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the pore. At constant cross-flow velocity the shear force scales
with the drop diameter. Hence, the drop grows until a diameter
is reached at which the shear force is higher than the interfa-
cial tension force. For fast adsorbing emulsifiers the interfacial
tension will be close to its equilibrium value. In our case, how-
ever, BolecMT is used, which is a very slow adsorbing emul-
sifier [16]. This suggests that another regime exist where the
drop diameter is independent from the applied pressure. In the
first regime the adsorption of the emulsifier is fast enough to
compensate the surfactant dilution of the interface caused by
the expansion of the growing drop. Therefore, the final interfa-
cial tension is not significantly changing over a certain pressure
range. While in the other regime, after the initial adsorption
to start drop growth, the surfactant adsorption rate is far lower
than the surfactant surface dilution rate. Therefore, the interfa-
cial tension increases due to surfactant dilution at the interface
caused by its growth and insufficient replenishment out of the
continuous phase.

3.3. Lag time

During the visual observation of the drop formation it was
found that the drops were not formed continuously at low pres-
sure differences. After detachment of a drop the pore remained
inactive for a certain period of time before a new drop was in-
flated as depicted in Fig. 7. The period of inactivity is called lag
time and was firstly reported by Abrahamse et al. [13]. Van der
Graaf et al. [27] did not observe any lag time. Today, no phys-
ical reason for the lag time nor the conditions at which a lag
time occurs are reported. Here, we will prove that the lag time
is a subtle measure for the dynamic interfacial tension of the
oil–water–surfactant system.

A lag time was found for all observed pores during all per-
formed experiments. The most obvious finding concerning the
lag time was the decrease of the lag time with increasing pres-
sure difference. Fig. 8 shows the pressure difference plotted as
a function of the inverse square root of the lag time. For 1 wt%
Span85 we observe a clear linear relationship (Fig. 8B). For
1 wt% BolecMT (Fig. 8A) the linear relation holds only for
pressure differences above 180 mbar. We will explain this
observation later in this section. Based on the data reported
by Abrahamse et al. [13] we calculated the lag time for the
hexadecane–water–Tween20 system used in their study. The
applied pressure difference showed as well a linear function of
the inverse square root of the lag time.

The relation between the lag time and the pressure differ-
ence can be explained with the critical Laplace pressure. This
pressure has to be overcome by the applied pressure difference
to inflate a drop from a nozzle and corresponds to the Laplace
pressure of a hemispherical interface at the nozzle opening. The
second variable to take into account is the interfacial tension
(IFT). For a certain �p and a given nozzle diameter the IFT
has to reach a value which corresponds to the critical Laplace
pressure. As long as the applied pressure difference is lower
compared to the Laplace pressure drop formation will not oc-
cur.
Fig. 7. Growth of water drops from a single pore at 161 mbar (2.5 µm OTS
coated array; 1 wt% BolecMT dissolved in n-hexadecane).

Fig. 8. Applied pressure difference (�p) versus the inverse square root of lag
time for (A) 1 wt% BolecMT and (B) 1 wt% Span 85.
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Fig. 9. Decline of the Laplace pressure with adsorption time. Calculated via
Eqs. (1) and (6) for a nozzle size of 3.5 µm and two different diffusion coeffi-
cients.

After drop detachment, a sufficient amount of surfactants
have to adsorb at the hemispherical interface before the critical
Laplace pressure is reached again. The adsorption of surfac-
tants at an interface is a kinetic process and is represented by
the dynamic interfacial tension of a given surfactant.

Fig. 9 illustrates qualitatively the relation between the lag
time and the pressure difference. The dynamic interfacial ten-
sion is derivate from Eq. (6) and translated into pressure with
Eq. (1). If the emulsification process operates at low pressure
difference (�p2 in Fig. 9) then the Laplace pressure has to de-
crease by the surfactant adsorption to a relatively low value
(from point 1 to point 3). The absolute value of the lag time
depends on the corresponding interfacial tension at the moment
of drop detachment (point 1). For faster adsorbing surfactants,
indicated by a higher diffusion coefficient, the lag time reduces,
because the required critical interfacial tension is reached at ear-
Fig. 10. Comparison between interfacial tension of water/n-hexadecane
+1 wt% BolecMT obtained from lag time at a 2.5 µm orifice and from drop
volume method.

Fig. 11. Interfacial tension (calculated via Eq. (1)) versus the negative square
root of the lag time plotted according to Eq. (6) of 1 wt% Span85.

lier (lag) times. Following the same arguments explains that in-
creasing the pressure difference leads to a decreasing lag time.

We can conclude that the lag time appears to be a sensi-
tive measure of the dynamic interfacial tension. To prove this,
for each applied pressure difference the corresponding interfa-
cial tensions were calculated according to the Laplace pressure
equation (Eq. (1)), plotted against the observed lag times and
in case of 1 wt% BolecMT compared with the dynamic inter-
facial tension obtained by the drop volume method. The results
are plotted in Fig. 10. The dynamic interfacial tension derived
from the lag time fits well to the values from the drop volume
method.

Recalling the inverse square root relation between the lag
time and �p, Fig. 11 depicts the same for the IFT of 1 wt%
Span85. This type of plot is typical for presenting the dynamic
interfacial tension of a given emulsifier containing system. Ba-
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sis for these plots is the so-called long time approximation for
the dynamic interfacial tension [28].

(6)γ (t) − γeq = RT Γ 2
c

C0

√
π

4Dt
.

Equation (6) is a simplified version of the equation of Ward and
Tordai relating the interfacial tension decline with the surfac-
tant bulk concentration C0, the adsorbed emulsifier density Γc
and the diffusion coefficient D. From the intercept of the lin-
ear regression line in Fig. 11 the equilibrium interfacial tension
of 3.5 ± 0.2 mN m−1 is obtained. This value agrees with the
equilibrium interfacial of 3.3 ± 0.1 mN m−1 for 1 wt% Span85
obtained from sessile drop measurements.

The interfacial tension of 1 wt% BolecMT does not follow
the linearity of Eq. (6) over the entire time range. Only at short
adsorption times the values agree with it. This emulsifier is a
mixture of phospholipids and proteins and its adsorption on
interfaces is a competitive process. Therefore, its interfacial ten-
sion decline differs from single component adsorption as we
showed in an earlier work [16].

As indicated by Eq. (6) the slope and the intercept of the
regression line in Fig. 11 can be influenced by varying the sur-
factant concentration and by using surfactants with different
diffusion coefficients. Considering the first, concentrations be-
low the critical micelle concentration (CMC) will result in a
steeper slope and a higher intercept. For concentrations above
the CMC almost no change is expected. Secondly, for emulsi-
fiers with higher diffusion coefficients the slope will increase.
In conclusion, the lag time will be shorter or disappears at a
given pressure difference for higher surfactant concentrations
and for surfactants with higher diffusion coefficients.

In general, a lag time appears in an emulsification process at
pressures close to the critical pressure and in combination with
slow or medium fast adsorbing emulsifiers. It disappears if the
applied pressure is increased or faster adsorbing emulsifiers are
used.

4. Conclusions

We could demonstrate successful emulsification of water
into n-hexadecane with hydrophobic arrays of micro-orifices.
Significant differences between FOTS and OTS coatings were
found for the drop diameter caused by different contact angles
with in the system of water/n-hexadecane + surfactant/coated
substrate. The different hydrophobic coatings do not signifi-
cantly influence the drop formation rate, the percentage of ac-
tive pores and the lag time. The extremely low porosity and
the open back structure of the used micro-orifice arrays result
in nearly 100% active pores at less than two times the critical
pressure.

The observed lag time disappears at a certain �p. For fast
adsorbing emulsifiers like SDS a lag time is not observed.
Therefore, two ways are possible to avoid the lag time. Using
faster adsorbing emulsifiers or if this is not possible, due to re-
strictions of the usable emulsifiers within the product recipe, the
applied pressure difference over the nozzles can be increased
until the lag time vanishes.
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Appendix A. Nomenclature

CMC critical micelle concentration
FOTS perfluorinated octyltrichlorosilane
IFT interfacial tension
MC micro channel
MPG micro porous glass
OTS octyltrichlorosilane
PC polycarbonate
PP polypropylene
SDS sodium dodecylsulfate
SPG Shirasu porous glass
Aarray unsupported micro-orifice array area (m2)
C0 bulk emulsifier concentration (mol L−1)
D emulsifier diffusion coefficient (m2 s−1)
dNozzle nozzle diameter (m)
lNozzle length of a nozzle (m)
Nactive Nozzle number of actives nozzles (–)
�p applied pressure difference (bar)
pcontinuous phase pressure of the continuous phase (bar)
pdispersed phase pressure of the dispersed phase (bar)
pcritical critical Laplace pressure (bar)
rNozzle nozzle radius (m)
R relative gas constant 8.314 (J K−1 mol−1)
RNozzle experimental flow resistance of a nozzle (m−3)
RNozzle,HP flow resistance of a nozzle according to Hagen–

Poiseuille (m−3)
RNozzle,HP+S sum of the Hagen–Poiseuille and Sampson flow

resistance of a nozzle (m−3)
Rp hydraulic pore resistance (m−3)
Rs hydraulic substructure resistance (m−3)
T temperature (K)
t time (s)
V Drop average drop volume (m3)
V̇dispersed phase average dispersed phase flow through a nozzle

(m3 s−1)

Greek letters

γ interfacial tension (N m−1)
γ (t) dynamic interfacial tension (N m−1)
γeq equilibrium interfacial tension (N m−1)
Γc emulsifier adsorption density (mol m−2)
ηdispersed phase viscosity of the dispersed phase (Pa s)
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