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A B S T R A C T   

Surfactant mass transport towards an interface plays a critical role during formation of emulsions, foams and in 
industrial processes where two immiscible phases coexist. The understanding of these mechanisms as experi
mentally observed by dynamic interfacial tension measurements, is crucial. In this review, theoretical models 
describing both equilibrated systems and surfactant kinetics are covered. Experimental results from the literature 
are analysed based on the nature of surfactants and the tensiometry methods used. The innovative microfluidic 
techniques that have become available to study both diffusion and adsorption mechanisms during surfactant 
mass transport are discussed and compared with classical methods. This review focuses on surfactant transport 
during formation of droplets or bubbles; stabilisation of dispersed systems is not discussed here.   

1. Introduction 

Have you ever observed any of these phenomena in your daily life? 
Insects that walk on water, dew that beads on flower petals, sugar that 
soaks coffee or a drop of water that hangs without falling? These 
amusing facts are all the result of the surface tension of liquids [1,2]. 
This physico-chemical phenomenon is linked to the molecular in
teractions of a fluid, i.e. the way its molecules are attracted to each 
other, as well as how they interact with molecules from another material 
or liquid. The molecules of a fluid exert forces of attraction (Van der 
Waals) or repulsion (electrostatic, steric) on each other. In a system 
involving several media, molecular interactions are unbalanced: mole
cules at the interface interact with those in the other medium, but those 
in the material interact only with their own. The system naturally tends 
towards an equilibrium corresponding to the least energetic configura
tion. It then modifies its geometry to reduce the surface area of the 
interface with the other medium. The force that maintains the system in 
this configuration is due to surface interfacial tension (IFT) or, when the 
interface is formed with air, it is often called”surface tension” (SFT). 
Interfacial tension, noted (γ) is the energy per unit area required to 
create an interface, measured in (J/m2). γ is also defined by the Gibbs 
free energy (dG) expressed as dG = γdA, where dA represents the change 

in surface area measured in square meters m2. The study of surface 
phenomena dates back several centuries, with Laplace (1749–1827) and 
Young (1773–1829) being key contributors. Bouasse's book in 1924 [3] 
provides insights into their work. 

Surface tension governs the behaviour of interfaces between 
immiscible phases, a key factor in many natural and industrial phe
nomena. The ability of life to thrive on the Earth's continents is inti
mately linked to water's surface tension, which is around 72 mN.m− 1 [4]. 
This fundamental physical property has a major influence on the Earth's 
water cycle and on the origin of precipitation essential to life. For 
instance, if this value were twice as low, persistent fog would obscure 
large parts of the globe, hindering sunlight and altering the Earth's al
bedo, raindrops would be larger, bubbles would form on coastlines. The 
delicate balance of life on Earth is partly due to this precise value of 
surface tension [5]. When it comes to industrial processes, under
standing the behaviour of interfaces between immiscible phases is of 
paramount importance. Without giving an exhaustive list, surface ten
sion influences the adhesion of paints and varnishes to surfaces [6]. 
Appropriate surface tensions are necessary to ensure uniform coverage. 
In the printing industry, the surface tension of inks and substrates is 
crucial to achieving quality prints [7,8]. Active spraying and aerosols 
are commonly used in agriculture (for pesticides and herbicides) [9], the 
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automotive industry (for paints and coatings) and household products 
(such as cleaning agents and insecticides). Surface tension governs the 
wetting and spreading properties of spray droplets. 

In other various industries including food, pharmaceuticals, cos
metics, or for environmental purification, many processes rely on 
interface formation and stability, governed by interfacial tension. For 
instance, liquid-liquid extraction is a separation process widely used in 
these industries involving the transfer of a solute (or several solutes) 
from one liquid phase to another immiscible liquid phase. It necessitates 
precise control over interface formation and stability, which are pri
marily dictated by interfacial tension. Finally, surface tension is at the 
origin of the Rayleigh-Plateau mechanism for droplet and bubble for
mation. It plays a fundamental role in emulsification and spraying 
processes used in these industries. 

For all these processes, it is important to control and especially tailor 
interfacial tension. This is possible by using surfactant molecules. A 
surfactant, also referred to as a surface-active agent, consists of two 
functional components: a nonpolar hydrophobic tail that is soluble in oil 
and a polar hydrophilic head that is soluble in water. Typically, the 
hydrophobic segment comprises a lengthy hydrocarbon chain (either 
linear or branched), a fluorocarbon, a siloxane chain, or a short polymer 
chain. The hydrophilic portion can be created through moieties, with the 
surfactants being categorised based on the ionic nature of these fractions 
into four types: anionic, cationic, nonionic, and amphoteric (or zwit
terionic). Amphiphilic molecules modify the molecular interactions 
between two liquids by adsorbing at interfaces, reducing the repulsive 
forces between fluids or solids, and stabilising the system by reducing its 
energy. This reduction in energy manifests itself as a decrease in the 
interfacial or surface tension (IFT or SFT) of the system. The reduction in 
interfacial or surface tension is directly related to the number of mole
cules adsorbed (surfactant mass transfer) at the interfaces, and varies 
over time until equilibrium is reached. Classical surfactants reduce 
water-air or water-oil surface tension by 30–40 mN.m− 1. 

In real-world applications, many processes involve the dynamic 
movement of interfaces rather than their static equilibrium. This brings 
us to the fascinating field of dynamic interfacial tension (DIFT), a spe
cialised area of study that looks at the evolution of forces at interfaces 
during dynamic processes. Dynamic interfacial tension not only 
broadens our understanding of intermolecular forces and surface in
teractions, but also provides valuable insights into the kinetics and 
thermodynamics of complex systems. It examines how interfacial ten
sion evolves over time, particularly when subjected to external forces or 
when different phases are in relative motion. When an interface is 
created between two different phases, two liquids, at short time, the 
interface is naked and its surface tension is high. It is the one which acts 
between the two pure liquids or phases in absence of surfactants. It takes 
time for the surfactant molecules to reach the interface, orientate 
themselves and adsorb to it. 

In the pharmaceutical, cosmetic and food [10] industries, there is a 
need to stabilise emulsions and foams products from the formation of the 
systems and through time. Therefore, surfactants are added to control 
the stability of these systems first at short time since droplets or bubbles 
are formed between 8 μs [11,12] and 30 ms [13] according to the 
method used, and secondly at long time to control ageing process. 
Schroën et al. [14] have highlighted the relevance of knowing the DIFT 
at short time to have a correct comprehension of the droplets or bubbles 
stability at the characteristic time scale and length scale of formation 
and first collisions. This measurement can be quite difficult since the 
time scale is very small and the predominant mass transfer mechanism 
depends on the droplet size [15]. Moreover, over longer time, emulsions 
and foams are proned to different ageing processes such as coalescence, 
Ostwald ripening, floculation, or phase inversion [14]. Therefore, sur
factants must be chosen considering both their adsorption dynamics and 
their impact on interfacial properties in order to mitigate ageing effects. 
Besides emulsification processes, in wastewater treatment [16,17], 
emulsion-breaking agents (or demulsifiers) [18] are widely used to 

separate and recover contaminants coming from oil industry [19,20], or 
pharmaceutical industry [21,22]. These molecules have the ability to 
disturb the interface by reversing the droplets curvature and promote 
coalescence [23]. These molecules are also used in emerging processes 
for wastewater treatment such as pickering emulsions [24,25]. 

The theoretical models behind these phenomena are far from trivial 
and have been a subject of interest for decades. Modeling the transfer of 
matter from the bulk volume to the interface, the kinetics of the 
adsorption, and the flows are necessary to understand what the value of 
the surface tension is over time and to characterise the efficiency of the 
surfactants. This knowledge is vital for improving our ability to design 
and optimize the previous processes. Measuring dynamic surface tension 
to be able to design a process is not simply a matter of creating an 
interface and monitoring the evolution of surface tension over time. 
Indeed, to be relevant, the approach must be based on the same condi
tions of material input and flow. To predict the action of a surfactant in a 
process, for example when spraying plant protection additives, you need 
to put the surfactants into action under conditions similar to the process 
in terms of material transfer, flow and adsorption kinetics. In practice, 
this is very complex. So there is a two-stage answer to the problem. First, 
we need to define the relevant characteristic time for the process: typi
cally 0.1 to 10 milliseconds for drop formation in a high pressure 
homogeniser [14], 10 milliseconds for drop formation using a direct 
membrane emulsification process [26], 0.1 to 100 s in a colloidal mill 
[13], a second for the rebound of drops on a surface, a second or several 
seconds in paint spreading processes or during drop formation in liquid- 
liquid extraction processes [27–29]. The surface tension should then be 
measured during the interface creation time in a device that mimics the 
supply of material. Note that while the dynamic interfacial phenomenon 
has been extensively studied in the literature for time above one second 
[30], the measurement of dynamic interfacial tension (DIFT) at shorter 
time (subsecond) remains challenging and has received limited atten
tion. However, interfacial properties, especially dynamic interfacial 
tension (DIFT), play a fundamental role in various industrial processes 
involving interface formation, such as emulsions [31–33] and foams 
[34]. As mimicking the input of material is complex, it will be more 
straightforward and rigorous to run numerical simulations to simulate 
the process. This would be the second step to accurately answer the 
problem, and it requires a thorough knowledge of surfactant state laws, 
adsorption kinetics, diffusion coefficients and phase partitioning. 

In this review article, we believe that this point of view is the key to 
solving these problems and tackling surfactant mass transport in a new 
way. We believe that knowledge of these interfacial data is fundamental, 
especially for accurately predict surfactant action in processes. We re
view ways of measuring them independently. In section 2, classical 
theoretical models for equilibrium and dynamic systems are presented 
and in section 3, a synthetic analysis of experiments and models 
describing the different phenomena is made. Finally, section 4 provides 
an analysis of innovative microfluidic techniques to study interfacial 
properties. 

2. Description of surfactant mass transport and adsorption at 
the interface 

Ward and Tordai [35] were the first to observe and study interfacial 
properties over time, and especially to describe the different steps 
introducing the sub-surface (Fig. 1). Let us start by saying that to 
describe the mass transport of surfactants towards an interface, one can 
find in the literature different vocabulary that may confuse the reader. 
The term”adsorption” is either used to nominate the whole mass trans
port of surfactant from the diffusion in the bulk to the last steps at the 
interface, or only to describe the final stage where the amphiphilic 
molecules rearrange themselves at the interface. For the sake of clarity, 
in this review,”adsorption” designates the last step of the whole mech
anism, while”diffusion” or”convection” describes the mass transport of 
molecules from the bulk to the sub-interface. The kinetics of surfactants 
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mass-transfer can be either limited by diffusion or convection only (first 
step), it is”diffusion-limited” or”diffusion-controlled”. However, the 
adsorption step (second step) cannot always be neglected and mass- 
transfer kinetics of surfactant can be described as”adsorption-limit
ed”,”mixed-diffusion”,”diffusion-kinetic”,”mixed-kinetic” controlled 
[36]. 

Nevertheless, these models are not always sufficient to describe 
properly surfactant mass transport as they usually do not consider the 
desorption of surfactant molecules [37,38]. When the interface con
centration Γ has exceeded the equilibrium concentration Γ0, some 
molecules will desorb in order to go back to an equilibrated state. This 
mechanism is called”back-diffusion” by Ward and Tordai [39] and can 
also occur in some cases before equilibrium when the interface is com
pressed or wrinkled. 

Besides, rearrangement mechanisms can also be observed such as the 
formation of micelles above a critical concentration of surfactant called 
the critical micelle concentration (cmc), or even formation of micro
emulsions Winsor-type that could impact the kinetics of mass transfer 
[40,41]. Finally, in some cases and especially with molecules having 
affinities for both phases, so with a significant partition coefficient, a 
mass-transfer across the interface can be observed and measured [42]. 
These different phenomena also depend on the nature of the fluids and 
surfactants which is very diverse: from proteins in biology or food in
dustry, to ionic surfactants such as SDS [43] or CTAB [44], non ionic 
surfactants such as Tween 80, Triton X-100 [45] and CiEj [46] or 
polymers such as PEO [47]. It is clear that the diversity in surfactant 
nature leads to different kinetics: a non ionic compound with a long 
carbon chain will not behave similarly to a smaller ionic molecule in 
solution. When the first system will reach equilibrium with a charac
teristic diffusion time caused by sterical arrangements and Van der Walls 
interactions, the second one will be driven by ionic forces. 

In the following, we review works dealing with the theoretical 
description of those processes. 

2.1. Adsorption isotherms at equilibrium 

In this part, theoretical aspects of surfactant mass transport mecha
nism are presented. To describe the behaviour of surfactants at the 
interface, the surface excess concentration, also denominated as the 
concentration of surfactant at the interface, noted Γ has to be expressed 
with known parameters. Adsorption isotherms relate Γ to the concen
tration of surfactant in the bulk c. Even though the surface excess con
centration is not easily measurable, it can directly be linked to the 
surface tension. The relation between the surface or interfacial tension γ 
and the concentration at the interface is called the equation of state. 

It is key to study the systems at equilibrium first to extract crucial 
parameters such as the maximum surface excess concentration Γ∞. In 

this part, we will discuss the different existing isotherms describing 
equilibrium. 

The first model to relate Γ, the surface excess concentration 
expressed in mol/m2 and the concentration in the bulk c (mol/m3) is the 
linear Henry isotherm: 

Γ = KH.c (1)  

where KH (m) is an equilibrium constant. This relation is only valid for 
low surface concentration and assumes that the adsorbed monomers 
have no interactions with each other. This relation is therefore used only 
for specific very simple diluted systems and cannot describe most of the 
surfactants in the literature. 

The most used isotherm is the Langmuir [48] one. In this model, the 
surface is divided in equivalent adsorbing sites and it is assumed that 
there is no interaction between the adsorbed or adsorbing molecules. 
One simple way to write the Langmuir isotherm is to model adsorption 
as a dynamic equilibrium between adsorption and desorption from the 
surface. This kinetic approach gives the variation of surface concentra
tion with time, due to adsorption as follows [49]: 

dΓ
dt

= ka.c.Γ∞.

(

1 −
Γ

Γ∞

)

− kd.Γ (2)  

where ka and kd are the adsorption and desorption rate respectively and 
Γ∞ is the maximum surface excess. ka in m3/(mol.s) and kd in s− 1 are 
constants related to adsorption and desorption energies Ea and Ed by: 

ka,d = k0
a,dexp

(
Ea,d
/
kBT

)
(3)  

where Ea and Ed are independent of Γ. kB is the Boltzmann constant in 
J/K and T the temperature of the system in K. The energies Ea,d are in J. 
At equilibrium, Γ is constant so the Langmuir isotherm is written as: 

Γ = Γ∞

(
KL.c

1 + KL.c

)

(4) 

The equilibrium constant KL = ka
kd 

is expressed as the inverse of a 
concentration, usually in m3/mol. Note that this isotherm can also be 
derived from thermodynamic considerations as detailed by Prosser et al. 
[50]. 

Then, to obtain the relation between Γ and the surface tension γ, it is 
necessary to use the Gibbs fundamental equation, relating the interfacial 
tension variation with the chemical potentials μi and surface excesses Γi 

of the components in the system: 

dγT,P = −
∑

i
Γidμi (5) 

For a system with only one surfactant component, it is possible to 

Fig. 1. Simplified scheme of surfactant mass transport mechanism towards a surface.  

C. Brigodiot et al.                                                                                                                                                                                                                               



Advances in Colloid and Interface Science 331 (2024) 103239

4

obtain the eq. (5) by expressing the chemical potential of a component as 
a function of chemical potential of reference and chemical activity. The 
Gibbs equation of the interface is written as: 

Γ = −
1

RT

(
∂γ

∂ln(c)

)

(6)  

where γ is the interfacial tension, R the ideal gas constant, T the tem
perature and where the interface is assumed ideal with no thickness. 

From the Langmuir isotherm and the Gibbs equation, it is possible to 
obtain the Szyszkowski relation of surface state as follows: 

Π = γ0 − γ = nRTΓ∞ln(1+KL.c) (7)  

where Π is the surface pressure that can be experimentally measured 
with γ0 the interfacial tension between the two fluids in absence of 
surfactant. n is a dimensionless number equal to 1 for non ionic sur
factants, neutral molecules and ionic surfactants if there is an excess of 
electrolytes, and n = 2 if the latter are in stoechiometric proportion with 
the electrolytes, neutrality at the interface having to be maintained. 
From this equation of state and the measurement of interfacial tension, it 
is possible to deduce Γ∞ and KL, parameters that will be useful to study 
the dynamics of surfactant mass transport. 

Frumkin has proposed a three-parameter model where the adsorbed 
monolayer is non ideal and takes into account interactions between 
solvent and solute molecules [50,51]. This approach is then expressed as 
follows: 

c =
1
KF

.

Γ
Γ∞

1 − Γ
Γ∞

.exp
[

− A
(

Γ
Γ∞

)]

(8)  

or as: 

Γ
Γ∞

=
c

c + 1
KF

exp
(

− A Γ
Γ∞

) (9)  

where c is the concentration of the surfactant in the bulk, KF the Frumkin 
adsorption constant and A a constant that depends on the non-ideality of 
the interface. To obtain this equation, the same kinetic approach as 
before is used but in this situation, the adsorption and desorption en
ergies depend on Γ by a power law as well demonstrated before in the 
literature [49,52]. The generalised Frumkin model is written as: 

Γ
Γ∞

=
c

c + 1
KF

exp
(

− A Γ
Γ∞

)n (10)  

where n is a constant and has to be determined by fitting experimental 
data. By applying the Gibbs relation, such as done above, the equation of 
state in the generalised Frumkin model can be expressed as follows: 

Π = γ0 − γ = − RTΓ∞ln
(

1 −
Γ

Γ∞

)

−
nRTA
n + 1

Γ∞

(
Γ

Γ∞

)n+1

(11) 

When n = 1, eq. (9) becomes simpler and is called the Frumkin 
model, and when A = 0, corresponding to an ideal interface, the 
Langmuir model is recovered. Contrary to the Langmuir model, nu
merical simulations are necessary to calculate the various parameters 
essential for constructing a kinetics model. 

The steps of the calculations are not given here but can be found 
elsewhere [50,53]. The review written by Prosser et al. in 2001 [50] 
describes well the steps and provides analysis of the models for ionic 
surfactants. In 2020, the review from Wang et al. [53] also gives a 
detailed analysis of adsorption models, especially for adsorption at a 
solid surface. 

Given that there is no perfect theoretical model, the concept of 
equilibrium is grasped by comparing various isotherms by fitting 
experimental equilibrium data. Then, the most suitable isotherm that 

accurately describes the fluid/surfactant system at equilibrium can be 
chosen [26,38,54–56] to determine characteristic equilibrium 
parameters. 

The isotherms have been compared in a study in 2003 by Lin et al. 
[57]. They have investigated surface equation for non-ionic CiEj sur
factants. Following previous research [58,59], the authors [57] have 
compared the Langmuir (L), Frumkin (F) and generalised Frumkin (GF) 
isotherms by plotting data of interfacial tension as a function of sur
factant concentration in the bulk γ(c) and also as a function of surface 
excess concentration γ(Γ) (Fig. 2). F1 curve corresponds to the Frumkin 
best-fit with γ(ln(C) ) data and F2 is the best-fit considering both set of 
equilibrium data (γ(ln(C) ) and γ(Γ). 

According to Fig. 2, it was concluded that it is important to plot both 
γ(ln(C) ) and γ(Γ). In fact, for C10E8 and C14E8 (Fig. 2a,b), the Langmuir 
isotherm is a good fit only for γ(C) while it does not completely fit the 
relation of γ(Γ). However, both F1 and F2 models, fit γ(ln(C) ) and γ(Γ)
data profiles very well, with a slightly better fit for the F2 model ac
cording to the insert in Fig. 2d. These fits are essential to determine the 
equilibrium parameters required to study the kinetics of surfactant mass 
transfer towards interfaces. 

In subsection 2.2, the reference work of kinetics study by Ward and 
Tordai [35] will be discussed, along with other theoretical models to 
describe dynamics of surfactant mass transport. 

2.2. Dynamics of surfactant mass transport 

2.2.1. Mass transfer and adsorption kinetics equation 
The mass transfer mechanism has been studied earlier in the litera

ture by Milner et al. [60]. Assuming that the mass transfer in the bulk is 
governed by diffusion only and not by convection, the surface surfactant 
concentration Γ can be analytically calculated. At the instant t, Γ is 
expressed as follows [39]: 

Γ(t) = 2c0

̅̅̅̅̅
Dt
π

√

(12)  

with c0 (mol/m3) the initial bulk concentration and D (m2/s) the diffu
sion coefficient defined by Fick's law. A more general form, considering 
back diffusion and the curvature of the interface can be written as fol
lows [61]: 

Γ(t) = 2
̅̅̅̅
D
π

√ [

c0
̅̅
t

√
−

∫ ̅̅
t

√

0
cs(t − τ)d

̅̅̅
τ

√
]

±
D
R

[

c0t+
∫ t

0
cs(τ)dτ

]

(13)  

where cs is the time dependent sub-surface concentration and R the 
characteristic radius of curvature of the interface. The - or + sign before 
the second term corresponds to a droplet or bubble, respectively. 

The general form above takes into account the curvature of the 
interface. The impact of curvature on dynamic interfacial tension mea
surements has been subject to investigation, particularly by Reichert 
et al. [62] and Alvarez et al. [63]. These studies revealed discrepancies 
between the conventional planar model and a curved interface model 
within the context of diffusion-limited systems, when examining inter
facial properties. This underscores the imperative of incorporating 
geometric considerations when applying theoretical frameworks to 
describe the mass transport of surfactant. 

To compare this model with measurements of interfacial tension γ as 
a function of time, it is necessary to establish a link between coverage 
rate Γ and interfacial tension γ. This is done in two stages. Firstly, the 
adsorption dynamics equation will link coverage rate Γ and near-surface 
concentration cs. Then, by considering the Gibbs equation of the inter
face given by Eq. 6, a link is established between surface tension, 
coverage rate and bulk concentration. 

In 1969, Baret [64] proposed a theoretical model considering the 
adsorption/desorption kinetics at the interface. It is referred as the”
mixed-diffusion” or”mixed-kinetic” model. For a Langmuir mechanism, 
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which means for an ideal and localised adsorbed layer, with equally 
partitioned adsorption sites, the rate equation is given by Eq. 2. For a 
Henry mechanism, so with Γ

Γ∞
≪1, the rate equation reads: 

dΓ
dt

= kac(t) − kdΓ (14)  

with ka and kd the adsorption and desorption constants related to the 
adsorption and desorption energies as explained before in subsection 
2.1. Other more elaborate models for non ideal and mobile adsorbed 
layer have been built. The details of the calculations will not be given 
here but are completed in Baret's work [64]. One can also find in the 
literature the kinetics for Frumkin isotherm [36] where the interaction 
between solute molecules are considered during desorption using 
parameter A. The rate equation is: 

dΓ
dt

= kac(t) − kdΓexp
(

− A
(

Γ
Γ∞

))

(15) 

Other theoretical frameworks based on the same ideas can be found 
in the literature [30,36,65]. At equilibrium, we find back the Frumkin 
adsorption model given by Eq. 9. When the link between the surface 
coverage Γ and the concentration at the interface is established, it is 
necessary to close the set of equations by linking the surface coverage 
and the interfacial tension. This is done by considering the Gibbs 
equation of the interface (Eq. 6) as before. The equilibrium Frumkin 
adsorption model is used to integrate the Gibbs equation and leads us to 
Eq. 11 with n = 1. When A = 0, corresponding to an ideal interface, the 
Langmuir model is recovered (Eq. 7). Note that these consideration can 
be extended to generalised Frumkin model (see Eq. 10 and Eq. 11). 

2.2.2. Diffusion controlled dynamics 
When the adsorption process is controlled solely by bulk diffusion, i. 

e. when there is an instantaneous equilibrium between the surface and 
the sub-surface, the surface concentration Γ can be obtained by solving 
Eq. 13, describing the mass transfer between sublayer and bulk, and Eq. 
9 describing the equilibrium state between sublayer and interface. The 
surface tension is obtained through Eq. 11 with n = 1. This model is 
often coined in the literature as the Ward and Tordai model or as 
the”diffusion-controlled” model and can also be used to study liquid- 

liquid interfaces. 

2.2.3. Adsorption controlled dynamics 
When the adsorption process is controlled solely by surfactant 

adsorption, the surface concentration Γ can be obtained by solving, 
according to the adsorption model chosen, Eq. 2, Eq. 14 or Eq. 15, 
describing the kinetics between sublayer and interface assuming that the 
concentration in the sublayer is equal to the bulk concentration c0. 
Knowing the temporal evolution of the surface coverage Γ(t), the dy
namic surface tension is obtained through Eq. 11 with n = 1. It should 
be stressed here that this last step is not rigorous. Indeed, the state law 
was obtained assuming an equilibrium between the volume and the 
adsorbed layer, an equilibrium which is not reached here. The 
assumption made is that a coverage degree corresponds to a surface 
tension value, even if equilibrium is not reached between the surface 
and the subphase. 

2.2.4. Mixed controlled dynamics 
In this situation, as before, the adsorption kinetics model (Eq. 2, Eq. 

14 or Eq. 15) is solved, but to couple with the diffusion process occurring 
in the bulk, the concentration in the sublayer is determined overtime by 
Eq. 13. Then the dynamic surface tension γ(t) is calculated from Eq. 11 
with n = 1. 

The current theoretical models cannot be used to fully describe 
surfactant mass transport mechanisms. The variety of models and as
sumptions one can find in the literature reflects the difficulties 
encountered by researchers in the field. One of the biggest challenges is 
to link the interfacial tension γ(t) and surface coverage Γ(t) at each 
instant time point. Usually, it is assumed that there is equilibrium be
tween the surface and the subphase at each time, and Eq. 11 is used. 
Whether that is always rightfully done, is the question. Besides, empir
ical equations are sometimes used [66] to describe surfactant mass 
transport towards interfaces, which takes these descriptions outside the 
theoretical framework. 

In this section, theoretical framework for studying dynamics of sur
factant mass transport has been presented. In theory, it is possible to 
solve the equations for each case of dynamics: diffusion, adsorption or 
mixed controlled. However, it is often difficult to determine the driving 
process experimentally. As we will see in subsection 2.5, characteristic 

Fig. 2. Experimental data of (a and c) equilibrium surface tension γ(C), (b and d) surface equation of state γ(Γ), and model predictions using Langmuir (L), Frumkin 
(F1 and F2), and generalised Frumkin (GF) isotherms. L and F1 were from the best-fit on γ(ln(C) ) data; F2 and GF were from the best-fit on both γ(ln(C) ) and γ(Γ) data. 
Parts a and b are for C10E8, and c and d are for C12E8. The insert in part d represents the relationship between surface tension and relative surface concentration. 
Reprinted with permission from Lin et al. [57]. Copyright 2003 American Chemical Society. 
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time and length scales are used to predict the predominant dynamic 
regime for surfactant mass transport. 

2.3. Concentrated surfactant solutions above the critical micellar 
concentration 

Above the critical micellar concentration (cmc), surfactants are not 
only present as free molecules but also as micelles. Micelles do not 
absorb and are thus not surface-active entities of their own accord, but 
they do contribute to the supply of surface-active molecules through de- 
micellization. This keeps the free surfactant concentration in the system 
equal to the cmc, during the adsorption process of the free molecules. 
Many groups [67–69] have modeled micelles in solution to describe the 
dynamic surface tension process. These studies generally assume that 
adsorption kinetics are fast and that surface concentration at a given 
time is related to the molecular concentration at the same time near the 
surface according to e.g., a Langmuir-type isotherm. The time- 
dependent evolution of molecular concentration near the surface is 
governed by diffusion to the surface, with the de-micellization rate and 
micelle diffusion towards the surface which effectively reducing the 
diffusion distance that free molecules need to travel after de- 
micellization. Rillaerts and Joos [67] assume that micelles are in very 
large excess compared to monomers and neglect the diffusion of micelles 
towards the interface. This allows the surface-active molecules supply 
equation to be modified to: 

∂c
∂t

= D
∂2c
∂2z

c+ k(cmc − c) (16)  

dΓ
dt

= − D
∂c
∂z

(17) 

c is the free surfactant concentration, cmc is the critical micellar 
concentration, and k is the rate constant for de-micellization (in s− 1). z =

0 corresponds to the location of the flat interface. After tedious 
rewriting, and assuming that c = cmc for z going to infinite this leads to: 

Γ = D1/2
(

Co
k1/2

)((
1
2
+ kt

)

erf(kt)1/2
+

kt
π

1/2

exp( − kt)

)

−

2
π1/2

∫ t1/2

0
cs(t − τ)exp− kτdτ1/2 + 2k1/2

∫ t1/2

0
cs(t − τ)τ1/2erf

(
kτ1/2)dτ1/2

(18) 

With cs the concentration in the subsurface. Eq. 18 reduces to Eq. 13 
when k→0 and when curvature is not considered (i.e., R→∞ in Eq. 13). 
By comparing surface tension data with the model, the authors show 
that this sequence describes the temporal evolution of surface tension. 
They found that de-micellization kinetic constants increase as a function 
of total surfactant concentration, which does not completely agree with 
the results of Krescheck et al. [70] results who use a different theoretical 
approach based on kinetics mechanisms that are also found in the work 
of Nyrkova et al. [71]. The simplified model proposed by Rillaerts and 
Joos [67] has been extended by Danov [68] and Noskov [69], who 
consider the diffusion of micelles towards the interface. They have 
performed numerical simulations to compare models and experimental 
data for SDS and SDP2S and found them both in good agreement [68]. In 
the same framework, Glawdel and Ren [72] have suggested the 
following effective diffusion coefficient Deff accounting for micelles 
contribution in surfactant mass transport: 

Deff = D(1+α)
(

1+αN− 2/3
A

)
(19)  

with α = c/cmc − 1, c the surfactant concentration, cmc the micellar 
concentration and NA the aggregation number of micelles. This effective 
coefficient can be used in some characteristic numbers for mass trans
port (see subsection 2.5 and subsubsection 4.1.3) when c > cmc. 

Patist et al. [73] have highlighted the importance of micellar kinetics 

in droplet or bubble formation. Usually, the equilibrium between free 
surfactants and micelles is very fast but micellar kinetics can still be 
significant. For instance, Fainerman et al. [74] found that for Triton 
surfactants, the kinetics of micelles dissolution become significant at 
times greater than 10 ms. Beyond this time frame, they observed an 
increase in the rate of surfactant adsorption with increasing surfactant 
concentration (for c > cmc). This observation emphasizes the role of 
micelle dissolution in supplying free surfactant molecules. 

2.4. Complex surface-active molecules 

2.4.1. Proteins and polymers 
Although proteins exhibit adsorption behaviour similar to that of 

surfactants, due to their specific structure, additional effects play a role 
such as denaturation or molecular reorientation which significantly alter 
the kinetics of adsorption [75]. Therefore, other equations have been 
built to describe their mass transport towards interfaces. Miller et al. 
[76] and Fainerman et al. [77] theoretically described the adsorption 
kinetics of proteins at liquid interface, based on the fact that proteins 
have different molar areas corresponding to different states of adsorp
tion. The equation of state can be written as follows [76,77]: 

−
Πw0

RT
= ln(1 − wΓ)+ (w − w0)Γ+ a(wΓ)2 (20)  

with w the average molar area (in m2/mol), and a the intermolecular 
interaction parameter. The total adsorbed amount of protein in all n 
states is given by: Γ =

∑n
i=1Γi and the total surface coverage by: θ =

wΓ =
∑n

i=1wiΓi. The molar area varies from wmax at low surface coverage 
to wmin at high surface coverage. The adsorption isotherm as function of 
the molecular area and for each state (j) is given by: 

bjc =
wΓj

(1 − wΓ)wj/w
exp
(
− 2a

(
wj
/
w
)
wΓ
)

(21)  

with bj is the equilibrium constant of state j. Miller et al. [76] have 
shown that these equations combined with the Ward et Tordai theory 
(Eq. 13) describe the mass transport of proteins at low protein concen
trations quite well. A similar approach has been used by Ramirez et al. 
[78] to study triblock copolymers by drop profile tensiometry, adsorbing 
at different molecular states (see Eq. 21). Besides, it has been observed 
experimentally that above a critical polymer concentration, aggregation 
takes place, and the surface pressure is significantly decreased. To 
consider this effect, an approximation of the surface pressure above this 
critical concentration can be expressed as: 

Π = Π*
(

1+
Γ − Γ*

NaΓ*

)

(22)  

with Na the aggregation number, Π* the surface pressure corresponding 
to the critical value of surface coverage Γ*, above which aggregation of 
polymer at the interface is significant. 

2.4.2. Polyelectrolytes and mixtures 
Polyelectrolytes are polymers with many ionic sites which may lead 

to multi-layer formation and/or reorganization during the adsorption 
process. The adsorption mechanism, which is also chain length depen
dent, is different in the presence of surfactant molecules and poly
electrolyte /surfactant complexes, of which the effect is still not well 
understood. Mostly experimental studies have been performed with 
surface tension investigations being coupled to interfacial rheology 
[79–81]. Penfold et al. [81] have studied the mixture PEI/SDS at the air/ 
water interface and highlighted the importance of the interaction be
tween the polyelectrolytes and surfactants in the mixture. The stronger 
the interaction is, the more difficult it is to describe the behaviour at the 
interface. For weakly interacting nonionic polymer-surfactant mixtures, 
the adsorption process is mostly driven by the behaviour of the 
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surfactant molecules [81]. Novikova et al. [80] investigated the impact 
of the solution's ionic strength on the mass transport kinetics for 
PHMDAAC polyelectrolytes, and found them significantly enhanced. 
Surface elasticity measurements have also been performed to investigate 
the different mechanisms occurring at the interface. 

For a comprehensive overview, we recommend the review of 
Aidarova et al. [79] that includes analysis on interfacial tension, 
rheology, electrokinetic properties and hydrodynamic parameters of 
polyelectrolytes and polyelectrolyte/surfactant mixtures. 

2.4.3. Asphaltenes 
Asphaltenes are constituents of crude oil of which the adsorption 

properties exhibit similarities with proteins. The Yen-Mullins model 
[82] that is used in the oil industry, describes the molecular structures of 
asphaltenes in several solvents and crude oil. Langevin and Argillier 
[83] reviewed the interfacial properties of asphaltenes and found that at 
low concentration, asphaltenes adsorb as molecular layers and at higher 
concentration as aggregates. It is difficult to capture this in a theoretical 
model but Langevin and Argillier [83] believe that the interfacial ten
sion varies through a superposition of exponential decays, instead of a 
simple exponential. The complex surface-active molecules mentioned in 
this section exhibit different mass transport kinetics and adsorption 
mechanisms mostly due to their molecular structures, and possible 
reorganization at the interface, for which no general model is yet 
available. 

2.5. Characteristic time and length scales 

To identify the limiting mechanism under specific experimental 
conditions and studied systems, it is crucial to define characteristic time 
and length scales associated with these mechanisms. The simplest 
assumption made is a planar interface and the diffusive time scale 
associated with diffusion-controlled mass-transfer is defined as: τD =

h2
p/D. hp is the characteristic length scale for diffusion onto a planar 

interface and can be expressed as: hp = Γeq/c0 with c0 the bulk con
centration and Γeq the concentration of surfactant at the interface at 
equilibrium. It has been shown by Ferri et al. [84] that for high enough 
bulk concentrations, this time scale is indeed relevant for surfactant 
mass transport limited by diffusion. 

In 2016, Riechers et al. [15] have studied adsorption kinetics to 
better understand emulsions lifetimes with a microfluidic method, by 
measuring the adsorption kinetics of carboxylic acid surfactant in a 
droplet. The authors have discussed the regimes of surfactant mass 
transport: one diffusion controlled regime, and the other one only 
limited by a Langmuir process of mass transport at the interface. To 
determine the limiting mechanism, they have defined characteristic 
timescales and showed that for a sphere, the diffusion timescale R2/D 

should be compared to the one given by a Langmuir model D/
(

k2
ads.Γ

2
∞

)

where D is the diffusion coefficient, Γ∞ the maximal interfacial coverage 
and kads the adsorption rate. Following the work of Pan et al. [85] and 
Jin et al. [86], a new length scale for spherical systems such as droplets 
and bubbles to determine the adsorption regime is identified. Riechers 
et al. [15] proposed a study based on scaling arguments to separate 
diffusion limited and kinetic limited regimes, where R⋆ is the cutoff 
radius below which diffusion is always negligible. For a kinetic limited 
system described by a Langmuir isotherm, the characteristic time scale 
obtained by resolving Eq. 2 is the following: tk = 1

kac+kd 
with ka and kd 

respectively adsorption and desorption constants. When the two time 
scales are equal (i.e τD = tk), Jin et al. [86] noted an intrinsic length 
scale R⋆ defined as: 

R⋆ =
D

Γ∞kads
(23) 

Fig. 3, taken from Riechers et al. [15] shows the different scaling for 

early adsorption kinetics. The surface coverage Γ as a function of time on 
log scale is displayed, for a purely diffusive system for a flat interface 
where Γ∝

̅̅
t

√
and for a sphere with Γ∝t3/2. For Langmuir-type kinetics, a 

linear relation is found between the surface coverage and time. The 
characteristic time scales are displayed in the x-axis where the cutoff 
time scale R2/D marks the transition of the kinetic and diffusive regimes 
for a spherical geometry. In their experiments, Riechers et al. [15] took 
advantage of a system of small droplets where diffusion is much faster 
than adsorption. Their study system is an acidic surfactant (PFPE with a 
carboxylic head group; KrytoxFSL; DuPont). When a surfactant molecule 
adsorbs, it produces an hydronium ion. By following the evolution of pH 
over time at very long time i.e. when the surfactant coverage is close to 
equilibrium, they were able to measure the adsorption constant of sur
factant molecules. They have shown that the systems studied follow a 
kinetic-limited model, as a second-order Langmuir process. 

A similar study has been carried by Alvarez et al. [87] where they 
considered curvature of interfaces. A new diffusive length scale for 
spherical geometry has been calculated taking into account the bubble 

radius b, hs = b

((
3hp
b + 1

)1/3
− 1

)

where hp is the classical diffusive 

length scale for a flat interface, defined earlier. Thus, by scaling argu

ment, the diffusive time scale becomes: tD,s =
(h3

s hp)
1/2

D . The cutoff radius 
between diffusion and adsorption controlled regimes is the same as 
given by [15,85,86], RDK = R⋆. To take into account the spherical ge
ometry, Alvarez et al. [87] calculated a new critical radius as Rcrit and 
showed this new characteristic length depends on the bulk concentra
tion and experimental conditions as follows: 

Rcrit

RDK
=

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
12 − 3q2

√
− 3q

(24)  

with q =
(
RDK/hp

)1/3. They have performed surface tension measure
ments with bubbles of radii from 17μm to 150μm with a micro
tensiometer. Fig. 4 shows the influence of bubble radius for systems that 
follow a Langmuirian kinetic exchange at the interface. On this graph, 
large droplet or bubble radii are at the top left, while small droplet or 
bubble radii are at the bottom right. When bubble radius decreases, mass 
transport dynamics becomes more kinetic limited. It also shows that 
concentration does influence the surfactant kinetics which is in agree
ment with observation of a shift from diffusion-limited to kinetics- 
limited in different systems of the literature [49,85,88]. 

Fig. 3. Scaling laws for the early time adsorption kinetics. The determination of 
the cutoff radius is shown. When the interfacial coverage is limited at an early 
stage by a diffusive process, a square root dependence with time is obtained for 
a flat interface. For a sphere, the power law has a 3/2 exponent. In the kinetic 
regime, a linear dependence is obtained for a Langmuir-type kinetics.The 
crossovers between the different regimes reveal that for sufficiently small 
droplets, the mass transfer is never diffusion-limited. - From Riechers 
et al. [15]. 
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This study shows that when small droplets are formed, the evolution 
of interfacial tension over time will be driven by surfactant adsorption 
kinetics and not by material transfer from the volume to the interface. In 
what follows, we shall see that microfluidic techniques can be used to 
generate drops of micronic size. We anticipate that these techniques will 
enable us to measure adsorption kinetics to the detriment of knowledge 
of diffusion parameters. 

3. Dynamic interfacial tension measurements to study 
surfactant mass transfer towards the interface 

In the previous part, theoretical models describing surfactant 
repartition at equilibrium and through time have been reviewed. The 
systems under study can be dominated by either diffusion, adsorption or 
a mixed-diffusion process. Dynamic interfacial tension measurements 
have been widely performed in the literature. Depending on the exper
imental conditions, these experiments can be used to determine either 
the diffusion coefficients of the surfactant in the solution (subsection 
3.1), or the kinetic constants involved in the reaction at the surface 
(subsection 3.2). These approaches require the use of thermodynamic 
models such as those described in the previous section. At the end of this 
section, Table 1 provides the equilibrium data from the literature 
reviewed and Table 2 provides diffusion characteristic time and length 
scales from the studies analysed in this part. 

3.1. Diffusion limited systems and experimental conditions for 
determining diffusion parameters 

This section aims to demonstrate how the diffusion coefficients for 
surfactants mass transport towards the surface can be measured, and 
how the surface tension curve can be modeled. To do this, we need to 
consider conditions where adsorption kinetics at the surface are rapid, 
and where the measurement method favors adsorption kinetics over 
diffusion mass transfer. This means working on large droplets, according 
to the radius criterion (see Eq. 23). First, we will show some measure
ments that fall within this field, then we will illustrate cases where 
adsorption kinetics are too slow and become the mechanism governing 
the temporal evolution of interfacial tension. 

In 2020, Qazi et al. [89] have studied the dynamic surface tension of 
ionic CTAB and nonionic Tween 80 surfactant solutions. The authors 
have determined the surface excess concentration Γ below the CMC, 
with the Gibbs adsorption isotherm given by Eq. 6. The maximum 
bubble pressure measurements reach a time scale from 1 s to 103 s. The 
characteristic diffusion time is defined by the time for the surface 

Fig. 4. The effect of bubble radius and concentration on the governing trans
port of a soluble adsorbing species following Langmuirian kinetics. The line 
corresponds to equality of the diffusion time scale and the kinetic time scale. 
Diffusion-limited dynamics exist far to the left of the line and kinetic-limited 
dynamics exist far to the right of the line. The points correspond to data 
extracted from literature (filled symbols) or conducted with varying bubble size 
(open symbols). ▴ butanol; ◆ hexanol; ● decanol; ■ C12E8(Cbulk) and C12E8(b). 
Here, β is the adsorption constant referred as ka in our text (β = ka). Reprinted 
with permission from Alvarez et al. [63]. Copyright 2010 by the American 
Physical Society. 

Table 1 
Equilibrium data from the literature. Γ∞ is the maximum surface coverage expressed in mol per surface unit.  

Surfactant Concentration range Interface nature Measurement method Isotherm Γ∞ 

(mol/m2) 
Reference 

Triton X-45 (0.2–50) ×10− 6 mol/L 
aqueous solution / air or 
hexane 

Bubble/drop profile; Maximum bubble/ 
drop pressure 

Frumkin – 
Fainerman et al. 
[94,96] 

Triton X- 
100 (0.2–50)×10− 6 mol/L 

aqueous solution / air or 
hexane 

Bubble/drop profile Frumkin – 
Fainerman et al. 
[94,96] 

Triton X- 
165 (0.1–50) ×10− 6 mol/L 

aqueous solution / air or 
hexane Bubble/drop profile 

Reorientation 
model – 

Fainerman et al. 
[94,96] 

Triton X- 
405 (0.01–50) ×10− 6 mol/L 

aqueous solution / air or 
hexane 

Bubble/drop profile 
Reorientation 
model 

– 
Fainerman et al. 
[94,96] 

C12E8 6.25 ×10− 6 mol/L aqueous solution / air Pendant bubble Frumkin 5.3 × 10− 6 Reichert et al. [62] 

C12E8 1.5 ×10− 7 mol/L aqueous solution / air Pendant bubble 
Langmuir 2.1× 10− 6 

Lin et al. [57] Frumkin F1 2.7× 10− 6 

Frumkin F2 3.5× 10− 6 

C12E4 1.5 ×10− 5 mol/L aqueous solution / air Pendant bubble 

Langmuir 3.9× 10− 6 

Lin et al. [57] Frumkin F2 4.6× 10− 6 

Generalised 
Frumkin 6.6× 10− 6 

C10E4 1.3 ×10− 5 mol/L aqueous solution / air Pendant bubble 
Langmuir 3.0× 10− 6 

Lin et al. [57] Frumkin F1 3.8× 10− 6 

Frumkin F2 4.6× 10− 6 

C12E6 
(0.01; 0.04; 0.2) ×10− 4 

mol/L( < cmc)
aqueous solution / air Pendant bubble; bubble compression Gibbs isotherm 3× 10− 6 He et al. [92] 

CTAB (0.03; 0.1; 0.2) ×10− 4 

mol/L( < cmc)
aqueous solution / air Pendant bubble; bubble compression Gibbs isotherm 3.5× 10− 6 He et al. [92] 

CTAB (0.2–1) ×10− 3 mol/L( < cmc) aqueous solution / air Maximum bubble pressure Gibbs isotherm – Qazi et al. [89] 
Tween 80 (0.8–1) ×10− 4 mol/L aqueous solution / air Maximum bubble pressure Gibbs isotherm 8.5 × 10− 7 Qazi et al. [89] 

C13DMPO 1 ×10− 8 - 1 ×10− 7 mol/L 
aqueous solution / air or 
hexane Maximum bubble pressure Langmuir 

9.83 ×
10− 6 Ferrari et al. [105]  
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tension γ to reach half of its equilibrium value [89]. For surfactant so
lutions exhibiting rapid surface tension decay (in the order of tens of 
milliseconds), Qazi et al. [89] performed measurements with the Kruss 
Maximum Bubble pressure (BP50) tensiometer. This instrument allowed 
measurements in the time range of 14 milliseconds to 16 s. According to 
Ward and Tordai theory [39], the characteristic diffusion time should 
scale with the square of the bulk concentration. Experimental data from 
Qazi et al. [89], for CTAB solutions, are in agreement with Ward and 
Tordai theory, since the characteristic time follows the diffusion scaling 
for diluted solutions (concentrations below the CMC). Thus, the authors 
have proven that for the range of concentrations studied below the CMC, 
from 2 × 10− 4 to 10− 3 mol/L for CTAB and from 8 × 10− 5 to 10− 4 mol/L 
for Tween 80, the adsorption mechanism was diffusion-limited and in 
good agreement with the theoretical models. Qazi et al. [89] also studied 
the influence of salt concentration in CTAB systems, and ruled out the 
existence of a possible adsorption barrier. In a novel approach, the au
thors used sum-frequency generation (SFG) spectroscopy to probe the 
orientation of adsorbed molecules at interfaces and perform surface 
excess measurements. Thanks to these techniques, Qazi et al. [89] were 
able to show that the adsorption barrier in these ionic systems was very 
low, as the counter ions molecules condensed on the CTAB molecules 
adsorbed on the surface. This study clearly shows the experimental 
conditions required to measure equilibrium isotherms and diffusion 
constants accurately: use of large droplets and surfactant molecules with 
low adsorption barriers. 

Another way of making measurements within the framework of the 
diffusion hypothesis is to use a compression bubble method, similar to a 
Langmuir trough. The experimental protocol is described in detail 
elsewhere [49,90–92] and relies on the surface tension and surface area 
measured during the compression of the bubble. This method, which 
does not require the use of isotherms and where the interfacial tension is 
directly linked to the excess concentration, is a real breakthrough. From 
a freshly formed bubble, after a time during which it evolves at a con
stant surface area, the authors compress the bubble until γeq is reached. 
Since the compression time is much faster than the desorption of the 
molecules, during the whole process, and at each time, ΓA = ΓeqAeq. By 
monitoring the surface area during the compression process, it is 
possible to directly evaluate the ratio Γ/Γeq as a function of time. By also 
measuring interfacial tension, the equation of state can be deduced, 
without the use of Gibbs relation (Eq. 6). With this method, He et al. [92] 
have studied two systems: solutions of CTAB/NaBr at concentrations 

ranging from 3 × 10− 6mol.L− 1 to 10 × 10− 6mol.L− 1 and solutions of 
C12E6 at concentration ranging from 1 × 10− 6mol.L− 1 to 20×

10− 6mol.L− 1. A diffusion-controlled mass transport mechanism is 
assumed and according to Ward and Tordai theory [39], at short times 
and a bubble radius bigger than the adsorption length, the ratio of 
surface excess concentration can be written as: 

Γ(t)
Γeq

= 2
̅̅̅̅
D
π

√

K (25)  

with K =
(
Cbulk/Γeq

) ̅̅
t

√
. Fig. 5 shows that the experimental data are in 

good agreement with the theory, confirming both systems are limited by 
diffusion in these experimental conditions. The method was also verified 
by comparing their results with the ones given by the Gibbs equation. 

From these data and curve fitting, the calculated diffusion co
efficients are found to be of (3.8 ± 0.6) × 10− 10m2/s for C12E6 and of 
(3.0 ± 0.5) × 10− 10m2/s for CTAB, comparable with the literature. 

While this study shows that it is possible to study diffusion limited 
systems without the use of theoretical equations, classical methods such 
as pendant drop/bubble or maximum bubble pressure techniques have 
been successfully used in the literature to study diffusion process. For 
instance, using dynamic tension measurements based on the maximum 
bubble pressure technique, Miller et al. [76] were able to measure the 
diffusion coefficient of beta-casein molecules. In fact, at low concen
trations, dynamics is governed by the diffusion mechanism, whereas at 
high protein concentrations, this is only the case in the initial phase, at 
short times. The effective diffusion coefficients correspond fairly well to 
literature data. Adsorption values calculated from dynamic surface 
tension data agree very well with the equilibrium adsorption model 
used. Similar conclusions were reached by Ybert et al. [93] with bovine 
serum albumin (BSA) proteins. 

The non ionic CiEj surfactants have also been well studied in the 
literature [55,88], and particularly in two main articles by Lin et al. 
[57,58]. It has been demonstrated [55,88] that for dilute solutions, 
nonionic polyoxyethylene surfactants CiEj mass-transfer onto a freshly 
created interface is controlled by diffusion, while at higher concentra
tions, a shift to a mixed-diffusion mechanism has been reported [55,88]. 
In the concentration ranges where the mass-transfer of these surfactants 
is limited only by diffusion, Lin et al. [57,58] have studied equilibrium 
and dynamic interfacial properties, with pendant bubble measurements. 
For dilute solutions they were able to measure the diffusion coefficient 

Table 2 
Dynamic properties for diffusion-limited systems. Diffusion length and time scales are not always directly given by the authors so they have been calculated from other 
characteristic parameters given in the articles, according to the geometry assumptions made.  

Surfactant Measurement method Measurement time 
scale 

Geometry Diffusion length 
scale h (m) 

Diffusion time 
scale τD (s) 

Diffusion coefficient 
D (m2/s) 

Reference 

Triton X-45 Bubble/drop profile; Maximum 
bubble/drop pressure 

0.05–200 s Planar – – (1.5–3.0) × 10− 10 Fainerman et al. 
[94,96] 

Triton X- 
100 

Bubble/drop profile 0.05–200 Planar – – – Fainerman et al. 
[94,96] 

Triton X- 
165 

Bubble/drop profile – Planar – – (1.3–1.8) × 10− 9 Fainerman et al. 
[94,96] 

Triton X- 
405 

Bubble/drop profile – Planar – – – Fainerman et al. 
[94,96] 

C12E8 Pendant bubble 1 - 104 R = 1 mm 5.25× 10− 4 9.21× 102 3.8 × 10− 10 Reichert et al. 
[62] 

C12E8 Pendant bubble 1 - 104 R = 1 mm 2.5× 10− 3 1.35 − 1.90× 104 (7.8–11) × 10− 10 Lin et al. [57] 
C12E4 Pendant bubble 1 s - 104 s R = 1 mm 2.12× 10− 4 76.5 6.5 × 10− 10 Lin et al. [57] 
C10E4 Pendant bubble 1 s - 104 s R = 1 mm 1.92× 10− 4 62.0 6.5 × 10− 10 Lin et al. [57] 
C12E6 Pendant bubble; bubble 

compression 
< 100 s Planar 7.50× 10− 4 1.48× 103 (3.8 ± 0.5) × 10− 10 He et al. [92] 

CTAB Pendant bubble; bubble 
compression 

< 100 s Planar 3.52× 102 3.25× 10− 4 3.0× 10− 10 He et al. [92] 

CTAB Maximum bubble pressure > 1 s Planar 1.75× 10− 4 – – Qazi et al. [89] 
Tween 80 Maximum bubble pressure > 1 s Planar 1.06× 10− 5 – – Qazi et al. [89] 
C13DMPO Maximum bubble pressure – Planar 9.83× 10− 2 4.8× 107 2.0× 10− 10 Ferrari et al. 

[105]  
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of the molecules. They have confirmed the previous observations of the 
shift from one diffusive regime to another mixed one and, as explained 
in section 2, the isotherm choice is proven to be determinant when 
studying mass-transfer of surfactants. 

The above studies are ideal studies, carried out under conditions that 
allow adsorption mechanisms to be separated. The dynamics is limited 
by diffusion in the situation where a low energy adsorption barrier exist, 
where measurements performed at short time, in dilute solutions and 
with large bubbles in the maximum bubble pressure methods are used. 
As we shall see below, these conditions are not always met. In the ex
amples that follow, experimental conditions are often less than ideal, 
making it difficult to access diffusion coefficients precisely. 

3.2. Adsorption limited systems and experimental conditions for 
determining adsorption parameters 

In their pioneering studies, Ward and Tordai [39] came up against 
difficulties to determine diffusion coefficients in their systems. The 
theoretical article presenting their founding model is accompanied by 
experiments using the maximum bubble pressure technique. They have 
tested their theory on several systems such as alcohol solutions and 
palmitic acids. In order to validate their model, diffusion coefficients D 

were calculated and compared with the literature. They have found that 
for most of the systems studied, the diffusion coefficient's values were 
below the ones encountered in the literature. Ward and Tordai [39] 
concluded that the processes were not only determined by diffusion and 
they suggested the existence of an activation barrier to explain the de
viation from diffusion theory. The existence of adsorption barriers has 
been repeatedly reported in studies that measure surface tension by 
maximum bubble pressure. In the following, we will show that high 
surfactant concentrations make it impossible to measure the diffusion 
coefficient D, leaving the possibility of measuring kinetic constants 
indirectly. 

One of the most studied family of non ionic surfactants is Triton, 
especially for Triton X-100; many parameters have been investigated 
such as interfacial tension at air/water or oil/water interfaces or influ
ence of temperature [46]. In fact, one of the most accomplished in
vestigations of mass transfer mechanism encountered can be found in 
Fainerman et al. [94] work. The dynamic interfacial tension is measured 
with the droplet or bubble profile analysis tensiometers and the model 
used is derived from diffusion theory, generalised to a system with 
surfactant initially present in both phases. Their calculations are 
inspired by Ward and Tordai [39] and the authors completed their work 
with numerical modeling [95]. Two models are compared with the 
experimental measurement of the dynamic interfacial tension as a 
function of time: the Frumkin one and the approximate reorientation 
model. The latter assumes that two orientations of adsorbed surfactant 
molecules exist at the surface, with different molar areas. 

The reorientation model is a model that has been used to describe 
adsorption of proteins [76]. In this paper, the authors have resumed the 
Eq. 20 and Eq. 21 with two orientations with molar areas w1 and w2. 

They have tested the adequacy of the models for four types of Tri
tons, in order of increasing polar chain length: X-45, X-100, X-165 and X- 
405 within a wide time range from 10− 4 s to 104 s. For the first Tritons, 
experimental results agree with the Frumkin model, validating the 
diffusion-controlled mechanism throughout the whole time range. 
However, for the Tritons X-165 and X-405, the dynamics were not in 
agreement with the classical Frumkin model, so the experimental data 
were compared with the approximate reorientation model, as displayed 
in Fig. 6. 

For Tritons surfactants, an increase in surface activity was observed 
for molecules of larger molar area of oxyethyl groups [95]. These au
thors [96] found w2 = 16 × 105 mol/m2 for the Triton X-405, while 

Fig. 5. Surface excess ratio Γ/Γeq as a function of K =
(
Cb/Γeq

)
(t1)1/2 for two 

surfactants at different concentrations. The insert shows the Γ/Γeq as a function 
of (t1)1/2. Reprinted with permission from He et al. [92]. Copyright 2012 
American Chemical Society. 

Fig. 6. Dynamic surface tensions of TX405 solutions measured by the emerging 
bubble profile method at different concentrations (in μmol/L); black curves are 
experimental data; red curves are calculations from the reorientation model 
with correction; green curves are calculations from the reorientation model 
without corrected parameter. Reprinted from Fainerman et al. [96]. Copyright 
2009 with permission from Elsevier. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Miller et al. [97] found a typical value of w2 = 107 mol/m2 for globular 
proteins. These differences originate from the size and nature of the 
molecules: proteins are much larger than surfactants, and the reor
ientation possibilities are probably higher. The reorientation model 
agrees well with experimental data and provides information about the 
different states of adsorption. For more details on the construction of the 
theoretical model, the reader may refer to the series of articles from 
Fainerman et al. [95,96,98]. 

This model takes into account the possibility of asymmetric surfac
tant adsorption in two or more states [99,100], which adds another 
parameter to the classical Frumkin model. Apparent diffusion co
efficients were calculated and found to be influenced by the concen
tration in the bulk, which could indicate that mass transfer is not driven 
by diffusion only. However, the theoretical models used are based on 
equations for diffusion-controlled surfactant mass transfer and are in 
good agreement with experimental data if one takes the appropriate 
diffusion coefficient. The difficulties encountered with the determina
tion of diffusion coefficients can also be explained by the non ideality of 
the solutions. Considering a mixture of surfactants with different 
ethylene oxide groups, would surely improve the model. This paper also 
highlights the importance of the measurement method on the time scales 
since for the Triton X-100, the maximum bubble pressure method is 
suitable for time ranges below 10 s whereas the pendant drop profile 
method completes the other one by measuring surface tensions above 
10 s. The comparison of these models was also discussed with the case of 
ethoxylated alcohols by the same group in 2003 [101]. 

As mentioned earlier in the previous section (subsection 3.1), the CiEj 
surfactants are a good example of systems that cannot be described by 
the same limiting mechanism for mass transport, for the whole con
centration range. In fact, Chang et al. [55] have studied the mass- 
transfer of C10E8 surfactants at different concentrations and confirmed 
the shift from diffusion-controlled to mixed-diffusion mechanism by 
comparing numerical simulations with experimental data. Fig. 7 dis
plays the results obtained by them. All the curves are obtained using the 
generalised Frumkin model and simulations have been performed for 
different adsorption rate constants. In Fig. 7, experimental data are in 
good agreement with the diffusion controlled model. These data have 
been obtained with a dilute solution. When the bulk concentration in
creases, as seen in the last two plots (for example for C0 = 4.0 × 10− 9 

mol/cm3 and C0 = 1.0 × 10− 8 mol/cm3 in Fig. 7b,c), the diffusion curves 
are deflected from the experimental points and the mixed-controlled 
model is a better fit. This work on C10E8 from Chang et al. [55] is 
similar to the study of C12E8 surfactant done by Lin et al. [58,102]. They 
have used the same pendant drop method to study dynamic surface 
tension of this surfactant and also found a shift from diffusion to mixed- 
kinetic controlled mass-transfer at higher concentrations. Both works 
highlighted the dependency of adsorption/desorption rates on bulk 
concentration and they deduced that the Frumkin and the generalised 
Frumkin models describe adsorption mechanisms better 
[55,58,85,102,103]. 

We anticipate that although this work is exemplary in terms of 
measurement precision, the difference between the theoretical curves, 
which assumes that kinetics are limited by diffusion or adsorption, is still 
very small. It seems necessary to find techniques that can better separate 
the two mechanisms. 

Similar conclusions were reached by Lee et al. [49] with bubble 
compression technique, where adsorption and desorption processes 
have been studied independently. They have shown that desorption is 
always mixed-diffusion controlled [103] while adsorption process can 
be driven by different mechanisms according to the surfactant nature: 
diffusion-controlled for C14E8 and mixed-diffusion control C10E8 and 
C12E8. The generalised Frumkin model is also found to describe the 
equation of state (Γ(γ)) and equilibrium parameters more accurately. 

Fig. 7. Dynamic surface tension (mN/m) for adsorption of C10E8 and theoret
ical predictions of mixed controlled adsorption and diffusion controlled 
mechanism for different adsorption rate constants 
(a = 105, b = 106, c = 107, d = 108, e = 2.5 × 106 and f = 5× 106cm3/(mol.s)) 
calculated from the generalised Frumkin model. C0 = 0.20(a),4.0(b) and 
10.0(c)

[
× 10− 9mol/cm3]. Dashed lines denote the diffusion-limited curves 

with D = 6.5× 10− 10m2/s. Reprinted with permission from Chang et al. [55]. 
Copyright 1998, American Chemical Society. 
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For these CiEj surfactants, the shift to mixed-kinetic controlled 
mechanism at higher concentrations may also be explained by the 
presence of micelles. In 2000, Zhmud et al. [104] have highlighted the 
difficulties to have a general accurate model for mass transport. They 
have studied a series of CiE6- type surfactants for aqueous solutions at 
concentration from 0.1 CMC to 5 CMC at short time, below 1 s. For the 
concentrations above the CMC, it is necessary to consider the hetero
geneity of the solution where both monomers and micelles are present, 
each having a different behaviour towards the interface. The authors 
have chosen Fainerman's [99] theory, well describing the micelle ki
netics by adding to the classical diffusion equations a source term 
allowing micellar decay. Zhmud et al. [104] have completed the model 
by redefining the source to consider the formation of micelles in the 
system. Similarly to Fainerman et al. [96] studies, a dependency of 
diffusion coefficient with concentration is observed, which could be 
explained by interconversion and rearrangement of several species at 
the air/water interface. However, the values obtained with the Fainer
man's [99] model are not consistent with independent experimental 
values [104]. The authors account these discrepancies by pointing out 
the neglect of polydispersity of micelles. The observations made and the 
deviation from the diffusion theory have been confirmed by Lin et al. 
[58] with the same surfactants but they explained them by the shift to 
mixed-diffusion control process. 

The analysis that can be made from this review of the literature is 
that maximum bubble measurement and pendant drop profile methods 
do not provide simple access to kinetic parameters. Although diffusion is 
often the main mechanism responsible for temporal evolution, the latter 
is, in many cases (high concentration, long time scales, small surface 
areas, molecular orientation), influenced by surface adsorption mecha
nisms. The two mass transfer mechanisms become difficult to distin
guish. In what follows, we will see that microfluidic techniques can, in 
some cases, circumvent this obstacle and hold great promise. 

4. Study of interfacial properties in microfluidics 

In the previous sections, studies of dynamic interfacial properties 
with conventional tensiometers have been reviewed. From the analysis 
of the literature, we have seen that it remains difficult to extract kinetic 
parameters accurately [106] and that diffusion cannot always be 
considered as the only limiting step during surfactant mass transport 
[55,58,104]. Only the study by Riechers et al. [15] using a very special 
system has enabled a clear measurement of an adsorption kinetic con
stant. This study stood out by employing very small droplets (50 μm) 
made using a microfluidic device. Microfluidics is a technology that has 
been developing for around thirty years, enabling fluids to be manipu
lated on micron scales [107,108]. It owes its rise and democratisation to 
the development of microfabrication techniques [109,110]. 

In the last part of this review, we will start by presenting microfluidic 
devices designed to measure interfacial parameters. The measurements 
require droplet or bubble formation and you can find different reviews 
about this topic in the literature [111–115]. They also require the 
measurement of a quantity sensitive to interfacial tension. The mea
surements are based on different physical phenomena: capillary pres
sure [116], droplet deformation [66], droplet size [87], hydrodynamics 
transition [117,118]. The subsection 4.1 reviews the different micro
fluidic devices that perform interfacial tension measurements, and the 
subsection 4.2 gives examples of studies in which interfacial tension 
measurements are performed with microfluidic devices to extract kinetic 
parameters. 

4.1. Microfluidic devices to measure interfacial parameters 

In this section, we will concentrate on new devices suited to under
stand surfactant mass transport, through interfacial tension measure
ments. The methods, advantages and limits of the devices regarding the 
determination of interfacial properties are compared. Besides, the time 

allotted for surfactant mass transport towards interface before 
measuring the interfacial tension is specified. The definition of this time 
is of prime importance to plot kinetics curves (γ = f(t)) and interpret 
them properly with kinetics models. A concise summary of the discus
sion can be found in Table 3. We will conclude this section by showing 
that the use of such device paves the road for adsorption constant rate 
measurements. 

4.1.1. Dynamic interfacial tension measurements based on Laplace pressure 
Alvarez et al. [87,106] have built a microtensiometer based on hy

drostatic pressure equilibrium and radius of the droplet/bubble formed. 
A capillary is immersed in a semi-infinite surfactant solution. The bubble 
is formed with a pressure controller. The dynamic interfacial tension is 
calculated from the Laplace pressure as follows: 

γ(t) =
1
2

ΔP(t).R(t) (26) 

The pressure drop is measured between the tip and the head of the 
capillary. To measure the dynamic surface tension, air is injected 
through the capillary to create a bubble that is held at constant pressure 
and its radius is measured through time [106]. 

Besides, as mentioned in section 2, this article provides an interesting 
length scale to compare diffusion to kinetic limited regimes (Fig. 3 and 
Fig. 4), for a Langmuirian system. With this scaling, they have compared 
the microtensiometer to the conventional pendant drop tensiometer, 
and the operating diagram for both devices (Fig. 8). The shaded regions 
correspond to the experimental regimes and for the pendant drop, it is 
clear that, for diluted solutions, the kinetic regime cannot be observed. 
In fact, it is possible to reach this regime with the pendant drop method 
only for a system with a kinetic adsorption constant β = ka < 0.1 
m3/(mol.s), whereas for the microtensiometer, the kinetic regime can be 
observed more easily. With their device, the authors have been able to 
study interfacial properties of C12E8 surfactant as we have already 
mentioned before in a previous section [87,106], and have been able to 
approach kinetic-limited regime for C12E8 and C14E8 at the air/water 
interface. 

The Laplace pressure equation has also been used in a recent work 
from Liang et al. [119], in which they developed a microfluidic tool to 
study the adsorption kinetics of classical nonionic surfactants (Tween 
20, Triton X-100, Brij 58 and Brij 56). The tensiometer is a co-flow de
vice as shown in Fig. 9, equipped with pressure sensors. The interfacial 
tension is determined using the Laplace pressure equation, and is as 
follows written as function of time: 

γ(t) =
Rhead(t)

2

[
ΔpAB(t) − Δpf ,AB

]
(27)  

with Δpf ,AB the constant resistance in the flow path, ΔpAB experimentally 
measured and Rhead the radius of the droplet measured in the horizon
tally direction through time. 

The volume of the droplets is determined by tracking the size with a 
high-speed camera. This allows identifying 3 stages in the droplet for
mation process, as shown in Fig. 10. During the first step (from I to II), 
the dispersed phase confined in the capillary is flowing to the increas
ingly narrower tip, which leads to an increase of the Laplace pressure. 
Then, it is first followed by a rapid growth of the droplet (from II to III), 
which very quickly turns into a stable volumetric growth stage (from III 
to IV). Interfacial tension is deduced from the stable growth stage and 
the flow resistance Δpf ,AB is calculated by using a classic droplet scaling 
law (see Eq. 30), at the moment of droplet release. 

This article shows that droplet formation in this device is not affected 
by Marangoni effects evaluated as follows from the Marangoni number 
Ma: 

Ma =
E
Ca

≈
γ0 − γ
ηCUc

(28) 
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with E the elasticity number estimated by (γ0 − γ)/γ, Ca the capillary 
number, ηc and Uc the dynamic viscosity and mean velocity of the 
continuous phase, respectively. Dynamic interfacial tension was fitted 
using the Frumkin isotherm, from which adsorption rates were extracted 
and discussed [119]. This article stresses the complexity of droplet 
formation and has successfully identified the crucial steps to estimate 
the surfactant adsorption time. 

The Laplace pressure method has also been used in a completely 
different apparatus, the Edge-based Droplet GEneration (EDGE) device 
to measure dynamic interfacial tension [116]. These devices, also called 
STEP, are initially used to generate monodisperse emulsions [120] but 
interfacial properties can also be determined with the EDGE apparatus 
[116,121]. In 2022, Deng et al. [116] have used the EDGE apparatus as a 
tensiometer to study dynamic interfacial tension of SDS solutions at the 
air/water and oil/water interface. The apparatus (Fig. 11) is made of a 
plateau with several pores, across which the dispersed phase forms 

Table 3 
Microfluidic devices comparison for the determination of interfacial properties.  

Measurement method Interface Equation γ(t) Measurement time 
scale 

Sources of uncertainties Reference 

Laplace pressure A/W and O/ 
W 

γ(t) =
1
2

ΔP(t).R(t) τm > 1 s Determination of the radius through imaging, pressure 
drop measurement 

Alvarez et al. [87] 

Laplace pressure A/W and O/ 
W γ(t) =

h.Pd(t)
2cos(θ)

τm > 1 ms Pressure determination, contact angle Deng et al. [116] 

Laplace pressure O/W 
γ(t) =

Rhead(t)
2

[
ΔpAB(t) −

Δpf,AB

]

τm > 10 ms Pressure determination Liang et al. [119] 

Droplet volume O/W γ∝
Qd
̅̅̅̅̅̅
Ca

√
0.4 ms < τm < 9.4 ms Imaging Muijlwijk et al. 

[122] 
Droplet diameter O/W – τm > 5 ms Droplet diameter measurements Wang et al. [126] 
Droplet diameter O/W – 2.8 ms < τm < 64.5 

ms 
Droplet diameter measurements Kalli et al. [127] 

Dripping/jetting 
transition 

O/W Rayleigh-Plateau instability τm > 85 ms Flow rates controller Moiré et al. [118]  

Fig. 8. Operating diagram showing bubble radius and bulk surfactant con
centration. The solid lines correspond to the points where the kinetic and 
diffusion time scales are equal for a given adsorption constant. Here, β is the 
adsorption constant referred as ka in our text (β = ka). Far to the left of the solid 
line, it defines diffusion-limited dynamics and far to the right of the line, it 
defines kinetic-limited dynamics. The two shaded regions correspond to the 
experimental operating regimes for the pendant drop/bubble and the micro
tensiometer apparatus. Reprinted with permission from Alvarez et al. [87]. 
Copyright 2010, American Chemical Society. 

Fig. 9. Schematic diagram of the differential pressure measurement. Reprinted 
from Liang et al. [119]. Copyright 2022 with permission from Elsevier. 

Fig. 10. Droplet formation process in the microfluidic device. (a) Images taken 
during droplet formation. (b) Variations of ΔpAB (including a link to the images 
in (a) through roman numbers), Rhead, volume V and interfacial area A during 
repeated droplet formation processes. Qd = 30 μL/min and Qc = 900 μL/min, 
droplet generation frequency was 1.0 Hz. Reprinted from Liang et al. [119]. 
Copyright 2022 with permission from Elsevier. 

C. Brigodiot et al.                                                                                                                                                                                                                               



Advances in Colloid and Interface Science 331 (2024) 103239

14

droplets or bubbles. These are then flushed by the continuous phase. The 
initiation of formation at each pore is governed by the equilibrium be
tween the Laplace pressure within the pore and the externally applied 
pressure. The force balance is reached when enough surfactant mole
cules have adsorbed at the interface, decreasing the interfacial tension 
and therefore the Laplace pressure. Deng et al. [116] have studied the 
droplet formation in EDGE devices detail. They suggest a three-step 
process with as many characteristic times: adsorption time, filling time 
(during which the pore is filled by the dispersed phase) and the necking 
time corresponding to the droplet formation. The time of droplet for
mation and the return to the initial stage is about 10 μs, which is much 
smaller than the adsorption time. Therefore, the mass-transfer rate of the 
surfactant can be very well approximated by the frequency of the droplet 
formation [116]. 

While the determination of the interfacial tension is relatively 
straightforward by applying a specific pressure and monitoring droplets 
or bubbles over a set time period, the wettability in the pore is a crucial 
parameter. Indeed, according to Laplace pressure, and the geometry of 
the partitioned EDGE device [116] the interfacial tension is calculated as 
follows: 

γ(t) =
h.Pd(t)
2cos(θ)

(29)  

and the contact angle θ has to be correctly evaluated. The authors have 
validated the method by measurement of the dynamic interfacial tension 
of a well-studied ionic surfactant SDS at the air/water and hexadecane/ 
water interfaces. Their results were compared with a the pendant drop 
tensiometer and a Y-junction as shown in the Fig. 12. 

As we can see, both microfluidic devices reach shorter time scales, 
comparable with droplet and bubble formation in industrial processes 
(sub-millisecond), while conventional pendant drop tensiometer is more 
suited for equilibrium study. From the discrepancies of the curves be
tween each method, Deng et al. [116] have concluded that different 
mechanisms are observed. While the pendant drop clearly displays a 
diffusion-limited mass-transfer, the Y-junction [122] and the EDGE, 
thanks to high curvatures and convective flows, are able to catch mixed- 
diffusion or kinetics limited mechanisms. 

4.1.2. Dynamic interfacial tension measurements based on droplet shape 
Since the beginning of microfluidics, different geometries have been 

developed to generate droplets, such as the Y-junction [122] and T- 
junction [33,123] in which droplet formation has been extensively 
studied by Glawdel et al. in two papers [124,125]. The size of the droplet 
primarily results from the equilibrium between the shear force and 
interfacial tension, that is usually quantified by the Capillary number 
Ca, expressed as follows: 

Ca =
ηcQc

Aγ
=

ηcvc

γ
(30) 

Fig. 11. A: schematic illustration of the partitioned-EDGE device. B: microscopy image of the main plateau and pores. C and D illustrate the two radii of curvature 
across the meniscus with C the top-view (microscopy) and D the head-on view of the pore (schematic, for the location indicated by a dashed blue line shown in C, not 
drawn to scale). In A–C, it is noted that the partition features extend into the continuous phase channel, yet at that side of the main plateau they do not interfere with 
droplet or bubble formation as their height (h) is much smaller than that of the deep channel; the flow of the continuous and dispersed phases is indicated by blue and 
orange arrows, respectively. From Deng et al. [116]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 12. Dynamic interfacial tension versus time obtained with Y-junction 
(squares), EDGE tensiometer (circles), and pendant drop technique (triangles). 
The comparison is illustrated with four SDS concentrations: 0.05% wt (grey), 
0.1% wt (blue), 0.3% wt (pink), and 1% wt (purple). The data sets for Y- 
junction and pendant drop are adapted from Muijlwijk et al. (2016) [122]. 
Comparison from Deng et al. (2022) [116]. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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with ηc the dynamic viscosity of the continuous phase in Pa.s, Qc the flow 
rate of the continuous phase in m3/s, A the section area of the micro
fluidic channel and γ the interfacial tension at the moment the droplet/ 
bubble detaches. In 2016, Muijlwijk et al. [122] have modeled the two- 
steps process of droplet formation in a Y-junction and managed to scale 
the volume of the droplet to the interfacial tension, as a function of 
1/

̅̅̅̅̅̅
Ca

√
and flow rate of the dispersed phase. They have validated their 

model with solutions of ionic surfactant SDS at the water/hexadecane 
interface. With this method, they were able to measure dynamic inter
facial tension for droplet formation of 0.4 to 9.4 ms. 

Another method was used by Wang et al. [126] in three Y-junction 
devices, where the droplet diameter is measured and scaled with flow 
rates of both phases and capillary number. For all three apparatus, of 
which the geometry is very similar, the following relation was found to 
be in agreement with their experiments: 

dav

ds
= 1.218

(
QD

QC

)0.125

Ca− 0.184 (31)  

with dav the average droplet diameter and ds a characteristic length scale 
of the device (usually the smallest structural parameter of the micro
fluidic device). Interfacial tension is then deduced from the capillary 
number definition and characteristic parameters of the systems. Exper
iments were carried out for classical surfactants: SDS, DTAB, Triton X- 
100 and Tween 20. 

Droplet size measurements have also been used to study dynamic 
interfacial properties by Kalli et al. [127] who studied SDS, DTAB and 
Triton X-100 surfactants at the water/silicone oil interface with a cross- 
junction in a glass microchannel. As done by others [123,126], the 
droplet size has been scaled with flow rates of both continuous and 
dispersed phase and with the capillary number. The experimental data 
were then fitted with the following expression: 

dav

ds
= 0.642

(
QD

QC

)0.188

Ca− 0.161 (32)  

with dav the average droplet diameter and ds the characteristic length of 
the device, such as the channel width (195 μm in this device). The co
efficients differ slightly from the ones found by Wang et al. [126], who 
used Y-junction microfluidic devices instead of cross-junction. The 
scaling needs to be studied for each specific geometry. In both papers, 
the authors [126,127] have managed to measure dynamic interfacial 
tension at short times around 5 ms (and even down to 3 ms for [127]), for 
diluted surfactant solutions. 

In these devices, adsorption time is not directly deduced from the 
experiment, such as done in the EDGE device [116]. Wang et al. [126] 
and Kalli et al. [127] estimate the mass-transport time using charac
teristic numbers based on the study of Alvarez et al. [106] and the 

theoretical time of diffusion: τm =
min(hp ,hc)

2

D , where hp =
Γeq
cbulk 

and hc =

(
2π
3Pe

)1/2
R with R the droplet radius and Pe the Peclet number. This 

scaling approach has been well described by Alvarez et al. [106] and is 
further detailed in subsection 4.2. 

4.1.3. Other microfluidic devices for dynamic interfacial tension 
measurements 

While the previous apparatus described rely mostly on droplet for
mation and droplet size or shape, Moiré et al. [118] have built a 
microfluidic tensiometer based on the transition between two hydro
dynamic regimes. According to the flow rates, either droplets or jets can 
be observed in the apparatus. Based on a previous work [117], it has 
been shown that the transition between the two regimes relies on the 
Rayleigh-Plateau instability. The determination of the dynamic inter
facial tension requires the building of a flow diagram, where continuous 

and dispersed flow rates are displayed according to the hydrodynamic 
regime encountered. The interfacial tension is found by a hydrodynamic 
model of the Rayleigh-plateau instability in the cylindrical geometry 
given by [117]. With this method, no droplet size or shape determina
tion is required. 

The mass transfer time is a bit more difficult to determine than in 
other microfluidic tensiometers. For the characteristic time for surfac
tant mass transfer, the authors used the same approach as Wang et al. 
[126]. They compared τm (see subsubsection 4.1.2), with the micro
fluidic time τμ calculated as: τμ = R

Ui 
with Ui the mean velocity of the 

internal phase. The microfluidic time is an estimation of the surfactant 
mass transport time, but it is difficult to conclude underlying mecha
nisms from it. Note that for solutions at concentration above the cmc, the 
diffusion coefficient can be replaced by an apparent coefficient Deff 

[124] (see Eq. 19). Nevertheless, Moiré et al. [118] have been able to 
study interfacial tension for Triton X-100 and CTAB systems at the 
water/oil interface. Furthermore, ultralow interfacial tensions could be 
measured down to 2 × 10− 3 mN/m and performed at a time τm > 85 ms. 

Table 3 summarizes the different microfluidic apparatus reviewed in 
this part with their measurement time scale, method and source of 
uncertainties. 

4.2. Example of studies measuring the kinetics parameters using 
microfluidic devices 

Despite their performance, to date there have been very few exper
iments using microfluidics to measure the adsorption kinetic constants 
of the surfactants. In a microfluidic device, convection plays an impor
tant role and must be taken into account. Let us first underline that the 
orientation of the velocity with respect to the droplet interface is an 
important parameter. If the velocity is colinear with the droplet normal, 
convection not only modifies the diffusion length, it also brings material 
directly onto the droplet, which reinforces the fact that the limiting stage 
is adsorption. None of the tensiometers presented above are in this 
configuration. Generally in microfluidics, the velocity is parallel to the 
interface and modifies the depletion layer as studied by Alvarez [106]. 
The analysis presented by Riechers should be repeated and convection 
times taken into account [15]. 

Alvarez's apparatus is composed of a capillary inserted into a 
chamber made of PDMS. The authors have measured dynamic surface 
tension as a function of the Peclet number which compares advection 
forces over diffusion and is defined as follows: 

Pe =
vL
D

(33)  

with v the characteristic flow velocity, L a characteristic length scale and 
D the diffusion coefficient. In their apparatus, the idea is to use the 
convection flow near the spherical interface to reduce the diffusion 
boundary layer thickness and therefore decrease the time-scale for 
diffusion. They have built a mathematical model for mass transport 
considering convection flow, and expressed the effective boundary layer 
thickness h, for a rigid sphere and a mobile spherical interface. For a 
rigid sphere, hcR scales as: 

hcR ≈

(
4

3Pe

)1/3

R (34)  

and considering a mobile interface with no shear stress: 

hcM ≈

(
2π
3Pe

)1/2

R (35)  

with R the radius of the bubble/droplet that usually varies from 10μm to 
200μm [106]. Therefore, the diffusion times scale as τDR∝Pe− 2/3 for a 
rigid interface and τDM∝Pe− 1, for a mobile one. These expressions are 
valid for Re < 1 [106]. The authors have done simulations for C12E8 and 
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C14E8 solutions at different concentrations and compared with experi
mental results. Fig. 13 shows the experimental time scale required to 
reach a certain value of IFT for C14E8 solutions. The same analysis was 
conducted for C12E8 solutions. Fig. 13 shows that for the whole Pe 
number range, the numerical simulation for a rigid interface better fits 
the experimental points than for a mobile interface. 

In their study Alvarez et al. [106] show that there is no observable 
transition between diffusion-limited and mixed or kinetically-limited 
dynamics at the air/water interface for C12E8 and C14E8 when 
Pe < 105. Whatever the situation, the evolution of surface tension is 
governed by diffusion. Using a kinetically limited model, they establish 
lower limits for the adsorption coefficient of both surfactants. The ki
netic adsorption coefficients for C12E8 and C14E8 exceed 17 and 
23 m3/(mol.s) respectively. These values significantly exceed those 
documented in the literature, implying that the previously reported 
figures underestimated the complexities involved in extracting kinetic 
data from diffusion-controlled processes. Therefore, the utilisation of 
convective flow could be beneficial in accurately assessing these pa
rameters by reaching the kinetic regime. 

This microfluidic study does not provide a study of the adsorption 
parameters, which are very rapid, but it does give a way of achieving 
these measurements. 

Using a slower system, Brosseau et al. [66] were able to measure 
these kinetics. They designed a microfluidic tensiometer in which 
adsorption at the interface is the limiting step for a block copolymer 
perfluoro surfactant at the oil/water interface (perfluoro molecules in 
the oil phase). The DIFT measurements are based on droplet deforma
tion and the authors are able to measure it at the millisecond scale. First, 
crucial interfacial parameters such as maximum surface coverage Γ∞ 

and diffusion coefficient D are determined by classical pendant drop 
tensiometry and by fitting the Ward and Tordai [35] diffusion model. 
Then, the adsorption kinetics is determined with a correlation scaling 
with the capillary number Ca = ηU/γ with η the viscosity of the 
continuous phase and U the characteristic velocity (i.e drop velocity 
here). Ca is scaled with the maximum deformation of the droplet δmax 
and a characteristic length scale due to the geometry. δmax is determined 
by camera analysis further explained in the methods part of the article 
[66]. An empirical scaling of γ as a function of droplet deformation 
parameter is used to deduce interfacial tension. 

In the microfluidic device, the interfacial tension has successfully 

been fitted with an exponential relaxation, sign of a kinetics-limited 
system. In fact, for a diffusion-controlled mechanism, interfacial ten
sion scales as t1/2 at short time and t3/2 at longer time [39]. Equilibrium 
values were also obtained with the same set-up and the results were in 
agreement with pendant drop experiments. Fig. 14 shows the maximum 
deformation and the surface tension deduced from it at the time scale 
from the millisecond to more than two seconds. Experimental data from 
Fig. 11 b) were fitted with the following scaling: γ − γeq∝exp( − t/τ)
where: 

τ =
1
kd

1
1 + KLc

(36)  

with KL the Langmuir's constant defined in section 2. As we can see in 
Fig. 14, the fit is in good agreement with experimental data and they 
have been able to extract interfacial parameters for a kinetic-limited 
system. In their system, the cutoff length RDK [86] or R* [15] dissoci
ating adsorption and diffusion processes is around 10 μm. The Pe number 
is of the order of 105 so convection is strong in the microfluidic device, 
leading to an adsorption limited mass transfer even for droplets of 100 
μm. In this paper, the authors have been able to study the adsorption step 
of one type of surfactant (PEG-PFPE polymer) at the oil/water interface. 
Diffusion does not play a critical role in this process due to convective 
effects in microfluidic channels. Experiments were also carried with the 
pendant drop where mass-transfer is clearly diffusion limited according 
to the fits and scales. The length cutoff R*, given by a Langmuir process, 
is particularly suited for the determination of the controlling step in 
droplets. This paper essentially presents theoretical and computational 
assessments of the different effects in surfactant mass-transfer. 

We have shown that with microfluidic devices, interfacial tension 
measurements can be performed in conditions where diffusion is not the 
only driving mechanism for surfactant mass transport at the interface. 
Therefore, these new microfluidic tools pave the way of a more accurate 
study of surfactant mass transport at different scales. Compared to 
classical tensiometers, for some microfluidic devices, it can be chal
lenging to directly determine the mass transport time, especially when it 
is of the same order of magnitude as the droplet or bubble formation 
time. It is noteworthy that technical challenges still need to be tackled to 
implement these devices for high-throughput experiments. Finally, the 
different hydrodynamic conditions we found in microfluidics could also 
benefit from numerical simulations to predict surfactant mass transport 
with consideration of fluid flows [128]. 

5. Conclusion and prospects 

In this review we pointed out the importance of knowing the value of 
the surface tension and, more precisely, its value as a function of time. 
This has led us to propose two strategies for working on the dimen
sioning of a process involving interface creation. The first strategy 
consists of mimicking interface creation using the time range charac
teristic of the process. This strategy is not rigorous, as it is difficult to be 
certain that adsorption and diffusion conditions will be identical in the 
process and in the experiment dedicated to the measurement. The sec
ond strategy is to directly measure the parameters involved in each of 
these two processes. Our review shows that diffusion coefficient mea
surements and surface tension characterisation can be performed using 
dynamic tension measurements on conventional tensiometers with large 
droplets. When high kinetic barriers are assumed, short times and low 
concentrations are preferred. Measuring kinetic coefficients is more 
complex, because even if adsorption dynamics interfere with mass 
transport mechanisms, they are almost never preponderant when 
studies focus on large droplets. Studies show that so-called mixed 
models can be used to account for the evolution of dynamic interfacial 
tension. However, these techniques are imprecise to say the least. 
Microfluidics and the new tensiometers seem to provide an answer to 
these questions, at least in the context of slow systems, as shown by 

Fig. 13. Experimental timescale required to reach γt = 60mN/m for C14E8 for 
three concentrations (● 0.0025 mol/m3; ■ 0.003 mol/m3 and ▾ 0.004 mol/m3) 
and two radii R = 60μm filled symbols, R = 185μm open symbols as a function 
of Pe number compared with predicted scaling for diffusion-limited system for a 
rigid interface and a mobile interface. Reprinted from Alvarez et al. [106]. 
Copyright 2012 with permission from Elsevier. 
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Brosseau [66]. Such experiments need to be carried out on a large 
number of surfactants to find the kinetic constants. Using a flow velocity 
along the normal to the droplet interface may be a solution. It is 
necessary to think about such geometries. Brosseau's study enables us to 
measure the kinetic constant. However, it raises some fundamental 
thermodynamic questions. Is it reasonable to describe the relationship 
between coverage rate and surface tension, assuming that this rela
tionship is the same as when the adsorption layer and the sublayer are in 
equilibrium? This is what is done in mixed models. Brosseau does not 
use this approximation, as he empirically assumes that surface tension 
decreases exponentially with the same material time as the coverage 
rate. Both theoretical and experimental studies are needed to clarify this 
point. 

In this review, we have highlighted the importance of knowing each 
mechanism for surfactant mass transport at interfaces for a wide range of 
time scales and processes. The experimental methods coupled with 
theoretical models reviewed in this article show it is possible to study 
more accurately interfacial phenomena in conditions similar to the ones 
encountered in different processes. 
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[3] Bouasse H. Capillarite: phenomenes superficiels. Delagrave 1924. 
[4] Pallas N, Pethica B. The surface tension of water. Colloids Surf 1983;6(3):221–7. 
[5] Facchini MC, Mircea M, Fuzzi S, Charlson RJ. Cloud albedo enhancement by 

surface-active organic solutes in growing droplets. Nature 1999;401(6750): 
257–9. 

[6] Swarup S, Schoff CK. A survey of surfactants in coatings technology. Prog Org 
Coat 1993;23(1):1–22. 

[7] Wang T, Chang D, Huang D, Liu Z, Wu Y, Liu H, et al. Application of surfactants in 
papermaking industry and future development trend of green surfactants. Appl 
Microbiol Biotechnol 2021:1–16. 

[8] Jun H-Y, Kim S-J, Choi C-H. Ink formulation and printing parameters for inkjet 
printing of two dimensional materials: a mini review. Nanomaterials 2021;11 
(12):3441. 

[9] Ellis MB, Tuck C, Miller P. How surface tension of surfactant solutions influences 
the characteristics of sprays produced by hydraulic nozzles used for pesticide 
application. Colloids Surf A Physicochem Eng Asp 2001;180(3):267–76. 
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