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Historical perspective 

Review of the role of surfactant dynamics in drop microfluidics 

Nina M. Kovalchuk *, Mark J.H. Simmons 
School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK   

A R T I C L E  I N F O   
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A B S T R A C T   

Surfactants are employed in microfluidic systems not just for drop stabilisation, but also to study local phe-
nomena in industrial processes. On the scale of a single drop, these include foaming, emulsification and stability 
of foams and emulsions using statistically significant ensembles of bubbles or drops respectively. In addition, 
surfactants are often a part of a formulation in microfluidic drop reactors. In all these applications, surfactant 
dynamics play a crucial role and need to be accounted for. In this review, the effect of surfactant dynamics is 
considered on the level of standard microfluidic operations: drop formation, movement in channels and coa-
lescence, but also on a more general level, considering the mechanisms controlling surfactant adsorption on time- 
and length-scales characteristic of microfluidics. Some examples of relevant calculations are provided. The ad-
vantages and challenges of the use of microfluidics to measure dynamic interfacial tension at short time-scales 
are discussed.   

1. Introduction 

The technology of drop microfluidics attracts a growing interest 
caused by its many possible novel applications to multiple areas of sci-
ence and engineering. It enables formation of monodisperse drops over a 
broad range of sizes (10–1000 μm) and frequencies (1 Hz - 10 kHz) and 
their manipulation in a controlled manner. 

The range of possible drop sizes are representative of those in 
emulsions. Drops of dispersed phase are separated by an immiscible 
continuous phase, the right choice of which prevents cross- 
contamination between the drop contents. This gives the possibility 
for drops to be used as independent reactors in such applications as 
analysis (in broad sense) and synthesis, as well as delivery vehicles. The 
advantages of microfluidic drop reactors are large area to volume ratio, 

small diffusion distances, uniform temperature, small hydrodynamic 
dispersion, highly reproducible flow and mixing patterns and the pos-
sibility of statistical analysis on large ensembles using small amounts of 
materials. 

Microfluidics thus offer a broad range of configurations for analysis 
of emulsion stability, for example via the temporal evolution of drop 
ensembles under diverse hydrodynamic conditions [1–5] and analysis of 
the behaviour of pairs of drops in various flow configurations [6–8]. It 
also enables study of formation of crystal-like structures from drops or 
particles [9]. A thorough discussion on microfluidic studies of emulsions 
is provided in a recently published review [10]. 

Microfluidic drops are used for the study of polymer/protein phase 
behaviour and crystallisation [11] as well as reaction kinetics [11], 
enzyme studies [12] and various biomedical reactions [13]. Another 

Abbreviations: A, surface area; b, adsorption constant in Langmuir isotherm; c, surfactant concentration (time and co-ordinate dependent); c0, constant surfactant 
concentration far from interface; Ca, capillary number; CMC, critical micelle concentration; CTAB, hexadecyltrimethylammonium bromide (cetyl-
trimethylammonium bromide); D, diffusion coefficient; D*, apparent diffusion coefficient for concentrations above CMC; DIT, dynamic interfacial tension; DTAB, 
dodecyltrimethylammonium bromide; FD, viscous drag force; FIT, interfacial tension force; G, elongational or shear rate; H, channel height; hD, characteristic diffusion 
length-scale (thickness of depletion layer); IT, interfacial tension; γ, interfacial tension; k, fitting coefficients in various models; ka, adsorption coefficient; kd, 
desorption coefficient; L, characteristic length scale, drop length; P, pressure; Pd, dynamic pressure loss; Pc, capillary pressure; Pe, Peclet number; Qd, flow rate of 
dispersed phase; Qc, flow rate of continuous phase; R, drop radius ot radius of curvature; SDS, sodium dodecyl sulfate; t, time; tD, characteristic adsorption time for 
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of dispersed phase; ρ, density. 
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branch of microfluidic analysis is for cell or microorganism assays, 
where one or several cells can be encapsulated in microfluidic aqueous 
drops of a required composition. The volume of the drop compartments 
can be reduced to less than one thousandth of that used for microtiter- 
plate-based assays considerably reducing material consumption. Drops 
containing cells can be stored for days before screening [14]. The 
number of cells in each drop can be adjusted either by changing the 
initial cell concentration in the dispersed phase or by diluting the 
dispersed phase before drop formation [14]. Drop microfluidics have 
been applied for single cell analysis [15] and to study cell-cell interac-
tion on the individual cell level [16] including cytotoxicity assays [17] 
as well as cells’ sensitivity to drugs [18]. 

The same technology can also be used for cell delivery. Drops of 
aqueous phase can be cross-linked and the resulting micro-particles with 
encapsulated cells are used in tissue engineering [19]. Solidified on-chip 
drops can be used in the pharmaceutical [20–22] and food [11] in-
dustries for drug, flavour and nutrients encapsulation. 

Microfluidic drop reactors have also been broadly applied in chem-
ical synthesis [23] including organic synthesis [24], formation of cal-
cium phosphate particles for bone repair and regeneration [25] and 
creation of hydrogel microparticles [26,27], catalyst particles [28], 
quantum dots [29] and silver nanoparticles for various applications 
[30]. 

In many of these applications, surfactants are present in the 
dispersed and/or continuous phase as part of formulation or for drop 
stabilisation against coalescence. The presence of surfactants has im-
plications in terms of interfacial dynamics which can affect various 
processes in drop microfluidics significantly. Dynamic interfacial ten-
sion defines the regime of drop formation, their size and size distribu-
tion, including number and size of satellite drops. A surfactant can 
change the hydrodynamic resistance of the multiphase flow in the 
channels containing drops/bubbles and therefore the flow distribution 
at junctions [31]. Surfactants affect drop deformability, including the 
relative deformability of core and shell in double emulsions [32]. 
Adsorbed surfactant often affects flow patterns inside the drops [33], 
which are crucial for performance of microfluidic reactors defining 
mixing intensity and shear stresses on encapsulated objects including 
living cells. It should be noted that large shear stresses can be injurious 
and even deadly for some types of cells [34,35]. Surfactant presence and 
distribution on the drop surface is detrimental for probability of drop 
coalescence [1,7,36], flow patterns and mixing after coalescence 
[6,37,38]. 

This review paper is thus focused on the effect of surfactant and its 
dynamic on microfluidic processes. The paper is organised as follows. 
Section 2 provides a general overview of surfactant dynamic effects. 
Section 3 considers the main types of microfluidic drop generators and 
the effect of surfactant on drop formation. Section 4 is devoted to the 
effect of surfactant on drop movement in micro-channels. The coales-
cence of surfactant-laden and surfactant-free drops is considered in 
section 5, which is followed by microfluidic methods for measurement 
of dynamic interfacial tension on short time-scales in section 6. Con-
clusions and outline of future work are given in section 7. 

2. Dynamic surfactant effects 

When a new interface is created from a surfactant solution, initially it 
is clean and the value of interfacial tension is equal to that of a pure 
solvent. A gradual surfactant adsorption from the bulk liquid onto the 
interface results in a decrease of interfacial tension down to an equi-
librium value. This time-dependent interfacial tension is called the dy-
namic interfacial tension, DIT. The change of interfacial tension/ 
quantity of surfactant present on the interface can be controlled by the 
rate limiting step of either the rate of surfactant mass transfer from the 
bulk to close to the interface or by the rate of adsorption of surfactant 
molecules close to the interface onto the interface (and adapting to the 
equilibrium configuration at the interface). If convection in the liquid 

can be neglected and diffusion is the only mechanism of mass transfer, 
then the diffusion controlled adsorption, Γ, at the initially clean inter-
face is described by Ward-Tordai equation [39], which for spherical 
interface of radius R reads as [40,41]. 

Γ(t) =
̅̅̅̅̅̅
4D
π

√
⎡

⎢
⎣c0
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t

√
−

∫
̅
t

√

0

c(t − τ)d
( ̅̅̅
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√ )

⎤

⎥
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R

[

c0t+
∫ t

0
c(τ)dτ

]

(1) 

Where “+” corresponds to the surfactant transfer from the outside of 
the drop and “–“corresponds to the surfactant transfer from the inside of 
the drop. The surfactant is assumed to be soluble only in one phase, i.e. 
no mass transfer through the interface is considered. Eq. (1) shows that 
adsorption is the fastest when it occurs on a curved convex interface (i.e. 
from outside a drop) and the rate increases with a decrease of the drop 
radius. This faster adsorption is due to increased volume of surfactant 
solution adjacent to the curved drop surface outside of the drop when 
compared to the flat interface. If the diffusion is from the inside of drop, 
the adjacent volume is smaller than for the flat surface and the 
adsorption rate is slower. 

For the short time approximation: 

Γ(t) = c0

( ̅̅̅̅̅̅̅̅
4Dt
π

√

±
D
R

t

)

(1a) 

In Eqs. 1 – 1a c0 is the constant bulk concentration of surfactant far 
from the interface, c is the time dependent sub-surface concentration 
and D is surfactant bulk diffusion coefficient. Note, Eq. (1) describes 
surfactant transfer from the large volume of liquid where concentration 
far from the interface remains constant. The situation becomes 
complicated when the liquid volume is small and surfactant depletion 
occurs. This can happen during adsorption from the thin liquid film 
between drops prior to coalescence or during adsorption from the vol-
ume of a small drop to its surface, as will be discussed below. Detailed 
discussion on the Ward-Tordai equation and its approximations and 
application is given in [42,43]. 

In the case of kinetics controlled by mass transfer there is always a 
local equilibrium between Γ(t) and c(t) described by adsorption 
isotherm, the simplest of which is the Langmuir isotherm 

Γ = Γ∞
bc

1 + bc
(2)  

where Γ∞ is the limiting adsorption and b is the adsorption constant, 
accounting for surfactant activity. To describe adsorption process more 
precisely, more sophisticated isotherms taking into account interactions 
between adsorbed molecules, compressibility of adsorption layer, 
various orientation of molecules at the interface or adsorption of sur-
factant mixtures are used, see for example [44] and references herein. 
Note, the adsorption corresponding to the equilibrium interfacial ten-
sion is described by Eq. (2) with c = c0 since there is no longer a con-
centration gradient between sub-surface and the bulk. 

An important parameter related to dynamic interfacial tension is the 
characteristic adsorption time after which equilibrium interfacial ten-
sion is reached. For diffusion-limited adsorption, an equation for an 
estimation of this time, tD, is based on a simple mass balance [45–47]. 
The characteristic diffusion length-scale or, in other words, depletion 
depth, hD, is introduced as the depth of solution which should be 
depleted to supply the flat interface with the required amount of 
adsorbed surfactant: 

hD =
Γ
c0

(3) 

The characteristic adsorption time is then defined as [45]. 

tD =
h2

D

D
=

Γ2

c2
0D

(4) 
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Using the Langmuir adsorption isotherm this gives 

tD =
1
D

(
Γ∞b

(1 + bc0)

)2

(4a) 

Eq. (4a) shows that the surfactant adsorption time can vary over a 
broad range. Diffusion coefficients and values of Γ∞ are rather similar 
for most of low molecular weight surfactants, but the adsorption con-
stant, b, accounting for surfactant activity and c0 can change over several 
orders of magnitude [48]. The minimum surface tension is observed at 
maximum concentration of monomers, cmax, being equal to the solubility 
limit or to critical micelle concentration (CMC) for micellar surfactant 
solutions. A noticeable change in interfacial tension when compared to 
the pure solvent is observed at concentrations cmin ~ 5 × 10− 5 - 5 × 10− 2 

CMC depending on the type of surfactant [48]. For typical non-ionic 
surfactants, which do not form micelles, and ionic surfactants bcmax =

O(1) and bcmin << 1 [48]. Therefore, for these tD ~ b2 and can vary over 
4 orders of magnitude. The larger the value of b, the larger is the 
characteristic adsorption time. For typical non-ionic micellar surfactants 
bcmax >> 1 and bcmin = O(1) [48]. Therefore, for these surfactants, tD ~ 
CMC− 2 for concentrations close to CMC and tD ~ b2 at small 
concentrations. 

An increase of the characteristic adsorption time with an increase of 
surfactant activity has a simple explanation: a larger activity means 
larger partition coefficient between the interface and bulk phase, i.e. the 
amount of adsorbed surfactant increases with an increase of activity at 
the same bulk concentration. To supply that larger amount of surfactant, 
a larger volume of adjacent solution has to be depleted. Thus, the larger 
activity corresponds to a larger depletion depth and therefore to a larger 
adsorption time. 

Eqs. (2)–(4) are valid only for concentrations below the CMC. Above 
it, the bulk concentration of monomers and therefore adsorption re-
mains constant, due to thermodynamic equilibrium between adsorbed 
molecules and bulk monomers, whereas micelles provide an additional 
contribution to the surfactant transfer which can be accounted for by 
replacing the monomer diffusion coefficient, D, by apparent diffusion 
coefficient D* [43]. 

D* = D(1+ β)
(
1+ βn− 1/3) (5)  

where β = (c0 − CMC)/CMC and n is the micelle aggregation number. 
Typical values of characteristic adsorption time for diffusion- 

controlled adsorption are considerably larger for non-ionic surfactants 
than for ionic ones due to their larger activity and smaller CMC. For 
example, based on data provided in [48] tD ~ 400 ms for diffusion 
controlled adsorption of the non-ionic surfactant Triton X-100 (diffusion 
coefficient D = 3.2⋅10− 10 m2/s [48]), but tD ~ 0.9 ms for the ionic 
surfactant sodium dodecyl sulphate (SDS, D = 6.4⋅10− 10 m2/s [49]), 
both at the CMC. The typical time of drop formation in microfluidics is in 
the range of 1–100 ms, therefore it can be expected that SDS will reach 
the equilibrium interfacial tension on the time scale of drop formation, 
whereas Triton X-100 will not. It should be noted that the characteristic 
diffusion length scale for SDS is around 0.8 μm, which is much smaller 
than the typical size of microfluidic drops (100 μm). Therefore, the drop 
interface can be considered as flat and Eqs. (3), (4) are valid. The 
characteristic diffusion length scale for Triton X-100 is around 11 μm, 
thus is comparable with drop radius and therefore the surface curvature 
should be taken into account, especially for drops with R < 100 μm. 

The effect of surface curvature, which may be of importance for the 
microfluidic drops, was considered in [50] by developing further the 
approach suggested in [45]. If the surfactant is dissolved in the contin-
uous phase (diffusion from outside the drop) then the characteristic 
depletion length scale for a spherical drop of radius R is 

hDRc = R

[(
3Γ
Rc0

+ 1
)1/3

− 1

]

(6) 

It is easy to recalculate data from the previous paragraph using Eq. 6 
and obtain the characteristic diffusion timescale for adsorption from the 
continuous phase to the drop of radius of 50 μm. This results in values of 
~0.9 ms for SDS and ~ 280 ms for Triton X-100. As expected from 
discussion in the previous paragraph, the characteristic diffusion time-
scale for SDS remains the same as calculated using a flat interface 
approximation. However, the characteristic adsorption time of Triton X- 
100 decreases considerably for adsorption to the drop surface from the 
continuous phase. It decreases further to 130 ms at drop radius of 10 μm. 
Note, other than Eq. (6), characteristic length scales are possible for 
diffusion to spherical interface, see discussion in [50] and references 
herein. 

The situation becomes even more interesting if surfactant is dis-
solved in the dispersed phase. Using the same approach as [45,50] it is 
easy to determine the characteristic depletion length scale as 

hDRd = R

[

1 −
(

1 −
3Γ
Rc0

)1/3
]

(7) 

Calculations show that, for adsorption of SDS from a drop of radius 
50 μm, the characteristic depletion length scale is around 0.9 μm, and 
characteristic time scale is around 1.2 ms, i.e. both are only slightly 
larger than for the flat interface. For Triton X-100, the characteristic 
diffusion time scale increases nearly twice in comparison to the flat 
interface, to 790 ms and characteristic depletion length scale, 16 μm is 
comparable to the drop radius. The latter means that adsorption will 
result in a considerable depletion of surfactant from the bulk phase and 
the equilibrium interfacial tension should be considerably larger than 
expected for the initial bulk concentration. Thus, if a surfactant is dis-
solved in the dispersed phase, the characteristic depletion length scale is 
to be always calculated and if the condition hDRd < < R is not fulfilled, a 
surfactant mass balance is required to find the equilibrium bulk con-
centration and equilibrium interfacial tension. 

A number of non-ionic surfactants can be soluble in both the 
continuous and dispersed phase. In this case equilibrium concentration 
and equilibrium interfacial tension depend on surfactant partition co-
efficient. Partition should be also taken into account for calculation of 
characteristic adsorption time. 

Dynamic surfactant effects can reveal themselves not only during 
formation of a new interface, but also during deformation of an interface 
including one at equilibrium surfactant adsorption. In microfluidics, this 
happens during the drop movement within a channel, when passing 
through restrictions and junctions or during drop coalescence [6,33,51]. 
Strong deformations accompany neck dynamics close to pinch-off [52]. 
Deformations can result in non-uniform surfactant distributions forming 
surface tension gradients known as Marangoni stresses. These can lead 
to surface retardation up to complete immobilisation, with the well- 
known example being the retardation of the surface of a rising bubble, 
which demonstrates a terminal velocity similar to a hard sphere [53,54]. 
For microfluidic drops, surface immobilisation will retard the recircu-
lation inside the drop during its formation and suppress completely any 
recirculation and mixing within the drops moving through the channels. 

The response of surfactant-laden interfaces to expansion/contraction 
is characterised by dilational surface viscoelasticity [55]. Similar to 
dynamic interfacial tension, dilational surface viscoelasticity depends 
on drop size and transfer direction (surfactant in continuous or dispersed 
phase) [56]. 

When a drop with an adsorbed surfactant deforms, the equilibrium 
between the bulk and interface is violated and a certain time is required 
to restore it. For a flat interface, the characteristic equilibration time for 
diffusion-controlled kinetics is given by [57]. 

tDv =
4π
D

(
dΓ
dc

)2

(8)  

which for the case of Langmuir isotherm can be rewritten as 
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tDv =
4π
D

(
Γ∞b

(1 + bc0)
2

)2

(8a) 

Comparison of this characteristic time with the characteristic time of 
surface deformation shows the importance of Marangoni phenomena for 
the situation under consideration. If surface deformation is much faster 
than the surfactant equilibration, the surfactant behaves as an insoluble 
one and can produce a noticeable Marangoni stress. 

Marangoni stress applies to the interface and violates continuity of 
the viscous stress at the interface [58]. It affects the surface flow and can 
result in full surface retardation. At an initially motionless interface, 
Marangoni stress causes surface flow in the direction of higher interfa-
cial tension tending to reduce interfacial tension gradient. This in-
fluences the flow in both continuous and disperse bulk phases and 
therefore its characteristic time scale depends on both bulk viscosities as 
[6]. 

tMa =
μc + μd

Δγ/L
(9)  

where Δγ/L is interfacial tension gradient. In the case of interfacial 
tension gradient caused by surface deformation, τMa shows to which 
extent Marangoni flow can reduce this gradient. Eq. (9) shows that 
gradients are larger when continuous and disperse phase are more 
viscous. Note, the viscosity of the surfactant-laden phase is implicitly 
included in Eq. (8) as well, because the surfactant diffusion coefficient is 
inversely proportional to viscosity. Therefore, it can be expected that 
Marangoni phenomena are more pronounced when the surfactant-laden 
phase has high viscosity. 

Both eqs. (4) and (8) for characteristic time assume that diffusion is 
the main mechanism of surfactant mass transfer, i.e. convective mass 
transfer is negligible. This is often not the case in microfluidics where 
convection is present within both continuous and dispersed phases. The 
importance of convective mass transfer is reflected by Peclet number 

Pe =
UL
D

(10)  

where U is the characteristic velocity, L is the characteristic length scale, 
for example drop radius, R, and D is diffusion coefficient. If Pe < < 1, 
contribution of convection into mass transfer can be neglected, other-
wise convection is important and diffusion mass transfer is limited to 
diffusion (concentration) boundary layer close to the interface. The 
choice of U in Eq. (10) depends on the type of mass transfer. For a drop 
formed in a continuous phase of surfactant solution, the velocity of the 
drop of dispersed phase relative to the continuous phase can be used. If 
the dispersed phase is surfactant-laden and continuous phase is 
surfactant-free, the average velocity of recirculation inside the drop is a 
most obvious choice. If surfactant is transferred from continuous phase 
to a Taylor drop moving in the channel, convection can contribute only 
to the mass-transfer to the front and rear part of it and the average 
recirculation velocity within a slug of continuous phase separating two 
drops can be used as a characteristic velocity. In the case of Taylor flows, 
surfactant transfer from the films between the drop and channel wall is 
purely diffusional. 

The surface of a microfluidic drop in a surfactant-laden system can be 
either mobile or retarded. The latter occurs due to Marangoni stresses, 
which prevent interfacial motion. If surfactant is dissolved in the 
continuous phase, the thickness of the diffusion boundary layer around 
the spherical drop with retarded interface moving in liquid with relative 
velocity, U, can be calculated using the expression for boundary layer 
thickness, δ, around a solid particle moving in unbounded liquid [59]. 

δ = f (θ)
(

4DR2

3U

)1/3

=
1.15

(
θ − sin2θ

2

)1/3

sinθ

(
4DR2

3U

)1/3

(11)  

where θ is the polar angle (θ = 0 at the front of the particle and θ = π at 

the rear) and D is the surfactant diffusion coefficient. According to [59], 
the uncertainty in f(θ) at θ = 0 can be resolved as f(0) = 1. It follows from 
Eq. (6) that the thickness of diffusion layer is not uniform around the 
moving drop. It has minimum at the front of the drop and increases 
towards the rear. Formally f(π) = ∞, but Eq. (6) is valid only for δ << R. 
Nevertheless, the assumption of increase of the thickness of diffusion 
boundary layer from the front to the rear of drop is valid. Therefore, 
conditions for adsorption/desorption can be very different in different 
parts of the moving drop. Note, where the thickness of diffusion 
boundary layer is larger than the thickness of depletion layer, Eq. (3), 
the last is to be used for calculation of characteristic adsorption time of 
diffusion limited adsorption. 

If the drop surface is mobile, then the thickness of diffusion boundary 
layer can be calculated as [59]. 

δ =

̅̅̅̅̅̅̅̅̅̅
πRD
3v0

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 + cosθ

(1 + cosθ)2

√

(12)  

where 

v0 =
μc

2
U

μc + μd
(13)  

is the surface velocity of liquid at the drop equator and μc and μd are 
viscosities of continuous and dispersed phases respectively. Similarly to 
the case of retarded interface, the thickness of the diffusion boundary 
layer near the mobile interface has a minimum at the front of the drop 
and increases in the direction of rear. Note, Eqs. (11)–(13) were derived 
for a drop falling in a motionless continuous phase under gravity and 
give only a rough estimation of the thickness of diffusion boundary 
layer. In particular, the distance between the drops in microfluidic de-
vice is of the same order of magnitude as drop size, i.e. each drop is 
moving in the wake of a previous drop. This increases the thickness of 
diffusion boundary layer at the front of the drop. If the drop size is larger 
than the channel width, then the thickness of the boundary layer can be 
larger than the thickness of the thin film of continuous phase between 
the drop and the wall. The diffusion boundary layer can be thinner than 
the depletion depth if there is a considerable motion of the dispersed 
phase relative to the continuous phase. 

For surfactant adsorption from inside the drop, there are recircula-
tory flow patterns inside the drop during the drop formation and 
movement inside the channel, which mix solution inside the drop. If the 
drop surface is retarded, then the recirculation in the separated moving 
drop is mainly suppressed. For a growing new drop, where there is an 
external pressure supporting movement of the dispersed phase, recir-
culation can be present even if the surface is retarded. In this case, the 
solution for the flow within a cylindrical pipe in the area where hy-
drodynamic boundary layer is fully developed, but the concentration 
boundary layer is still developing [59], can be used for a rough estimate 

δ =
1

0.67

(
DRx
v0

)1/3

(14)  

where v0 is the maximum velocity in the centre of pipe and x is the 
distance from the point of the flow entrance. For the flow in the drop 
with a retarded surface, the distance from the drop apex can be used as x 
and the maximum velocity of the flow inside the drop (relative to sur-
face) can be used as v0. Note, at x = R, Eq. (14) is rather similar to Eq. 
(11), therefore Eq. (12) at θ = 0 can be used as a rough estimation of the 
concentration boundary layer for a drop with mobile interface when the 
surfactant is in the dispersed phase. However, it should be stressed that 
these approximations are valid only if δ < < L, where L is the drop size. 

If the mass transfer rate is the same or even faster than adsorption/ 
desorption itself, the kinetics is defined as mixed or adsorption/ 
desorption controlled. A detailed discussion of the mechanisms behind 
adsorption/desorption controlled kinetics and experiments enabling its 
identification is given in [60,61]. In particular, it is stressed in [60] that 
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deviations from the diffusion kinetics, especially in the long time limit, 
are often not due to the presence of any adsorption barriers, but to the 
presence of impurities in surfactant solutions with larger activity but 
slower adsorption than the main component. It should be always taken 
into account that a high volumetric purity of surfactant does not 
necessarily imply surface-chemical purity [62], i.e. absence of very 
small concentrations of active surfactants. Another reason for apparent 
non diffusion limited kinetics can be the wrong choice of adsorption 
isotherm [50]. 

If adsorption/desorption is the rate determining step, then there is no 
equilibrium between the surface and sub-surface and instead of Eq. (2) 
the relation between the adsorption and concentration in the simplest 
case of Langmuir kinetics is 

dΓ
dt

= kac(Γ∞ − Γ) − kdΓ (15)  

where ka and kd are adsorption and desorption coefficient respectively. 
Eq. (15) turns into Eq. (2) at equilibrium, when dΓ/dt = 0, with b = ka/ 
kd. Note that the adsorption and desorption coefficients are not always 
constant, but can depend on surfactant concentration. In this case, the 
Frumkin equation can be used instead of Langmuir Eq. (15) with ka,d =

k0
a,dexp

(
εa,d

(
Γ

Γ∞

)n )
. There are variations of Frumkin equation in prac-

tical use. In some cases, it is accepted that n = 1 assuming linear 
dependence of adsorption/desorption energy on surface concentration 
[61], in other cases it is accepted that εa = 0, see for example [63,64]. It 
is important, however, that the parameters found from dynamic mea-
surements have to be in agreement with parameters of equilibrium 
Frumkin isotherm for the same surfactant. 

The characteristic kinetic (adsorption/desorption limited) timescale 
related to Eq. (15) can be estimated as [47,50]. 

tk =
1

kac + kd
(16) 

Comparison of diffusion and kinetic time scales enables the deter-
mination of the rate limiting step in surfactant adsorption. However, 
such a comparison requires knowledge of adsorption and desorption 
coefficients, which are difficult to find with a high level of fidelity for 
common low molecular weight surfactants, because of the difficulty of 
reliable measurements on length and time scales where at least mixed 
kinetics takes place. As seen from Eqs. (5), (6), (11), (12), a decrease of 
the relative importance of diffusion mass transfer can be achieved by 
transfer from the outside to the surface of small drops, increase of sur-
factant concentration and/or intensification of convection. Therefore, 
microfluidics can be a useful tool for estimation of kinetic coefficients 
[64]. 

Some values of adsorption/desorption coefficients available in the 
literature are collected in Table 1. The most common surfactants for 
which these coefficients were found are non-ionic surfactants, in 
particular those with a polyethylene oxide hydrophilic part. There are 
some discrepancies in the values provided for the same surfactant by 
different authors. One of the reasons can be a difference in the chemical 
composition, since they are mixtures of several homologues. The 
Frumkin model was used for data analysis of alkyl polyethylene oxides, 
but it is well known that this class of surfactants is much better described 
by a model taking into account multiple adsorption states [65]. 

There are also discrepancies between data for the ionic surfactant 
sodium dodecyl sulphate, SDS. For ionic surfactants, diffusion limited 
kinetics was observed at short timescales, but some electrostatic barrier 
effects were observed at longer timescales due to the electrical potential 
of the adsorbed surfactant [66]. In the presence of salts, diffusion 
controlled kinetics was observed due to the screening of electrostatic 
interactions at high ionic strength [61]. It was suggested in [61] that 
earlier data on adsorption/desorption constants for ionic surfactants 
should be re-evaluated to take into account the non-homogeneity of the 
bulk concentration in the experiments performed. Therefore, further 
studies are required to obtain reliable values of adsorption and 
desorption coefficients, as well as criteria to enable the differences be-
tween diffusion and adsorption/desorption limited kinetics to be clearly 
identified. 

If the surfactant characteristics are known, the criterion 

kdR
D

Γ
c0

≪1 (17)  

has been put forward in [46] although without strong arguments to 
define the range of surfactant concentrations where adsorption- 
desorption kinetics is the rate limiting step. In particular, adsorption- 
desorption becomes more important when the drop radius, R, de-
creases, i.e. for microfluidic drops rather than macroscopic drops. 
Another simplified criterion to estimate the relative importance of mass 
transfer and adsorption kinetics on surfactant dynamics was suggested 
in [47], where a characteristic length scale RD-K was introduced as 

RD− K =
D

kaΓ∞
(18) 

If the drop radius R < < RD-K, surfactant dynamics are controlled by 
adsorption/desorption kinetics, whereas they are diffusion controlled 
for R > > RD-K. Eqs. (17), (18) were derived for surfactant adsorption 
from the continuous phase and cannot be used for surfactant adsorption 
from the dispersed phase, because of the different equation for charac-
teristic depletion length scale. In this latter case, the adsorption time 

Table 1 
Available values of adsorption and desorption coefficients. For the Frumkin model ka

0 and kd
0 are provided. The additional parameters for the Frumkin model can be 

found in the listed references.  

Surfactant Solvent 2nd phase Model ka, m3/mol/s kd, 1/s Ref. 

SDS Water Air Langmuir 0.64 5.87 [67] 
SDS Water Air Langmuir 44.8 92 [68] 
C10E8* Water Silicone oil Frumkin > 50 > 2.5⋅10− 2 [63] 
C12E4 Water Air Frumkin > 30 ≥ 1.1⋅10− 2 [69] 
C12E6 Water Air Frumkin 4 1.4⋅10− 4 [70] 
C12E8 Water Silicone oil Frumkin 22.1 6.86⋅10− 6 [63] 
C12E8 Water Air Frumkin > 17  [64] 
C12E8 Water Air Frumkin 4–28 (1–7)⋅10− 4 [71] 
C14E8 Water Silicone oil Frumkin 9.40 2.54⋅10− 8 [63] 
C14E8 Water Air Frumkin > 23  [64] 
Triton X-100 53.5% glycerol in water Silicone oil Langmuir 9.4 9.4⋅10− 3 [58] 
Triton X-141 53.5% glycerol in water Silicone oil Langmuir 9.3 8.7⋅10− 3 [58] 
M(D’E4OH)M** Water Air Frumkin 3 2.7⋅10− 5 [72] 
M(D’E8OH)M Water Air Frumkin 5 1.95⋅10− 5 [72] 
M(D’E12OH)M Water Air Frumkin 10 2.9⋅10− 6 [72]  

* CnEm stays for alkyl polyethylene oxides CH3(CH2)n-1(OCH2CH2)mOH. 
** M(D’EnOH)M stays for trisiloxane surfactants with M = (CH3)3SiO, D′ = (CH3)Si(CH3)2, E = OCH2CH2, R = -OH, -OCH3, –H or OAc. 
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increases with a decrease of drop radius. 
It should be stressed that creation of an absolutely new interface is a 

rare case. In most processes, the creation of a new interface is in reality 
an expansion of an existing interface which already contains some sur-
factant. For example, during periodic drop formation, some surfactant 
remains on the interface after the previous drop detaches, but when the 
surface expands, new portions of the interface are created during the 
growth of the next drop. If surfactant replenishment from the bulk is not 
fast enough, the surface concentration can decrease considerably during 
expansion and interfacial tension can increase up to that of the clean 
interface. 

3. Drop formation 

One of the main advantages of drop microfluidics is the possibility to 
form a large amount of highly monodisperse drops with high 
throughput. It is possible also to form several isolated drops to carry out 
a study at the level of a single drop [73]. The microfluidic drops can be 
generated in T-junction (Y-junction as a modification), co-flow and flow 
focusing devices. The gravity force is negligible in microfluidics and 
therefore the main driving force for drop formation is hydrodynamic 
interaction between the continuous and dispersed phases, whereas the 
force opposing interface deformation and drop detachment is interfacial 
tension. 

Co-flow devices usually have cylindrical symmetry and are 
composed of two co-axial capillaries, one of smaller diameter (normally 
with a tapered end) for the dispersed phase, sometimes called inner 
fluid, and one of larger diameter for the continuous phase, sometimes 
called outer fluid (Fig. 1 a–d). The advantage of co-flow is the small 
effect of the wetting properties of the channel on drop formation, at least 
for the drops noticeably smaller than the channel diameter [74]. This 
comes however with the cost of a more complicated process of device 
fabrication and the difficulty of building devices with a complicated 
structure, whereas other geometries can be easily fabricated using soft 
lithography [75]. The driving forces for interface deformation leading to 
drop formation in co-flow device are the inertia of the dispersed phase 
and the shear stress applied from the continuous phase. In the dripping 
regime (Fig. 1b), drops are formed near the capillary tip, whilst in the 
jetting regime (Fig. 1c, d) they are formed far downstream. Two 
different jetting regimes were observed in co-flow devices. Multiple 
drops can be formed at the end of narrowing jet far downstream of the 
capillary tip due to Rayleigh-Plateau instability [76] (Fig. 1c). Transi-
tion to jetting in this case is caused by an increase of flow rate of 
continuous phase and corresponding increase of shear stress on the 

dispersed phase. The relative importance on viscous forces and inter-
facial tension is characterised by capillary number [77]. 

Ca =
μcuc

γ
(19)  

where μc is the viscosity of continuous phase, uc – is the average velocity 
of continuous phase and γ is the interfacial tension. Another definition of 
capillary number, often used in drop microfluidics, uses the ratio of 
elongational or shear stress, μcG, to capillary pressure in the drop, γ/L 
[78]. 

Ca =
μcGL

γ
(19a) 

Here L is a characteristic length scale, for example drop radius and G 
is the elongational or shear rate. Transition from dripping to jetting 
mediated by the continuous phase occurs when the capillary number 
exceeds a critical value. The polydispersity of drops formed in this 
jetting regime is higher than in dripping regime. 

Another jetting regime (Fig. 1d) was observed in co-flowing device at 
large values of dispersed phase flow rate and is characterised by 
widening jet [76]. Transition to this jetting regime depends on Weber 
number of dispersed phase describing the relative importance of inertia 
and interfacial tension: 

Wed =
ρdddu2

d

γ
(20) 

Where ρd is the density of dispersed phase, dd is the diameter of the 
tip of the dispersed phase channel and ud is the velocity of dispersed 
phase. Only one drop at a time is formed in this jetting regime and drops 
are more monodisperse than in the case of jetting regime driven by 
continuous phase. It is suggested that drop formation in the jetting 
regime which is driven by the inertia of the dispersed phase is due to 
absolute instability of the emerging jet, similar to the dripping regime 
[79]. 

The T-junction geometry (Fig. 1 e-h) uses cross-flow of continuous 
phase to form drops of dispersed phase supplied from the perpendicular 
channel. Similar to co-flow, drops can be generated in dripping (Fig. 1f) 
and jetting (Fig. 1 g, h) regime by the shear stress applied by the 
continuous phase. Jetting regime driven by inertia of the dispersed 
phase was not observed at the T-junction due to its specific geometry, 
instead another regime, called squeezing, appears. In this regime (Fig. 1 
e), observed at small values of capillary number of continuous phase, the 
growing drop blocks the cross-section of the output channel. This results 
in pressure growth behind the drop squeezing it to output channel. 

Fig. 1. Microfluidic drop generators; a-d – co-flow: a – device scheme, b – dripping regime, c – jetting regime at large flow rates of continuous phase characterised by 
a narrowing jet; d – jetting regime at large flow rates of dispersed phase characterised by a widening jet, reprinted with permission from [76]; e-h – cross-flow (T- 
junction): e – squeezing regime, f – dripping regime, g, h – jetting regime, reprinted with permission from [81]; i-l – flow focusing: i – jetting regime driven by 
continuous phase, j – squeezing regime, k – dripping regime, l – jetting regime driven by inertia of dispersed phase; i, j - hydrodynamic focusing, k, l – geometrical 
focusing; i, j reprinted with permission from [82], k – reprinted with permission from [83], l – reprinted with permission from [80]. 
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In flow-focusing devices (Fig. 1 i-l) continuous phase flows sym-
metrically on both sides of dispersed phase flow, focusing it. Often 
additional geometrical focusing elements, such as an orifice (Fig. 1 k) or 
channel constriction (Fig. 1 l) are added to control device performance. 
In devices with geometric focusing, drop size is determined by the size of 
the focusing part. In flow focusing devices, all regimes of drop formation 
found in co-flow and T-junctions have been observed [80]. 

An additional regime of drop formation, tip-streaming, enabling 
formation of submicron size droplets in microfluidic devices with a 
characteristic constriction size of tens of microns was observed in the 
presence of surfactant and relies completely on surfactant dynamic ef-
fects [78,84,85]. This phenomenon resembles the one observed at flow 
mediated deformation of isolated mm-size drops [77,86,87]. Tip- 
streaming occurs when the characteristic time of drop deformation is 
shorter than characteristic time of surfactant exchange between bulk 
and interface. In such case surfactant is swept to the tip of the formed 
drop by flow of the continuous phase and is accumulated there due to 
slow desorption. A large surface concentration corresponds to low 
values of interfacial tension enabling high curvature at the tip, i.e. for-
mation of the typical conical shape expelling small droplets or a thread 
breaking up into droplets. Therefore tip-streaming is expected for sur-
factant with slow equilibration rates, which can be considered close to 
insoluble on the time scale of drop deformation. 

The range of capillary numbers where tip-streaming was observed is 
0.4 ≤ Ca ≤ 1 and the viscosity ratio between dispersed and continuous 
phase λ ≤ 0.1 are similar for microfluidics and mm-sized drops in un-
confined flow [78]. In microfluidics, tip-streaming was observed in a 
certain range of bulk surfactant concentration depending on surfactant 
used as well as device geometry and properties of continuous and 
dispersed phase [84]. It reveals itself by the formation of long threads 
breaking up into small droplets periodically terminated by the formation 
of large drops. The length of the thread increases with an increase of 
flow rate ratio between continuous and dispersed phase and surfactant 
concentration up to Ca = 0.5 [78]. Continuous tip-streaming was ach-
ieved in a 3-D microfluidic flow-focusing device [85], where formed 
emulsions were used for synthesis of submicron particles. 

Whatever device is used for drop formation, one of the important 
parameters controlling the drop size is interfacial tension. Moreover, the 
regime of drop formation at the same flow rate of continuous and 
dispersed phase depends on it. The typical time of drop formation in 
microfluidics is in the range 0.001–1 s, which is comparable with typical 
characteristic time of adsorption for low molecular mass surfactants 
[48] and is considerably smaller than adsorption time of polymers and 
proteins. Therefore, dynamic interfacial tension is a defining factor for 
drop size and size distribution as well as for regime transitions. Note, 
although one of the advantages of microfluidics is low material and 
energy consumption, adjusting the flow rates to produce drops of 
required size with narrow size distribution and reasonable drop volume 
fraction in an emulsion is not straightforward and can be time 
consuming. Understanding and accounting for surfactant dynamic ef-
fects will improve considerably the predictability of microfluidic 
emulsification. 

The squeezing and dripping regimes enable formation of the most 
monodisperse drops, therefore these regimes are preferable for practical 
applications. Thus, the first problem to be solved is to find the range of 
flow rates where a given microfluidic device with a given pair of liquids 
works in the squeezing/dripping regime, i.e. build up a flow map for the 
device, for example in co-ordinates of the capillary numbers of dispersed 
and continuous phase [82,88]. If the composition of working liquids 
changes, the capillary numbers are adjusted to the new parameters. 
However, if dynamic interfacial tension under the flow conditions in the 
device is unknown and equilibrium interfacial tension is used instead, 
then the flow map cannot predict the regime transitions precisely 
enough. 

For example, it was observed in [78] that the critical capillary 
number at transition from squeezing to dripping to jetting in a flow 

focusing device increased with an increase of surfactant concentration. 
Surfactant octaethylene glycol monododecyl ether, C12E8, critical 
micelle concentration, CMC = 0.1 mM, was dissolved in aqueous 
dispersed phase and concentration range 0–14.5 CMC was studied. 
Considering that the capillary number in this study was based on equi-
librium interfacial tension, the authors of [78] suggested that this 
apparent increase in critical capillary number is due to the difference 
between dynamic interfacial tension at the time scale of interest and 
equilibrium interfacial tension. The importance of dynamic rather than 
equilibrium interfacial tension on regime transition was confirmed in 
[88] where it was shown that dynamic effects are more important for 
highly active surfactants, with small CMC values having longer equili-
bration times. It was shown in [89] that the universal flow pattern map 
in co-ordinates of capillary numbers of continuous and dispersed phase, 
where regime boundaries are independent of surfactant presence, its 
type and concentration, can be plotted if capillary numbers are calcu-
lated using dynamic instead of equilibrium interfacial tension. 

Once the range of flow rates to work in the squeezing/dripping 
regime is established, it has to be narrowed to produce the drops of 
required size and volume fraction. Currently, there is no reliable theo-
retical approach to predict the drop size, however several quite robust 
semi-empirical equations have been suggested. For drop formation by 
squeezing in T-junction, the drop size follows the scaling law [90]. 

L
W

= 1+ α Qd

Qc
(21)  

where L is the drop length, W is the channel width, Qd and Qc are the 
flow rates of dispersed and continuous phase, and α is the geometry 
dependent coefficient of O(1). The squeezing regime is observed in T- 
junction devices at Ca < 10− 2 [90], i.e. its area of existence depends on 
interfacial tension. Another requirement is the similarity of width of 
dispersed and continuous phase channels, Wd/Wc ≥ 0.5 [90]. The length 
of the drops is always larger than the channel width and is independent 
of such parameters as the viscosities of continuous and dispersed phases 
and interfacial tension, because the drop formation is dominated by 
geometrical restriction of continuous phase flow. A more sophisticated 
modification of Eq. (21) is derived in [91]. 

As the capillary number increases, the viscous stress from continuous 
phase becomes more and more important [92]. The dependence of drop 
size on capillary number of the continuous phase was observed already 
at 0.002 < Ca < 0.01 in [93], where more general scaling law was 
suggested 

L
W

= k
(

Qd

Qc

)α( 1
Ca

)β

(22) 

Applicability of the scaling law Eq. (22) for drop formation at T- 
junction was confirmed in [94] for 2 surfactant-free cases. After that 
dynamic interfacial tension was estimated for surfactants dissolved in 
continuous phase at concentrations above CMC. It was shown in [94] 
that equilibrium interfacial tension was reached for sodium dodecyl 
sulphate, the surfactant having the largest CMC value in this study, 
whereas deviation of DIT from equilibrium value increased with 
decrease of CMC, surfactant concentration normalised by CMC and time 
of drop formation. 

Eq. (22) was used successfully also for drops formed in a flow- 
focusing microfluidic device with surfactant dissolved in the dispersed 
phase [95]. The employed surfactant concentrations were both below 
and above the CMC. In agreement with [94], it was shown in [95] that 
for surfactant with highest CMC value and smallest surface activity, 
dodecyltrimethylammonium bromide, DTAB, dynamic interfacial ten-
sion for concentration 0.5 CMC was higher than equilibrium interfacial 
tension on timescale of drop formation <14 ms, but was close to equi-
librium at larger times. DIT was close to equilibrium for concentrations 
equal to the CMC and above at a time scale ≥5 ms. For a surfactant with 
larger activity and smaller CMC, SDS, dynamic interfacial tension at a 
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concentration of 0.7 CMC was noticeably larger than equilibrium value, 
for concentrations 1 CMC and 1.4 CMC it was only slightly higher than 
the equilibrium value and equilibrium interfacial tension was reached at 
higher concentrations. For the most active surfactant studied, Triton X- 
100, drop size was determined by dynamic surface tension up to con-
centrations considerably above the CMC. These results are in line with 
the analysis of characteristic adsorption time given in Section 2. Note, it 
was suggested in [95] that, for Triton X-100, mixed adsorption kinetics 
can be expected. 

It was found in [95] that an increase in flow rate of the dispersed 
phase and therefore stronger internal convection resulted in a decrease 
of DIT, despite a smaller drop formation time for all studied surfactants 
at concentration where DIT was above equilibrium values. This result 
agrees with earlier studies [96,97] where drops were formed in co-flow 
device and in T-junction respectively with surfactant placed in the 
continuous phase. It confirms the importance of convection during the 
drop formation for DIT value through decrease of thickness of concen-
tration boundary layer, see Eqs. (11), (12) and (14). 

The examples above demonstrate clearly that the surfactant equili-
bration rate and in particular the dynamic interfacial tension are crucial 
parameters for prediction of drop size in microfluidics. They also show 
that microfluidics can be used for measurement liquid/liquid dynamic 
interfacial tension on short time scale. A detailed discussion of such 
measurements and their limitation is given in section 6. 

4. Drop movement in channels 

Once a drop has been formed, it moves through a microfluidic 
channel network to collection/observation point. Depending on the 
purpose of drop formation, various processes take place during this 
movement. If drops are used as templates for solidification, at the 
collection point they should be stable against coalescence, i.e. surfactant 
adsorption must be complete. Drops can be particularly prone to coa-
lescence at the exit of a microfluidic device due to the considerable 
change of flow velocity. A larger intensity of recirculation inside the 
drop results in faster adsorption. If drops are used as reactors, the re-
action has to be completed and thus the mixing inside the drop defined 
by the flow patterns is of great importance. The flow patterns in straight 
channels depend on many parameters: channel geometry (cylindrical or 
rectangular, aspect ratio for rectangular channels), drop size, flow rates, 
viscosity ratio between continuous and dispersed phase as well as 
interfacial tension. Note, there is always a considerable difference be-
tween the flow patterns in cylindrical and rectangular channels: in 
rectangular channels the continuous phase can bypass the drop through 
corners [31,98] changing the flow patterns inside the drop and surfac-
tant distribution over the interface. Flow patterns in surfactant-free 
microfluidic drops moving in straight channels were thoroughly stud-
ied for example in [99–102]. Mixing within the drop intensifies 
considerably in meandering channels [103,104]. 

If surfactant has been added to either dispersed or continuous phase, 
or to both, the flow pattern can be also dependent on adsorption kinetics 
and surfactant redistribution over the interface due to surface convec-
tion. The latter can lead to non-uniform surfactant distribution and 
surface retardation resulting in retarded recirculation inside the drop. 
The non-uniform distribution of surfactant can also result from a dif-
ference in thickness of adsorption layer as discussed in Section 2. The 
building of a non-uniform adsorption layer over the interface of a drop 
moving in a rectangular channel as reported in [5] is shown in Fig. 2 for 
adsorption of fluorescent surfactant from continuous oil phase. Non- 
uniformity of the adsorption layer over the surface of a bubble moving 
in a cylindrical channel [105] and surfactant-laden drop moving in a 
square channel [51] was found in numerical simulations. It was reported 
in [105] that the non-uniformity increases with an increase of capillary 
number, but decreases with an increase of surfactant concentration. 

Sweeping of surfactant to the rear of a drop under the high 
confinement of drop in microfluidic channel can lead to strong 

deformation of the rear part of the drop and finally to tip streaming as 
shown in Fig. 3a. It should be noted that, during drop formation, sur-
factant is being swept to the front of the drop, where tip streaming oc-
curs, whereas during drop movement, surfactant is swept to the rear of 
the drop, where two tails ejecting small droplets are formed near the 
channel wall [106,107]. Numerical simulations performed for a gas 
bubble moving in cylindrical channel [108] have shown that the 
deformation of the rear part can increase drastically resulting in bubble 
splitting along the channel axis. 

Most studies of the effect of surfactant on flow fields in the moving 
drops were limited to using one surfactant at a single value of concen-
tration and comparing the results with surfactant-free drops. No differ-
ence in the flow field between a surfactant-free and surfactant-laden 
drop moving in rectangular channel was found in [98]. In this study a 
surfactant, 1.5% of Pico-Surf™ 1, was dissolved in a continuous phase of 
fluorinated oil HFE7500 (viscosity 1.28 μPa⋅s) whereas water/glycerol 
mixture (viscosity 11.5 μPa⋅s) was used as the dispersed phase. Sur-
prisingly, there was also no difference in drop shape, despite the large, 5 
times, difference in interfacial tension, while all other parameters, 
including drop length and velocity were kept the same. 

On the contrary, changes in flow fields within a water drop moving in 
continuous phase of sunflower oil laden with 1% Span 80 were reported 
in [109]. It is difficult to reveal the main reason for the difference in the 
results between [98,109], considering a large number of parameters 
involved. Despite the same, rectangular, channel size, the channel aspect 
ratio, W/H, where W is the channel width and H is the channel height, 
was different: 4:3 in [98] vs 3:2 in [109], as was the viscosity ratio be-
tween dispersed and continuous phase, λ, with values of 9 and 0.018 
respectively. The molecular mass of Pico-Surf™ 1 is unknown, but 
considering the nearly 40 times larger viscosity of the continuous phase 
in [109], it can be assumed that diffusion in this case is slower and 
therefore surfactant equilibration time is larger. It is interesting to note 
that a tail-like deformation of the drop rear part was observed in [109] 
which can be attributed to a considerable excess of interfacial coverage 
there. 

The effect of surfactant dissolved in dispersed phase on flow fields 
inside the drops moving in rectangular channel with aspect ratio W/H =
2 and viscosity ratio λ = 0.125 was reported in [33]. Four surfactants 
covering a broad range of surfactant activities (0.01 mM < CMC < 100 
mM) and concentrations from 0.1 to 10 CMC have been studied. The 
flow fields were studied in 5 drop cross-sections uniformly distributed 
over the drop height. This enabled understanding of the 3D flow 

Fig. 2. Distribution of fluorescent surfactant along the drop length as reflected 
by fluorescence intensity. The label of each curve corresponds to the droplet 
lifetime after generation. Reprinted with permission from [5]. 
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structure. For the surfactant-free drop, flow was formed by 8 main 
vortices: 4 vortices due to drop interactions with channel walls (Fig. 3 b1 
and b3) and 4 vortices related to corner flow of continuous phase (Fig. 3 
b2). These vortices were rotating in the opposite direction and the di-
rection and intensity of flow in the middle cross-section of drop was 
determined by their interaction. Small vortices were also present at the 
front and rear of the drop due to interaction with continuous phase 
(Fig. 3 b1). 

It was shown in [33] that the effect of surfactant was strongly 
dependent on surfactant equilibration rate. In the studied range of 
capillary number, 0.01 < Ca < 0.04, for quickly equilibrating surfactants 
(large CMC values) no considerable dynamic effect was observed and 
flow field structure was completely defined by capillary number (sf 
Fig. 3 b1, b4 and b5). In this case, surfactant adsorption/desorption was 
fast enough and interfacial concentration gradients, even if formed, 
were too small to affect the flow structure. This is in line with the results 
reported in [111], where no effect of surfactant of the flow fields was 
found. Surfactant, SDS, was dissolved in continuous phase of water/ 
dimethyl sulfoxide mixture in concentrations of 0.1, 1 and 3 CMC (CMC 
= 35 mM). The viscosity of continuous phase was 4 mPa⋅s. Considering 
the large CMC value and low viscosity of the surfactant-laden phase, the 
surfactant can be considered as fast equilibrating in [111]. 

For slowly equilibrating surfactants, adsorption/desorption is slow 
and therefore surfactant concentration at the rear should be much larger 
than at the front of the drop. The created gradient of interfacial tension 
accelerated considerably the corner vortices and suppressed the wall 
vortices causing flow reversal in the middle plane of the drop [33] (Fig. 3 
b6). Note, slowly equilibrating surfactants have high surface activity and 
are present in solutions at relatively low concentrations. As already 
mentioned in section 2, in this case adsorption can lead to considerable 
change in the bulk concentration and the surfactant mass balance should 

be taken into account. For characteristic sizes of microfluidic drops 
around 100 μm, surfactant depletion from the bulk can be noticeable at 
concentrations below 1 mM. For example, Triton X-100 concentration 
0.3 mM mentioned in Fig. 3 b6 is the initial bulk concentration, which 
decreases to around 0.2 mM after the adsorption is completed. 

In [110], the effect of surfactant on flow fields in moving drops was 
carried out by analysing vorticity values in the middle plane of the drop 
at a constant value of capillary number. For plug (2D confinement) at Ca 
= 0.001, an addition of fast equilibrating surfactant, SDS, at a concen-
tration below the CMC resulted in lower vorticity near the wall 
compared to the surfactant-free drop. Increase of SDS concentration 
above the CMC resulted in an increase of vorticity, which exceeded the 
one observed in surfactant-free drop at concentrations 5 CMC and above 
(Fig. 3 c). At larger Ca = 0.005 similar qualitive behaviour was observed, 
but despite an increase with concentration, vorticity remained below 
that for surfactant-free case at concentrations up to 10 CMC, due to the 
manifestation of larger Marangoni stresses at larger drop velocity. 

The results of [110] agree with those presented in [33] for similar 
surfactant DTAB, with 2 times higher CMC value. According to [33], the 
difference between minimum and maximum velocity in the middle 
plane decreased with an increase of surfactant concentration at con-
centrations below the CMC and increased considerably at concentration 
around 2 CMC. Smaller differences between maximum and minimum 
velocity in surfactant laden drops is also seen in Fig. 3 b4 and b5. It 
should be however noted that besides Marangoni stresses there is 
another contribution to smaller vorticity inside the drop. To keep 
capillary number constant, a surfactant-laden drop should have smaller 
velocity and therefore smaller shear stress near the wall. The effect of 
wall shear stress was demonstrated in [110] by comparing vortices 
within a plug with those within a pancake shaped drop circular in the 
plane of observation (i.e. drop size smaller than the channel width) 

Fig. 3. a: changes in the shape of rear part 
of a drop moving in a microfluidic channel 
and formation of satellite droplets due to 
surfactant redistribution, adapted with 
permission from [107]; b: flow fields in 
drops moving in rectangular channel. 1–3 
– surfactant-free drop, Ca = 0.013, 1 – 
middle plane, shows vortices due to in-
teractions with the side walls (top and 
bottom of the picture), sink at the front and 
source at the bottom of drop related to 
vortices due to interactions with top and 
bottom wall, 2–60 μm from the middle 
plane, shows vortices related to the corner 
flow of continuous phase, 3–80 μm from 
the middle plane, shows the return flow 
near the top wall, 4 – surfactant-free drop 
at Ca – 0.04 (middle plane), 5 – surfactant- 
laden drop, C10TAB c = 135 mM = 1.5 
CMC, Ca = 0.037 (middle plane), 6 – 
surfactant-laden drop, Triton X-100, 0.3 
mM = 0.3 CMC, Ca = 0.036 (middle 
plane), adapted with permission from [33]; 
c – dependence of vorticity in drop moving 
through a rectangular channel on surfac-
tant (SDS) concentration, reprinted with 
permission from [110].   
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while keeping the same Ca = 0.001. In this case, vorticity within the 
pancake drop was considerably smaller than for the plug due to weaker 
interaction with wall and only mildly dependent on the surfactant 
concentration. When SDS in [110] was replaced by a slowly equili-
brating surfactant (Tween 20), recirculation within the drop was 
considerably slower in all surfactant-laden drops, up to concentration of 
10 CMC, but also slower than in SDS-laden drops indicating consider-
ably larger Marangoni stresses. 

Thus, the presence of surfactant changes the flow characteristics for 
drop moving in microfluidic channels even at small capillary numbers 
Ca ~ 0.001. The effect is more pronounced for surfactants with higher 
activities (smaller CMC values) for which even flow inversion within a 
drop can be observed. Accumulation of surfactant at the rear of the drop 
can result in tip-streaming. 

5. Drop coalescence 

Drop coalescence is another major microfluidic operation. Besides 
the study of coalescence itself, for example for better understanding 
foam and emulsion stability, it enables triggering a chemical reaction by 
bringing reagents together. In many cases this is the only feasible path 
for microfluidic analysis/synthesis, in particular if reaction is very fast 
and products can clog the channel. Drop coalescence in microfluidics 
can be induced using active methods, such as an imposed electrical field 
[112] and passive methods, based on device geometry. Passive methods 
include various coalescence chambers enabling study of an ensemble of 
drops under a mild flow [2,7] or study of the interaction between pairs 
of drops under various well-controlled flow conditions [113–115], for 
example providing compression/extension flow patterns similar to a 
Taylor four-roll mill flow [8,86]. 

Surfactants sterically stabilise drops against coalescence. Ionic sur-
factants provide additional contribution to electrostatic stabilisation, 
although this effect can be reversed if the surfactant charge is opposite to 
the charge of the surfactant-free surface. However even in this case, at 
large surfactant concentrations, surface recharges and the absolute 
value of the final zeta potential can be considerably larger than that for 
the bare surface. Surfactant dynamic effects are important for drop 
stability against coalescence, in particular, by slowing down film 
drainage. When a continuous phase liquid flows out of film separating 
two drops, it moves surfactant at the interface in a direction from the 
centre of film to the periphery. If bulk surfactant in the film is unable to 
restore a uniform interfacial concentration, the surfactant concentration 
gradients result in Marangoni stresses retarding outflow of liquid from 
the film. Microfluidic studies on coalescence of individual drops allow 
this effect to be observed albeit indirectly. Emulsion stability was 
measured in [1] by calculating the changes in the average drop volume 
when the emulsion was moving along the microfluidic channel for 
residence time up to 7.36 s. Improvement in the emulsion stability on 
that time scale was observed at a concentration of surfactant, SDS, 
2•10− 4 mM, >3 orders of magnitude below CMC value. Analysis per-
formed by the authors of [1] has demonstrated that the only reason for 
such stabilisation can be Marangoni stresses. 

In [113], the dependence of the time span between contact of two 
drops and their coalescence (film drainage time) was studied as a 
function of numerous process parameters including concentration of 
surfactant, Span 80, in the continuous oil phase. It was found, that in 
surfactant-free case and at small surfactant concentrations, film 
drainage time normalised by drop size and approach velocity increases 
with an increase of continuous phase viscosity, however it becomes in-
dependent of viscosity at larger surfactant concentrations, up to 2 CMC. 
It was suggested in [113] that at larger concentrations, the effect of 
Marangoni stresses on film drainage becomes dominant and overcomes 
considerably the effect of continuous phase viscosity. 

The presence of surfactant in one or both coalescing drops can 
considerably affect the coalescence kinetics as well as mixing during and 
after coalescence. If one drop has smaller interfacial tension due to a 

presence of surfactant, immediately after contact it starts to envelop the 
other drop due to interfacial tension gradient. The prolongation of this 
Marangoni flow should depend on surfactant concentration and relation 
between timescale of surfactant equilibration and timescale of Mar-
angoni flow, Eq. (9). If there is enough of quickly equilibrated surfac-
tant, it will be replenished at the interface of the initially surfactant- 
laden drop, while it will be dissolved into the bulk phase of initially 
surfactant-free drop. In this case the interfacial tension gradient and 
Marangoni flow can persist for relatively long time, weakening as the 
surfactant concentration in the two drops equilibrates. However, if the 
concentration of surfactant is small and/or equilibration rate is slow, the 
concentration gradient will be reduced quickly and the Marangoni flow 
fades out. Another effect related to the difference in interfacial tension 
between the coalescing drops is the difference in capillary pressure. For 
drops of the same size, the capillary pressure is larger in surfactant-free 
drop and it will squeeze it inside the surfactant-laden drop. The persis-
tence of this effect is also determined by surfactant concentration and 
equilibration rate. 

The coalescence of two miscible drops of pure liquids having 
different interfacial tension with continuous phase was addressed 
numerically for stationary drops in an unbounded geometry and drops 
flowing in cylindrical tube [38]. The resulting mixing at coalescence of 
stationary drops is shown in Fig. 4a. For drops moving in a cylindrical 
tube the mixing intensity depends on interactions of the flow fields 
generated by drop motion in the tube and flow fields due to Marangoni 
stresses, i.e. it depends on the order of drops along the channel [38]. 

An experimental study on the coalescence of surfactant-laden and 
surfactant-free drops in rectangular microfluidic channel [6] confirmed 
the prediction of numerical simulations [38]. If the surfactant-laden 
drop is first in the flow direction, i.e. the direction of viscous shear 
stresses near the walls coincide with direction of Marangoni stresses, the 
penetration of surfactant-free drop inside the surfactant-laden drop on 
the short time scale and mixing on the longer time scale are both faster 
(Fig. 4b). 

6. Measurement of dynamic interfacial tension 

As shown in the previous sections, the dynamic effects of surfactant 
are of great importance for all basic microfluidic operations: drop for-
mation, transfer/sorting and coalescence. They are also crucial for many 
industrial multiphase flows. For example the drop size in various 
industrially relevant emulsification processes is defined by interfacial 
tension on the time scale of drop formation, which ranges from 0.1 ms to 
tens of milliseconds [116]. The stability of formed drops against coa-
lescence is directly related to the completeness of the stabilising sur-
factant layer on the same time scale. Therefore, the measurement of 
liquid/liquid dynamic interfacial tension on the millisecond time scale is 
of great importance and microfluidics can provide multiple approaches 
to such measurements. Below these approaches, their advantages and 
limitations are discussed. 

The most frequently used microfluidic method for measurement of 
dynamic interfacial tension enabling data acquisition at millisecond and 
even sub-millisecond time scale is based on drop size, for example by 
using Eq. (22) [94,95] or other available empirical correlations between 
the drop size and interfacial tension [52,82,117]. Considerable 
improvement in the prediction of drop size can be achieved by using 
data driven models [118]. Drop formation time can be used as well, 
considering that the drop volume is equal to its product with the flow 
rate of dispersed phase. First the pair of liquids of interest, continuous 
and dispersed phase, is studied over a broad range of flow rates, i.e. drop 
formation times. Drops are formed without surfactant and with surfac-
tant(s) of high concentration or for example water/alcohol mixtures, 
assuring that the equilibrium interfacial tension was reached on the 
timescale of drop formation. Obtained drop sizes are then used to fit into 
correlation equation and find its parameters. Knowing these parameters, 
dynamic interfacial tension for the required surfactant concentration 
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and time can be found, provided that the values of experimental pa-
rameters are within the range used for fitting. The essential requirement 
of this method is the same regime of drop formation and the same drop 
shape (spherical drop, pancake or plug) for DIT measurement and cali-
bration. The fitted parameters of the correlation change with drop shape 
[52], because a spherical drop can grow in all three dimensions, a 
pancake can grow in 2-D and plug size changes only in 1-D, along the 
channel axis. 

Direct evaluation of interfacial tension from the force balance on the 
drops formed in dripping regime was also used, in particular for drops 
formed in co-flow device with cylindrical symmetry [74]. It was 
assumed in [74] that the inertia and momentum force as well as effect of 
gravity can be neglected. In this case drop detachment is determined by 
the balance of interfacial tension and viscous drag. The viscous drag 
force depends on the relative velocity of the drop and continuous phase, 
choice of which is rather tricky. In [74], the drag force was calculated as 

FD = k(uc − ud)ddμc (23)  

where k is the geometry dependent coefficient, dd is the drop diameter 
and uc, ud are average velocities of continuous and dispersed phase 
respectively calculated as 

uc =
4Qc

π
(
D2

in − d2
d

) (24)  

ud =
4Qd

πd2
d

(25)  

where Din is the inner diameter of continuous phase capillary. 
Interfacial tension force was calculated in [74] as 

FIT =
πd2

nγ
dd

(26)  

where dn is the diameter of dispersed phase channel. Equations for Fd 
and FIT provides an expression for DIT at the time of drop formation 
depending on normalised drop size dd/dn. 

Uncertainties related to using average velocities in the equation for 
the drag force can be partially accounted for by the calibration process 
used to fit k. The calibration was made using 1 pair of liquids and then IT 
was measured for four other pairs of liquids including pure liquids and 
surfactant solutions of high concentrations. The measured IT was an 
equilibrium value and a good agreement was found with values 
measured by traditional macroscopic methods. Therefore, this method 
seems quite reliable for measurement of equilibrium IT. Although the 

authors of [74] stress that there can be problems with measurement of 
DIT because k can be affected by non-uniform surfactant distribution 
and Marangoni stresses, they still used the approach to measure DIT of 
SDS and CTAB [96]. To minimize the effect of non-uniform surfactant 
distribution, only concentrations above CMC have been used. 

The problem of possible change of calibration parameters found for 
pure liquids/concentrated surfactant solutions is important also when 
using various empirical formulas. In general, the main problem to be 
solved to increase the reliability and usefulness of the approach based on 
the drop size is the applicability of obtained results for drop formation in 
devices of various architecture and in unbounded liquid. The essential 
point is that surfactant adsorption is carried out on the surface of 
growing drop. During calibration with surfactant-free liquid or with 
concentrated surfactant solution interfacial tension is constant over the 
whole process of drop growth. The situation is completely different for 
surfactant solution where a DIT effect is expected. Firstly, after 
detachment of previous drop, the retracted liquid interface is not free of 
surfactant, but has some surface coverage depending on previous his-
tory, i.e. at the beginning of drop formation DIT is not equal to inter-
facial tension of solvent, but is noticeably lower. When the surface 
begins to deform due to influx of dispersed phase, the surface area, A, 
increases and the relative rate of the surface growth is the fastest at the 
beginning and slows down with time. It is easy to calculate that for 
spherical drop it is inversely proportional to time [119]. 

1
A

dA
dt

=
2
3t

(27) 

Therefore, at the beginning of the drop growth, DIT remains constant 
or even increases with time before it starts to decrease, depending on 
surfactant supply rate [120]. Moreover, the radius of curvature changes 
continuously during the drop growth and the thickness of the adsorption 
depletion layer changes as well, see Eqs. (6), (7). This means that the 
rate of diffusion limited adsorption is not constant, but varies with time. 
Thus, the DIT measured by drop size in microfluidic device is not the 
same as, for example, DIT corresponding to the adsorption of the sur-
factant at the clean surface of the drop of constant size and cannot be 
transferred directly to other processes, including drop formation under 
different conditions. 

From the results available so far, it appears that the measured DIT 
depends on device architecture and the models used. In particular, ac-
cording to [96] (co-flow, drop size 30–120 μm, model based on Eqs. 
(23)–(26)) considerable deviations from equilibrium IT (> 20%) on 
timescale 5–15 ms were observed even at concentration SDS of 16 CMC, 
whereas DST deviated <20% from equilibrium value already at 

Fig. 4. a: results of numerical simulations on coalescence of two motionless drops in unbounded liquid. The top drop has higher interfacial tension, the relative 
difference in interfacial tension between drops (γ1 – γ2)/γ1 = 0.4. The black lines are equal to the initial drop radius. Reprinted with permission from [38]. 
Experimental data on coalescence and following mixing of surfactant-laden (light) and surfactant-free (dark) drop in microfluidic channel. Reprinted with permission 
from [6]. 
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concentration of 2 CMC in [95] (flow focusing, drop size 80–140 μm, 
model based on Eq. (22)). The difference is rather surprising because in 
[96] surfactant was dissolved in continuous phase, whereas in [95] it 
was dissolved in dispersed phase, so the thickness of adsorption layer 
should be smaller in the former case, sf Eqs. (6) and (7). Moreover, in 
[95] surfactant was dissolved in glycerol/water mixture with viscosity 7 
times larger than viscosity of water used in [96] and therefore 7 times 
smaller diffusion coefficient. The reason for the difference in the results 
can be the dependence of flow fields and therefore the thickness of 
concentration boundary layer on device geometry and variability of the 
effect of non-uniform surfactant distribution over the surface of the 
growing drop. At the same time there is a good agreement for SDS 
concentrations ≥2 CMC between [94,95] (T-junction, drop size 
228–426 μm, surfactant dissolved in continuous phase of water) where 
the same model of Eq. (22) was used. Obviously, more thorough studies 
are required to make reliable conclusions about reliability and general 
applicability criteria of this method of DIT measurement. 

Another question is to which extent the viscosity ratio of continuous 
to dispersed phase affects the drop size. If this ratio changes due to 
change of continuous phase viscosity then the effect is completely 
accounted for by changes in capillary number [52,94]. It is however not 
clear whether and to which extent the parameters of Eq. (22) and other 
empirical correlations are sensitive to changes in viscosity of dispersed 
phase. 

Considering the short time scale of DIT measurements, the mutual 
solubility of dispersed and continuous phase can be of importance. Long 
time scale measurements are usually performed under conditions of 
quasi-equilibrium between these close to the interface, whereas on short 
time scale, surfactant adsorption can be accompanied by mutual satu-
ration fluxes between continuous and dispersed phase affecting local 

surfactant solubility and adsorption properties. It would be of interest to 
compare the short time scale DIT for the cases of mutually saturated and 
unsaturated phases, especially those of industrial importance. It is 
noticeable, that in some cases, the mass transfer between the continuous 
and dispersed phases results in the development of convective in-
stabilities providing additional acceleration of mass transfer, see for 
example [121] and references herein. 

In several studies, dynamic interfacial tension was calculated from 
simultaneous (synchronised) measurement of capillary pressure and the 
main curvature of the growing drop [122–124]. Capillary pressure, Pc, 
under curved interface depends only on the shape of the interface and 
interfacial tension as (Young-Laplace equation) 

Pc = γ
(

1
R1

+
1
R2

)

(28)  

where R1 and R2 are the principal radii of curvature. 
This method is a microfluidic extension of the well-known growing 

drop/bubble method [125–127] for which commercial equipment is 
available. The latter uses a spherical bubble/drop formed at the tip of 
capillary of radius 0.1–0.5 mm and attains timescale down to millisec-
onds for liquid/air interface [127] and 100 ms for liquid/liquid interface 
[126]. The advantage of using capillary pressure is the possibility to 
monitor interfacial tension not just at the moment of drop detachment, 
but continuously during the drop growing cycle. Obviously, the limita-
tions of the drop size method, such as uncertainty in the initial surfactant 
concentration after the detachment of the previous drop and surfactant 
redistribution over the drop surface apply also for this method. 

So far, the microfluidic measurement of dynamic interfacial tension 
based on capillary pressure was carried out in two configurations: co- 
flow and cross-flow (T-junction). Co-flowing device was employed to 

Fig. 5. Methods of measurement of dynamic interfacial tension: a, b – capillary pressure co-flow, reprinted with permission from [123]; c – capillary pressure T- 
junction, reprinted with permission from [122]; d – drop deformation in contractions/expansions, reprinted with permission fron [130]; e – drop deformation in 
contraction/extension flow, reprinted with permission from [129]. 
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measure mass transfer of surface-active solutes between dispersed and 
continuous phase [123,124], with both transfer directions considered. 
Pressure was measured in the dispersed phase channel as shown in 
Fig. 5a. It oscillated with period equal to the drop formation time due to 
change of capillary pressure related to the change of interfacial tension 
and/or curvature radius of the drop as shown in Fig. 5b. The pressure 
increased fast in the initial stage of drop formation and reached a 
maximum approximately at the time when drop radius was equal to the 
capillary radius. For pure liquid, the maximum capillary pressure cor-
responds exactly to the minimum radius of drop, but for surfactant so-
lutions there can be a shift related to the changing interfacial tension. 
Capillary pressure decreases gradually with further increase of the drop 
size, Fig. 5b. 

It is well known from the theory of growing drop that besides the 
capillary pressure, dynamic effects related to the liquid flow contribute 
to measured pressure value [125,127]. It was assumed in [123,124] that 
the hydrodynamic pressure contribution is constant during the cycle of 
drop formation in microfluidic device and is independent of the presence 
of surfactant. This constant part was derived from the calibration mea-
surements based on surfactant-free liquid and was later used for calcu-
lation of interfacial tension of surfactant-laden liquid. The assumption 
above is rather rough because the interfacial velocity as well as velocity 
distribution in continuous phase always depend on the size of the 
growing drop. Nevertheless, this approximation looks quite acceptable 
at least for frequencies of drop formation below 1.5 Hz because the 
interfacial tension calculated for surfactant-free system was very close to 
that measured by the pendant drop technique. At larger frequencies of 
drop formation, the calculated value of interfacial tension for surfactant- 
free system decreases more and more in comparison to the real value 
[123,124]. As a result, the time to assess the interfacial tension with this 
method hardly goes below 0.1 s, which is similar to the time accessed 
with the macroscopic growing drop method. The authors ascribe this 
time limitation to the sensor effects. The interfacial tension of surfactant 
solutions at small frequencies was then calculated as 

γ =
R(P − Pd)

2
(29)  

where P is the measured instantaneous value of pressure, Pd is the 
pressure loss due to dynamic effects of liquid flow, and R is the drop 
radius of curvature at the apex. The authors of [123,124] have chosen 
the point at the apex as characteristic of measuring of capillary pressure 
arguing that drop curvature in this point is least of all affected by the 
flow of continuous phase. Note, the advantage of co-flowing device is its 
axial symmetry, making two principal curvature radii at apex equal to 
each other and easily measurable from the high-speed recording of the 
growing drop. 

Pressure drop over the part of main channel including T-junction 
(Fig. 5c) was used for measurement of interfacial tension in [122]. The 
shape of drop formed in T-junction is more complicated and less sym-
metrical compared to co-flow. Therefore, the relation between the drop 
shape and capillary pressure is not straightforward. The authors of [122] 
used an approach suggested in [91], where the pressure difference over 
the growing in T-junction drop is equal to difference in capillary pres-
sure between the front and rear part of the drop 

ΔP = γ
(

1
R1f

+
1

R2f
−

1
R1r

−
1

R2r

)

(30) 

The curvature radii in the plane of observation for the front R1f and 
rear, R1r of the drop are easily extracted from the drop image, whereas it 
is assumed that the radius of curvature perpendicular to the plane of 
observation is always equal to half of channel height at the front of the 
drop, R2f = H/2, and is equal to min (H/2; r) at the rear of the drop, 
where r is radius of the drop neck. This assumption contributes to the 
error of the method. Eq. (30) is applicable only if the pressure inside the 
drop is constant, what is not exactly true in the case of a growing drop. 

This is another contribution to the error of this method. Measurements 
performed in [122] for pure liquid show that the maximum measured 
pressure difference gradually increases with an increase of flow rate, but 
in the studied flow rate range the difference was within 10%. It can 
therefore be concluded that the dynamic interfacial tension can be 
measured using capillary pressure method in T-junction device at least 
at small capillary numbers, Ca < 0.01, but calibration measurements 
with pure liquid are required to validate results. 

Dynamic interfacial tension can also be measured using drop defor-
mation in constrictions embedded in microfluidic device (Fig. 5d) or in 
compression/extension flow (Fig. 5e). The equation used for calcula-
tions is, for example, dependence of drop deformation on capillary 
number [128,129]. Using multiple contractions and expansions depen-
dence of dynamic interfacial tension on time can be extracted [130]. 

Taking into account that after the drop is formed it has to move for 
some time in a straight channel before the first constriction, the acces-
sible time of measurement with this method is of the order of seconds, i. 
e. similar to traditional macroscopic techniques, such as drop profile 
tensiometry. The advantages of the microfluidic method are the possi-
bility of measurement of DIT on small drops relevant for many industrial 
applications, where the mass transfer can be different due to drop cur-
vature, see Eqs. (6) and (7). Considering convection in both dispersed 
and continuous phase, combined kinetics + diffusion limited adsorption 
mechanism can be achieved [64] giving way to measurement of 
adsorption and desorption coefficients (see Eq. (15) and discussion 
around it). Microfluidic tensiometry based on multiple sequential drop 
deformation can be also very useful for measuring dynamic interfacial 
tension of slowly equilibrating solutes, such as proteins. The charac-
teristic adsorption time in this case can be quite long, but the applica-
bility of macroscopic techniques is limited due to the large cost and 
small availability of samples whereas microfluidic technique enables 
measurement using nanolitre size droplets. 

7. Conclusions and proposals for future work 

Dynamic effects due to surfactant presence in continuous or/and 
dispersed phase are important through all stages of drop processing in a 
microfluidic device. Regime of drop formation and drop size depend on 
dynamic interfacial tension which, in turn, can be affected by non- 
uniform surfactant distribution over the growing drop surface. In 
particular, non-uniform surfactant distribution can result in tip- 
streaming from the front of forming drop or from the rear of the drop 
moving in a microfluidic channel. Kinetics of drop coalescence and 
mixing within the drop after coalescence are also affected by surfactant 
presence and distribution, especially if the coalescing drops have 
different interfacial tension. The flow patterns and mixing within a drop 
moving in microfluidic channel are dependent on the added surfactant. 
Effect of dynamic interfacial tension on drop formation, deformation in 
flow fields and coalescence derived from microfluidic experiments 
provides valuable information for choice of surfactant type and con-
centration in industrial emulsion and foam formulations. 

Dynamic surfactant effects strongly depend on surfactant properties, 
in particular on relative values of characteristic time scale of surfactant 
adsorption/desorption and surface deformation. If the surfactant 
equilibrates very fast, then the surfactant solution behaves as a pure 
liquid with interfacial tension equal to the equilibrium value. If the 
interface deforms much faster than surfactant equilibrates, the surfac-
tant can be considered as insoluble. For diffusion-controlled surfactant 
dynamics, the characteristic adsorption time increases with an increase 
of surfactant activity (~ b2) or with decrease of CMC value (~ CMC− 2). It 
is however difficult to estimate relevant time scales precisely, because 
they depend on many factors including interdependent flow patterns in 
both continuous and dispersed phase and surfactant distribution. Better 
understanding of surfactant dynamics in microfluidic multiphase flows 
can be achieved by using data driven models and computational fluid 
dynamics (CFD) simulations. Both approaches require, however, well- 
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tailored experiments for the model development and validation. CFD 
additionally requires reliable values of physical parameters used, such as 
type and parameters of adsorption isotherms, adsorption and desorption 
coefficients, models for and characteristic times of micelle disintegration 
and diffusion coefficients. The progress in predictability of processes in 
microfluidic drop devices will be determined to the large extent by the 
availability experimental data of high fidelity. 

Considering the short time scales involved, microfluidic approaches 
for the measurement of dynamic interfacial tension are quickly devel-
oping during the last decade. They include methods based on drop 
deformation, simultaneous measurement of capillary pressure and drop 
shape, or drop size. The last method enables measurement of DIT on 
millisecond and even sub-millisecond time scale not accessible by 
traditional macroscopic methods for liquid/liquid interfaces. Another 
advantage of microfluidic methods is the possibility to use small sample 
volume, which is important while working with very expensive or rare 
samples. Broad application of microfluidic methods of DIT measurement 
requires better understanding of related processes to estimate the un-
certainty of measured values and their general relevance. How can the 
DIT at the given time measured in one microfluidic device be used for 
different microfluidic devices? How does it change if device is scaled up/ 
down or some of dimensions are changed? How can it be extrapolated to 
industrially relevant processes of emulsification? To answer these 
questions considerable efforts in theoretical treatment of the problem 
requiring both numerical simulations and experiments are necessary. 
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