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Dynamic interfacial tension was studied experimentally during drop formation in a flow-focusing
microchannel. A low viscosity silicone oil (4.6 mPa s) was the continuous phase and a mixture of 48%
w/w water and 52% w/w glycerol was the dispersed phase. An anionic (sodium dodecylsulfate, SDS), a
cationic (dodecyltrimethylammonium bromide, DTAB) and a non-ionic (TritonTM X-100, TX100) surfactant
were added in the dispersed phase, at concentrations below and above the critical micelle concentration
(CMC). For SDS and DTAB the drop size against continuous phase flowrate curves initially decreased with
surfactant concentration and then collapsed to a single curve at concentrations above CMC. For TX100 the
curves only collapsed at surfactant concentrations 8.6 times the CMC. From the collapsed curves a corre-
lation of drop size with capillary number was derived, which was used to calculate the dynamic interfa-
cial tension at times as low as 3 ms. The comparison of the surfactant mass transport and adsorption
times to the interface against the drop formation times indicated that surfactant adsorption also con-
tributes to the time required to reach equilibrium interfacial tension. Criteria were proposed for drop for-
mation times to ensure that equilibrium interfacial tension has been reached and does not affect the drop
formation.
� 2021 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Microfluidic technologies have attracted significant research
interest over the last decades, as they can be used to study physic-
ochemical properties and to make complex products. They have
been used to produce dispersions with a high degree of droplet
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monodispersity, which is appealing in processes involving emulsi-
fications, microencapsulations, separations and reactions [1-4].

Often surfactants are added in dispersed two-phase systems to
modify the interfacial properties, reduce drop size and improve
stability through an interfacial layer that provides steric or electro-
static repulsions, in applications ranging from inkjet printing, to
pharmaceutical processes and enhanced oil recovery [5-7]. During
drop formation in a liquid in microchannels, a fresh interface is
continuously formed. When surfactant molecules are present in
either of the two phases, they will travel towards the new inter-
face. Equilibrium interfacial tension values will only establish if
the mass transport and adsorption of surfactants to the interface
is fast compared to the drop formation time or the rate at which
the new interface forms. In addition, convective flows around the
forming droplets can result in uneven surfactant interfacial con-
centrations; these will induce interfacial tension gradients (Maran-
goni effects [8]) and introduce an additional complexity to the
system. It is thus important to characterise the mass transfer and
kinetics of surfactants in relation to fluid flowrates and droplet for-
mation times and to determine the changes in interfacial tension
over time or the dynamic interfacial tension (DIT).

Surface tension instruments can typicallymeasure dynamic sur-
face tension in the range of 0.1 ms – hours [9]. However, interfacial
tension instruments rely on sphericity and thus require very small
drops or a small density difference between the two fluids. As a
result, the hydrodynamic effects inside the two phases can affect
surfactant transport and limit the lower range of time scales that
can be measured [9]. In addition, the sample preparation time can
be long compared to surfactant diffusion and adsorption times.
Javadi et al. [10] presented a summary of the experimental tech-
niques available for obtaining different dynamic interfacial param-
eters at short interface ages and fast interfacial perturbations.
Commercially available tensiometers for measuring dynamic sur-
face and interfacial tension are based on different principles such
as capillary pressure and drop volume [9,11,12]. In the former tech-
nique, a drop is formed from a nozzle and when the drop radius
reaches that of the capillary, a maximumpressure is reached, which
is used to calculate the interfacial tension from the Young-Laplace
equation; the smallest time scale possible is 10 ms [13]. The latter
tensiometer is based on a force balance on a forming drop just
before it detaches from a capillary, i.e. when the drop weight over-
comes the interfacial tension force; times down to 1 s can be
reached [9]. The maximum bubble pressure tensiometer uses the
same principle as the capillary pressure method in the sub-
millisecond range (0.1 ms) but can only measure surface tension
[14]. In addition, it was shown that convection becomes important
below 0.1 s, making it more difficult to obtain precise measure-
ments at shorter time scales [15]. Interfacial tension instruments
using drop profile analysis (pendant drop tensiometry, which is
the most common method used for time scales > 1 s [9,12]) and
force tensiometry (Du Noüy ring or Wilhelmy plate) may not be
representative of the flow conditions encountered when a drop
forms in flow. Another disadvantage of force tensiometry is the dis-
turbance caused to the interface when the ring or the plate contacts
and stretches it to form a lamella. For surfactants with slow adsorp-
tion kinetics that require long measurements, the minor oscilla-
tions caused during lamella growth can cause surfactant
molecules to redistribute and thus affect the measurement [16].

In more recent studies, microfluidics have been proposed as a
means to obtain DIT at short time scales from 1 to 100 ms [6,17-
19]. A common approach to determine DIT using microchannels
is linked to drop formation and size. A force balance is considered
in the dripping regime of drop formation [20], just before the drop
detachment, between the viscous shear and the interfacial tension
forces, and a correlation between the capillary number Ca;¼;luc=c
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(where l, uc and c are viscosity, continuous phase velocity and
interfacial tension respectively) and the drop size at different flow-
rates is obtained. From this correlation, the interfacial tension can
be estimated from the drop size at different conditions, at the cor-
responding drop formation time, giving the variation of interfacial
tension with time. To obtain the correlation between Ca and drop
size, it is important that the interfacial tension remains constant
during the experiments. Systems without surfactants can be used,
but it is not always possible to have drops forming at the relevant
range of flowrates and capillary numbers as interfacial tensions are
high. Surfactants are added to extend the ranges of flowrates
where drops form, but in this case surfactant concentrations well
above the CMC values need to be used to obtain constant interfa-
cial tension [18,21,22].

DIT has been investigated mainly in T-junction microchannels
[18,23] and co-flow microfluidic devices [24,25]. Flow focusing
microfluidic devices are commonly used to produce droplets and
exist in two configurations: hydrodynamic flow-focusing, where
two liquid streams of the continuous phase surround the dispersed
phase stream and break it to drops at the inlet [22,26] and geomet-
rical focusing where the breakup of the dispersed phase happens at
an orifice of size smaller than the main microchannel width
[27,28]. The latter configuration has previously been used to obtain
DIT [21,29] when surfactants are dissolved in the continuous
phase, while the former configuration, is yet to be investigated.
In 2006, Xu et al. studied the effects of flow, contact angle and wet-
ting properties on the dynamics of plug and drop formation [20].
The axial droplet diameter, d, was linked to the crossflow and
was correlated as d � di=Ca, where di is the hydraulic diameter
at the intersection of the channel. Wang et al. [18] used a N-
hexane and Tween-20 mixture to develop a droplet diameter cor-
relation for determining DIT from the capillary number down to
20 ms. The results showed that by increasing the Tween-20 con-
centration in the continuous phase, surfactant adsorption is
improved and the interfacial tension at the drop rupturing moment
can be reduced to the equilibrium value. Xu et al. [21] added
sodium dodecylsulfate (SDS) and hexadecyltrimethylammonium
bromide (CTAB) surfactants in the continuous aqueous phase and
found that DIT decreases with the N-hexane dispersed phase flow-
rate in the SDS case, suggesting that convection might play a role in
the surfactant mass transport as opposed to the CTAB case. Bros-
seau et al. [17] used a sequence of microfluidic expansions to mea-
sure the droplet deformation and obtain kinetics of a
perfluorinated surfactant at the sub-second time scale. Muijlwijk
et al. [30] added SDS in the continuous phase and correlated the
volume of hexadecane droplets to the capillary number at high
expansion rates and within milliseconds.

There are also numerical studies on drop formation inside
microchannels in the presence of surfactants. Riaud et al. [31] per-
formed numerical simulations inside a T-junction microchannel
using Span80-octane as the continuous phase and compared them
against micro Particle Image Velocimetry (lPIV) experiments. The
authors found that the interfacial distribution of surfactants on
growing droplets is not uniform, but surfactants tend to concen-
trate at the droplet tip. Using Lattice Boltzmann simulations, Van
der Graaf et al. [32] were able to predict well the shape and the
final size of the drops. Their results showed that the droplet vol-
ume increases with increasing dispersed phase flowrate and
decreasing capillary number. Jin et al. [33] studied the effect of sol-
uble surfactants on the forming drop neck and used the Gibbs
adsorption isotherm to relate interfacial tension to surfactant con-
centration at the interface, by accounting for maximum packing of
surfactants.

It is important to know the interfacial tension variation with
time to be able to operate microfluidic devices as generators of
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drops with controlled size. This paper presents a microfluidic
approach that allows DIT to be measured in the millisecond scale,
based on the drop formation times. The kinetics of three widely
used surfactants, SDS, dodecyltrimethylammonium bromide
(DTAB) and TritonTM X-100 (TX100), dissolved in the aqueous dis-
persed phase are characterised and their effects on drop formation
are considered in a microfluidic device that combines both hydro-
dynamic and geometrical flow-focusing. From the results, correla-
tions of drop size against the capillary number are developed,
which are used to estimate the DIT during drop formation at an
extended range of capillary numbers (0.024 � Ca � 0.263) and
shorter time scales (down to 3 ms) than what could be achieved
before. By considering the various time scales relevant to the sur-
factant transport, we show that the surfactant adsorption times
can be significant and should be considered during drop formation.
Thus, we present criteria for minimum drop formation times
needed to ensure that equilibrium interfacial tension has been
reached and dynamic effects will not influence the drop size in
the microfluidic channels.
2. Materials, experimental methods and data processing

2.1. Materials and estimation of interfacial concentration

The dispersed phase was a mixture of 52% w/w glycerol (Sigma-
Aldrich, � 99.5%) and 48% w/w water (GS, density = 1132 kg/m3,
viscosity = 0.007 Pa s) with and without surfactant, while the
organic phase was a silicone oil (SO, density = 920 kg/m3,
viscosity = 0.0046 Pa s, Clearco). The aqueous solution was chosen
to be the dispersed phase, to avoid any surfactant adsorption to the
channel walls. The 52% w/w water-glycerol solution was selected
to match the refractive index of the oil phase (ni = 1.39 at 22 �C)
and avoid any optical distortions from light reflection. All aqueous
Fig. 1. Equilibrium interfacial tension and surface excess against concentration for
SDS dissolved in 52% w/w glycerol solution. The dashed line is fitted to the
experimental data. The continuous line represents the surface excess plotted on the
secondary y-axis against surfactant concentration.

Table 1
Physical properties of the test fluids at surfactant concentrations equal to CMC (T = 22 �C

Dispersed phase

Pure / Surfactant-free Aqueous glycerol solution (GS) (52% w/w)
SDS GS + SDS at CMC= 11 mM (Mw = 288.38 g/mol)

DTAB GS + DTAB at CMC = 20 mM (Mw = 308.34 g/mol)

TX100 GS + TX100 at CMC = 3.5 mM (Mw = 646.85 g/mol)
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solutions were prepared on the same day of each experiment in
order to avoid undesired reactions between surfactants, water
and glycerol [34-36].

Three types of surfactants were dissolved in the dispersed
phase: the commonly used anionic surfactant sodium dodecylsul-
fate (SDS), (VWR, Mw = 288.38 g/mol, � 99%), the cationic surfac-
tant dodecyltrimethylammonium bromide (DTAB), (Santa Cruz
Biotechnology, Mw = 308.34 g/mol, 99.2%) and the non-ionic sur-
factant TritonTM X-100 (TX100), (Acros organics, Mw = 646.85 g/m
ol, >95%). Equilibrium interfacial tension values, ceq, at different
surfactant bulk concentrations, c, were measured experimentally
using the Du Noüy ring attached to a Force K100 Tensiometer
(Krüss GmbH). Fig. 1 shows the interfacial tension isotherm for
SDS at 22 �C, from which the critical micelle concentration (CMC)
value was found. The isotherms for DTAB and TX100 can be found
in SI (see Figure S1(a)) while the CMC values for all surfactants are
summarised in Table 1. As the CMC is expected to increase with the
addition of glycerol in water, these values are higher than those
reported in the literature for aqueous solutions [6,19]. These sur-
factants were chosen due to their differences in adsorption kinetics
[6,19].

The viscosities of the solutions were obtained with a Rheometer
MCR 302 (Anton Paar GmbH) (ld=lc = 1.52, where ld and lc are
the dynamic viscosities of the disperse and continuous phases,
respectively). The results showed that the solutions remained
Newtonian with the addition of surfactants. All measurements of
density, viscosity and interfacial tension were taken at 22 �C which
is the temperature that the flow experiments were carried out.
Table 1 summarises the fluid properties of the test solutions used
in the experiments at CMC. Surfactant concentrations below and
above CMC were used. Experiments were performed using
c=CMC: 0.2, 0.5, 0.7, 1.0, 1.4, 2.0, 5.0 for SDS; 0.5, 1.0, 2.5, 5.0 for
DTAB and 0.1, 0.2, 0.6, 1.0, 1.4, 2.1, 2.9, 4.3, 5.7 and 8.6 for
TX100. Since TX100 is the only liquid surfactant in this study, a sig-
nificant change in viscosity was observed at high TX100 concentra-
tions so c=CMC = 8.6 was the highest concentration used. Its
solubility in the continuous oil phase could be neglected for the
short time scale (milliseconds) relevant in this study, since its par-
tition coefficient is large in favour of the aqueous phase [37]. The
ionic surfactants (SDS, DTAB) are also considered to be insoluble
in the organic phase.

The concentration of surfactants at the interface is usually esti-
mated indirectly. The relationship between interfacial tension and
concentration is given by the Langmuir–Szyszkowski isothermal
equation of state [12,38]:

ceq ¼ c0 � nRTCmax lnðKLcþ 1Þ ð1Þ

where c0 represents the interfacial tension of the pure system with-
out surfactant, R is the ideal gas constant, T is the temperature, Cmax

is the surfactant concentration at a saturated interface and KL is the
ratio between the adsorption (kads) and desorption rate (kdes) con-
stants. Since 1 mol of ionic surfactant will cause two ions to adsorb
at the interface, n = 1 is used for non-ionic surfactants and n = 2 for
ionic ones.

Once the values of equilibrium interfacial tension at different
bulk surfactant concentrations are known, constants Cmax and KL
).

Continuous phase ceq, (mN/m) Cmax(mol/m2) KL(m3/mol)

Silicone oil (SO) 32.0 – –
10.7 1:20� 10�6 3.20

10.0 1:70� 10�6 0.63

2.9 1:42� 10�6 1585.00



Fig. 2. (a) Schematic of the experimental setup for the drop formation in microchannels (b) Raw image to show drop formation in the dripping regime, where d is the axial
droplet diameter immediately after break-up and schematic of the flow-focusing inlet of the microchannel.
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can be calculated by fitting Eq. (1) to the experimental data, as
shown in Fig. 1 for SDS. The surface concentration, C, (surface
excess) can be related to the corresponding bulk surfactant con-
centration using the Langmuir isotherm:

C ¼ CmaxKLc
1þ KLc

ð2Þ

From Eq. (2), using the constants Cmax and KL calculated, the
surface excess at the liquid/liquid interface at different bulk con-
centrations was calculated for each surfactant, as illustrated in
Fig. 1 (secondary y-axis); the values are given in Table 1. As can
be seen from Figure S1(b) in SI, TX100 reaches maximum surface
coverage at lower bulk concentrations compared to the other sur-
factants, as mentioned in literature [39,40].

2.2. Drop formation experiments in microchannels

The experimental setup for the drop formation studies is shown
in Fig. 2(a). The experiments were performed in a glass microchan-
nel (Dolomite Microfluidics, UK) with cross-junction inlet dimen-
sions equal to 195 lm � 190 lm (width � depth) and wide
channels equal to 390 lm � 190 lm (width � depth) (see Fig. 2
(b)). The images were taken with a 12-bit high-speed camera
(Phantom v1212, 1280 � 800 pixels resolution) equipped with a
Nivatar 12 � zoom lens. A backlight system using LED ensured a
homogenous illumination of the main channel. Two syringe pumps
(KDS Scientific) were used for the liquids. The silicone oil was
introduced first (continuous phase) via the top and bottom chan-
nels and then the aqueous phase (dispersed phase) was introduced
via the central channel of the junction.

For all systems, the total continuous phase flowrates from top
and bottom inlets (Qc) ranged from 0.02 to 0.4 mL/min, while
the dispersed phase flowrates (Qd) varied from 0.01 to 0.1 mL/
min. Depending on the system, these conditions were chosen as
they resulted in regimes where drops formed, as shown in Fig. 2
(b). For each set of runs, the continuous phase flowrate was kept
constant and the dispersed phase flowrate was increased in a step-
wise manner. In order to capture the very fast dynamics of droplet
formation, the images were acquired at a frequency of 10000 Hz.
Images were treated with codes developed in-house using MATLAB
(R2017b) including detection of the liquid–liquid interface and cal-
culation of droplet diameter, droplet velocity and formation time.
Results were averaged for at least 15 drops (drop size
polydispersity < 3%). The drop formation time is taken as the num-
ber of frames from the pinch-off of a droplet until the detachment
of the following droplet, divided by the frame rate of the camera
(10000 Hz). The experimental errors can be considered negligible,
being just 3 lm per pixel for the spatial resolution (2.5% of the
smallest drop diameter) and 0.1 ms for the time resolution (13%
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of the smallest formation time). These errors will be shown using
error bars on the graphs in the following sections.
3. Results and discussion

3.1. Droplet characteristics

The droplet size and formation time in the dripping regime for
all three surfactants at different concentrations will be discussed in
this section, which will be used to determine the DIT.

3.1.1. Droplet size
The average droplet diameters, dav, obtained upon addition of

SDS, DTAB and TX100 in the aqueous phase are shown in Fig. 3
(a), (b) and (c) respectively, for constant Qd = 0.01 mL/min. As
shown in all three cases, drop size decreases with increasing Qc,
as a result of the pressure build-up on the side inlet channels
and the high shearing effects along the drop interface which over-
come the interfacial tension forces. As observed by Roumpea et al.
[22] and Kovalchuk et al. [37], an increase in both of these factors
with increasing Qc will accelerate the thinning rate of the neck and
decrease the time required for the droplet to detach, resulting in
smaller drop sizes. The results are in agreement with several liter-
ature findings [30,41,42].

An increase in surfactant concentration will decrease the inter-
facial tension and favour drop detachment which will decrease the
drop size, in agreement with Wang et al. [18] and Roumpea et al.
[22]. With a further increase in surfactant concentration and
decrease in interfacial tension, the graphs collapse at a single line
(Fig. 3(a) and (b)). This indicates that the equilibrium interfacial
tension has been reached at the time scale of the drop formation.
For both SDS and DTAB the curves collapse just after the
c=CMC = 1.0. On the other hand, with TX100, drop sizes continue
to decrease, even with surfactant concentration at c=CMC = 8.6,
where dav values become close but do not collapse completely
(Fig. 3(c)).

3.1.2. Drop formation time
To be able to determine the DIT, the droplet formation time is

needed. The drop formation times (t) for the pure system without
surfactant are shown in Fig. 4 against the continuous phase flow-
rate at different dispersed phase flowrates. As expected, formation
time decreases with increasing continuous phase flowrate, due to
the increased shear force from the continuous phase towards the
drop. An increase in the dispersed phase flowrate decreases the
formation time because it again increases the shear force between
the two phases. The range of formation times observed is from 2.8
to 64.5 ms.



Fig. 3. Droplet diameter against continuous phase flowrate at different surfactant concentrations. Qd = 0.01 mL/min (a) SDS, (b) DTAB (c) TX100. Black empty circles (s)
represent the pure system and red crosses ( ) indicate CMC solutions.

Fig. 4. Drop formation time against continuous phase flowrate at different
dispersed phase flowrates for the pure system.

Fig. 5. Drop formation time against continuous phase flowrate at different SDS
concentrations. Qd = 0.01 mL/min, red crosses ( ) indicate CMC solutions.
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The effect of the continuous phase flowrate on the formation
time upon addition of different SDS concentrations is shown in
Fig. 5 for Qd = 0.01 mL/min. Again, an increase in Qc decreases
the drop formation time. An increase in SDS concentration also
reduces the formation time until c=CMC = 1.0, after which the
curves collapse. The same trend is observed with the DTAB surfac-
tant, whereas the curves did not collapse with the addition of
TX100 surfactant, even at c=CMC = 8.6. Similar results have also
been reported for small-molecule surfactants (SDS) by Van der
Graaf et al. [43] and for polymer surfactants (PVA) by Liu et al. [44].
3.2. Dynamic interfacial tension

As shown in Fig. 3(a) and (b), the drop sizes do not change
above a certain concentration of the SDS and DTAB surfactants,
denoting that an equilibrium interfacial tension has been reached
during the drop formation process. In contrast, the graphs do not
collapse at a single line when using TX100, suggesting that the
time was not sufficient for the surfactant to saturate the interface.
Nonetheless, dav values for c=CMC = 5.7 and 8.6 are very close (4%
difference) and can be used for the DIT analysis. The surfactant-free
data at 0.16 mL/min � Qc � 0.4 mL/min and 0.02 mL/min � Qd �
0.1 mL/min, where the interfacial tension is constant, were also
used to extend the range of interfacial tensions considered (2.9
mN/m � c � 32 mN/m). The surfactant-laden data used were at
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a constant Qd = 0.01 mL/min and 0.08 mL/min � Qc � 0.32 mL/
min. These flowrate ranges were chosen as the squeezing regime
[14,22] was observed at lower Qc, and tip streaming-jetting [45]
was seen at higher Qc. Following the model from Xu et al. [46],
the experimental data on drop size was fitted to the following
equation, for 0.031 � Qd=Qc � 0.125 and 0.024 � Ca � 0.263.

dav

dn
¼ 0:642

Qd

Qc

� �0:188 1
Ca

� �0:161

ð3Þ

where dn is the characteristic length of the flow-focusing device
(channel width at junction = 195 lm). The continuous phase veloc-
ity needed in the capillary number was obtained from uc ¼ Qc=Ainlet,
where Ainlet is the area corresponding to the cross-sectional area of
the inlet junction as shown in Fig. 2(b).

Fig. 6 compares the experimental data with those calculated
from the model, showing good agreement (standard deviation
r = 2%). Using Eq. (3) the DIT at unsaturated interfaces for all sur-
factants can be calculated at different drop sizes at the correspond-
ing formation times. DIT values against drop formation time at
different surfactant concentrations are plotted in Fig. 7(a), (b)
and (c) for SDS, DTAB and TX100, respectively. As expected, DIT
decreases with increasing drop formation time in all three cases,
as more time is available for the surfactant to transfer to the inter-
face before the drop pinch-off. In the case of SDS, at c=CMC = 0.7 a



Fig. 6. Model from Equation (3) (continuous line) and experimental data used for
surfactants free and surfactant laden solutions (symbols).
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plateau is not reached, and DIT values are far from the equilibrium
value of 12 mN/m, as measured using ring tensiometry. At higher
concentrations, from CMC and above, a plateau is reached which
is very close to the equilibrium value of 10.7 mN/m. The same
behaviour was seen with DTAB, where the equilibrium value of
16 mN/m is approached at increasing drop formation time at
around c=CMC = 0.5. DIT values reached the equilibrium ones of
10 mN/m for c=CMC = 1.0 and c=CMC = 2.5 at all drop formation
times studied.

On the other hand, with the TX100 surfactant, the equilibrium
interfacial tension during drop formation is not reached for most
studied concentrations (Fig. 7(c)). The DIT curve at c=CMC = 0.6
is far from the equilibrium value of 3.7 mN/m. The DIT values at
c=CMC = 4.3 and c=CMC = 5.7, however, approach the final equilib-
rium value of 2.9 mN/m. This is attributed to the differences in
adsorption kinetics of the three surfactants during drop formation
[33,47]. From dynamic surface tension measurements in the mil-
lisecond scale, it was found that surfactants with low CMC values
equilibrate slower, because of the low surfactant molecule concen-
trations in the bulk [14,39]. The CMC values of the studied surfac-
tants decrease as follows DTAB > SDS > TX100 (see Table 1), with
TX100 having the lowest CMC value. Partearroyo et al. [48] who
studied these surfactants in urea, reported that they reach equilib-
rium values at c=CMC ratios that follow the sequence
DTAB < SDS < TX100, which is in agreement with the above find-
Fig. 7. Dynamic interfacial tension against droplet formation time for different surfactan
( ) indicate CMC. Solid lines represent equilibrium interfacial tension values measured
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ings. Surfactant kinetics will be further discussed in the next
section.

The DIT values against drop formation time at a higher dis-
persed phase flowrate, 0.02 mL/min are compared with the values
at 0.01 mL/min in Fig. 8, for all three surfactants at c=CMC < 1.0.
The DIT values are lower for the higher dispersed phase flowrate,
even though the drop formation times are shorter. Short formation
times would have been expected to decrease the concentration of
surfactant adsorbed at the drop interface and increase the DIT val-
ues. A similar behaviour was reported by Wang et al. [18], who
argued that high dispersed phase flowrates enhance convection
and surfactant mass transfer to the interface, thus justifying the
reduced interfacial tension values. As reported by Wang et al.
[19], TX100 is convective mass transfer controlled at low concen-
trations. Xu et al. [21] described a similar phenomenon for the
SDS system. Convection both inside and outside drops seems to
be important and will be explored in future work using novel par-
ticle image velocimetry techniques [22].
3.3. Drop formation times in relation to surfactant kinetics

Surfactant adsorption to liquid–liquid interfaces from a bulk
phase can be divided into three discrete steps: (1) Mass transfer
(diffusion and/or convection) of surfactant molecules from the bulk
to the depletion length (i.e. a layer with thickness of only a few
molecular diameters or angstroms below the interface layer)
[49]; (2) Kinetic adsorption of surfactant to the interface [12,50];
(3) Disaggregation of micelles and dissolution of some of the sur-
factant molecules that were previously bound to the micelles,
caused by the imbalance between micelles and molecules in the
bulk solution [51].

According to Eastoe and Dalton [52], there are two models
describing surfactant transport from the bulk to the interface: (1)
The diffusion or mass transfer limited model, assumes that the
monomer transfer from the bulk into the depletion layer is the
rate-controlling step and adsorption from the depletion layer to
the interface is fast and can be neglected. (2) The mixed kinetic
model assumes that adsorption of surfactant molecules between
the interface and the depletion layer is the slow step and the
monomer transport in the bulk phase is fast. Barriers for adsorp-
tion include limited ‘vacant sites’ available on the interface,
increased surface pressure, steric constraints on the molecules
close to the interface and wrong orientation of the monomers,
especially for long chain surfactants, proteins and polymers [52].
From the above it is evident that the mechanism that controls
the DIT during drop formation depends on surfactant type, concen-
tration and flow conditions. Drop formation times should be longer
than the mass transfer and adsorption times for surfactants to
t concentrations of (a) SDS, (b) DTAB and (c) TX100 shown in symbols. Red crosses
using a Du Noüy ring attached to a Force K100 Tensiometer (Krüss GmbH).



Fig. 8. Effect of dispersed phase flowrate on the dynamic interfacial tension for all
three surfactants at concentrations below CMC (0.12 mL/min � Qc � 0.2 mL/min).

Table 2
Characteristic parameters for surfactant mass transfer.

SDS DTAB TX100

c=CMC 0.2, 0.5, 0.7, 1.0,
1.4, 2.0, 5.0

0.3, 0.5, 0.7,
1.0,
2.0, 2.5

0.6, 1.0, 1.4, 2.1,
2.9, 4.3, 5.7

D (m2/s) 1� 10�10 9� 10�11 5� 10�11

NA [19,32] 74.5 55 101
hp (lm) 0.022 – 0.478 0.033 – 0.334 0.071 – 0.708
tdiff (ms)

c � CMC
2.281, 0.426, 0.208,
0.113

1.117, 0.229,
0.156, 0.062

10.013, 3.271

tdiff (ms)
c > CMC

0.044, 0.014, 0.001 0.008, 0.004 1.100, 0.316,
0.129,
0.036, 0.014
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reach equilibrium concentration at the interface. In this section we
discuss the relevant time scales to understand the DIT values
obtained above.

In order to obtain a time scale for the mass transfer of the sur-
factant, an appropriate length scale needs to be defined. For lami-
nar flow and a planar interface [19,53], mass transfer depends on
diffusion in the depletion length [39]. The thickness of the deple-
tion length, hp, can be derived from the mass balance of the surfac-
tant on the interface and on the volume in the bulk phase that it
once occupied given by CAs ¼ cVs, where As and Vs are the surface
area and the volume of the depletion layer, respectively. Since
Vs ¼ hpAs, the depletion length is defined as hp ¼ C=c. The charac-
teristic time for the diffusion of the surfactant in the depletion
length is [54]:

tdiff ¼
h2
p

D
ð4Þ

where D is the diffusion coefficient of the monomers. For the mass
transfer of surfactants during laminar flow inside drops, the size of
the drops may also be a relevant length scale [23]. For large drop
diameters however, (dav=hp > 10), the interface can be assumed
to be flat, and Eq. (4) can be used.

For concentrations above the CMC, an effective diffusion coeffi-
cient, Deff should be used instead to account for the effect of the
dissolution of micelles on the mass transfer of the surfactant. The
monomers released after micelle disaggregation increase the sur-
factant diffusivity (up to 2 orders of magnitude). According to
Glawdel and Ren [55], Deff can be found from:

Deff ¼ D 1þ bð Þ 1þ br2� � ð5Þ

where b ¼ ðc=CMCÞ � 1, r ¼ N�1=3
A , NA = aggregation number show-

ing the number of monomers needed to form a micelle.
According to Jin et al. the characteristic time scale for the

adsorption–desorption of the surfactant to the interface (assuming
Langmuirian kinetics) is given by [56]

tads ¼ 1
Kadscþ kdes

ð6Þ

Jin et al. suggested a critical size, RDK, to compare the impor-
tance of the adsorption and diffusion phenomena, given by [56]
210
RDK ¼ D
CmaxKads

ð7Þ
If the RDK value is smaller than the drop radius (dav=2), then the sur-
factant transport is diffusion controlled. If RDK is comparable to or
larger than the drop radius, then adsorption becomes important.
In the presence of convective flows or circulation patterns inside
or around the drops [22,31] which can accelerate surfactant mass
transport, different length scales for the surfactant mass transport
in the bulk phase would need to be taken into account
[19,23,57,58].

The diffusion coefficients (D) of the studied surfactants at
c � CMC were estimated using the Wilke-Chang correlation [59]
(Table 2) and showed good agreement when compared with liter-
ature values [6,14,60]. The effective diffusion coefficients (Deff ) at
c > CMC were calculated using Eq. (5). The diffusion coefficients
of the surfactants are similar, while the calculated effective diffu-
sion coefficients are higher compared to the monomer ones, due
to micelle disaggregation. DTAB has the shortest depletion lengths
at corresponding concentrations both below and above CMC, while
TX100 has the largest hp at corresponding c=CMC values. As a
result, the diffusion mass transfer times, tdiff , calculated from Eq.
(4), at surfactant concentrations both below and above CMC follow
the sequence of DTAB < SDS < TX100.

The desorption coefficients (kdes) are given in Table 3 as found
from literature at c=CMC = 1.0 in water. Using the calculated KL val-
ues from Table 1, the adsorption coefficients (Kads) were obtained
from KL ¼ Kads=kdes [56] and the adsorption times, tads, were calcu-
lated from Eq. (6). The calculated adsorption times using kdes val-
ues at different concentrations were of the same order of
magnitude as the ones reported in Table 3. For small drops and
the low concentrations of all surfactants considered in this study,
adsorption at the interface is negligible compared to the amount
of surfactant available in the bulk, so no depletion of surfactant
in the drop takes place.

As can be seen, for SDS and DTAB surfactants at c < CMC,
tads < tdiff , denoting a diffusion limited mass transfer mechanism
with relevant time scale ts ¼ tdiff . At CMC, tads = 0.069 ms is smaller
than tdiff = 0.113 ms for SDS so ts ¼ tdiff , and tads = 0.067 ms is sim-
ilar to tdiff = 0.062 ms for DTAB so ts ¼ tdiff . Above the CMC,
tads � tdiff for SDS, while for DTAB tads > tdiff , so tads is taken as
the characteristic time scale, ts ¼ tads. For the TX100 surfactant,
tads � tdiff below CMC, tads > tdiff at CMC and tads � tdiff by 2
orders of magnitude above CMC, so ts ¼ tads at all TX100 concentra-
tions. The significance of adsorption with the TX100 surfactant is
also seen by comparing the critical sizes RDK with the drop size.
The RDK value (23.8 lm) at high TX100 concentrations is of the
same order of magnitude as the drop radius (40–70 lm), suggest-
ing that adsorption is also important.



Table 3
Kinetic constants, adsorption times and critical size lengths at all concentrations.

SDS DTAB TX100

kdes (1/s) [61,62] 400 1100 0.0065
Kads (m

3/mols) 1280.0 694.5 10.3
tads (ms) 0.014 – 0.134 0.028 – 0.124 4.8 – 48.5
RDK (lm) 0.034 – 0.072 0.081 – 0.222 3.5 – 23.8

Table 4
Comparison of the results with similar systems found in literature.

Wang et al.
[18,19]

Moiré et al. [6] Current work

Surfactants
considered

SDS, CTAB, TX100,
Tween20

DTAB, TX100 SDS, DTAB, TX100

Surfactant
transport step
considered

Mass transfer Mass transfer Mass transfer
and Adsorption

Minimum t for
DIT (ms)

6 11 3

Criteria t=ts for
equilibrium

Constant for all
surfactants > 3

Constant for all
surfactants
> 4 – 5

Variable depending
on surfactant type
> 240, > 110, > 1
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For c � CMC, drop formation times are 5.9 ms� t � 15ms using
SDS and DTAB. When compared to the calculated tdiff values (the
relevant time scale) of 0.113 ms � tdiff � 2.281 ms for SDS and
0.062 ms � tdiff � 1.117 ms for DTAB, it can be seen that drop for-
mation times are comparable or longer than the diffusion times
and thus DIT approaches equilibrium during the drop formation.
For c > CMC, the drop formation times of 5.5 ms � t � 10.9 ms
are 2 orders of magnitude longer than the calculated tads values
of 0.014 ms � tads � 0.035 ms for SDS and 0.028 ms � tads �
0.066 ms for DTAB and equilibrium is very quickly reached
(Fig. 7(a) and (b)). As mentioned above, the relevant time scale is
ts ¼ tdiff at concentrations below CMC and ts ¼ tads above CMC.

For the TX100 surfactant at c � CMC, the adsorption times of
27.7 ms � tads � 48.5 ms are larger than the drop formation times
of 5.6 ms � t � 16.8 ms. This explains why equilibrium interfacial
tension values are not reached with TX100 and a DIT is expected.
Also, at TX100 concentrations above CMC, adsorption times
4.8 ms � tads � 19.4 ms are closer to but generally larger than
the drop formation times of 3.2 ms � t � 9.1 ms so a DIT is also
expected as seen in Fig. 7(c). At c=CMC= 4.3 and 5.7, the
tads = 4.8 ms – 6.5 ms values are similar to drop formation times
t = 4.7 ms – 5.2 ms, which explains why equilibrium interfacial
tension is approached at high concentrations.

Normalised dynamic interfacial tensions c�ceq
c0�ceq

� �
are plotted

against the normalised drop formation time (t=ts) as shown in
Fig. 9. Normalised times > 1, denote that the surfactant transport
to the interface is faster than interface generation, whereas a value
of 0 for the normalised interfacial tension denotes that the equilib-
rium value has been reached. As can be seen, for the TX100 surfac-
tant, equilibrium interfacial tension values in the microchannel can
be reached at t=ts > 1, as opposed to DTAB and SDS surfactants
that require t=ts > 110 and t=ts > 240 to reach equilibrium,
Fig. 9. Normalised interfacial tension against normalised drop formation time. The
criteria of t=ts > 1 for TX100, t=ts > 110 for DTAB and t=ts > 240 for SDS are
shown, where the normalised interfacial tension falls to 0 and equilibrium
interfacial tension, ceq is reached.
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respectively. The findings are compared in Table 4 against similar
systems from the literature [6,18,19]. Previous studies only consid-
ered the time required for the mass transfer of the surfactants,
while the adsorption time was not taken into account. We show
here that the adsorption times can be significant and should be
considered when comparing the drop formation times with the
time required for the surfactant to transfer to the interface. As dis-
cussed above, adsorption times are significant in the case of TX100
for all surfactant concentrations and for SDS and DTAB for
c > CMC. In addition, by considering low concentrations (below
CMC) and high flowrates, we show that even with small-
molecule surfactants [63], such as SDS and DTAB, equilibrium
interfacial tension may not be reached during the drop formation
time. Wang et al. [19] reported that SDS is in equilibrium within
the whole range of 80 < t=ts < 4000 at concentrations above
CMC, while we found that at concentrations below CMC there is
a DIT for 35 < t=ts < 213.

4. Conclusions

The changes in dynamic interfacial tension (DIT) over time were
studied experimentally during drop formation inside a flow-
focusing microchannel in the presence of different surfactants.
The surfactants used, SDS, DTAB and Triton X-100 (TX100) were
dissolved in a 52% w/w glycerol solution which was the dispersed
phase, while a low viscosity silicone oil (4.6 mPa s) was the contin-
uous phase. The effects of surfactant concentrations and flowrates
of the two phases on drop size and drop formation time were
investigated, using high speed imaging. These results were used
to determine the DIT at short time scales (3 ms) that cannot be
reached with commercial instruments or found in previous litera-
ture [6,18,19,21,24].

It was found that drop size decreased as the continuous oil
phase flowrate increased and as the surfactant concentration
increased. The curves of the drop size against the continuous phase
flowrate collapsed for SDS and DTAB surfactants at concentration
values above the critical micelle concentration (CMC), denoting
saturated interfaces within the droplet formation time and thus
equilibrium interfacial tension. On the other hand, with the
TX100 surfactant the curves were similar only at very high concen-
trations of about 8.6 times the CMC value. The collapsed curves
were used to derive a correlation of the drop size with the capillary
number (Ca) that was used to calculate the DIT at low surfactant
concentrations and short times down to 3 ms, due to the extended
ranges of capillary number (0.024 � Ca � 0.263). The results were
discussed in terms of the surfactant adsorption and diffusion time
scales.

Previous experimental DIT studies discussed the results on the
basis of surfactant mass transfer (diffusive or convective) only
[6,18,19,30]. In this work we show that adsorption times are com-
parable to drop formation times for the TX100 surfactant at all
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studied concentrations and thus the kinetic adsorption step at the
interface should not be neglected. For SDS and DTAB surfactants it
was found that the adsorption time is longer than the diffusion
time for concentrations above CMC, but it does not exceed the drop
formation time. Thus, equilibrium interfacial tension can be
reached at high concentrations. DIT was, however, observed at
low concentrations below CMC which has not been reported by
similar systems in the literature [18,19,21]. As a result, the drop
formation time for equilibrium interfacial tension in a microfluidic
device depends on surfactant type according to t=ts > 1 for TX100,
t=ts > 110 for DTAB and t=ts > 240 for SDS, where ts is the char-
acteristic time scale for the surfactant mass transport. The pro-
posed normalised drop formation times will ensure that
equilibrium interfacial tension has been reached and DIT effects
will not influence the drop size. The methodology can be used to
develop selection criteria for other surfactants and operating
conditions.

In future work we will investigate the velocity fields and possi-
ble circulation patterns inside the drops and in the continuous
phase with particle image velocimetry to understand the effects
of convection on the surfactant mass transport.
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