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Drops spreading on fluid surfaces: Transition from Laplace
to Marangoni regime
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We show the occurrence of two distinguished classical regimes of wetting, namely,
Laplace and solutal Marangoni, during the spreading of oil drops on a surfactant-laden
aqueous phase in a single surfactant-oil-water system. The spreading kinetics is found
to follow a power-law behavior not only in the Laplace and Marangoni regimes, but
also in the transition regime. Our experimental findings are corroborated with the scaling
laws. The results demonstrate that increasing the surfactant concentration across the crit-
ical micelle concentration is instrumental to obtain the Laplace to Marangoni transition.
Moreover, this transition does not depend on surfactant chemistry; instead, it depends on
the adsorption/desorption kinetics of surfactant molecules to/from the interfaces that are
created or annihilated during drop spreading.
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The universality of the physics of wetting of one fluid on the surface of another is often captured
by the power-law description of the spreading kinetics. Such descriptions are insightful in providing
a mechanistic understanding of spreading encountered in oil spills [1], coating [2], pharmaceutical
[3], petrochemical [4], and biological processes [5,6]. Although effects arising from gravity [7–9],
inertia [10,11], activity [5], etc., may influence or even drive the spreading process, a balance of
surface tension and viscous forces will invariably govern the spreading physics at a certain stage of
spreading [1]. In this stage, the spreading can be driven by surface tension, referred to as Laplace
spreading, or by a gradient in surface tension, referred to as Marangoni spreading. In the former
regime, a drop (say of oil) of volume V will spread on a fluid-fluid interface (for example, a water-air
interface), following a classical power law [1,12,13]—the radius of the spreading drop R increases
with time t as

R ∼
(

γoaV 2l

μ

)1/8

t1/8, (1)

where γoa is the oil-air interfacial tension, μ is the dynamic viscosity of the substrate liquid on
which the oil drop spreads, and l is the characteristic height of the substrate liquid wherein the
viscous dissipation predominantly occurs. On the other hand, in the Marangoni spreading regime,
the power law takes the form [14,15]

R ∼
(

2S

3
√

μρ

)1/2

t3/4, (2)
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FIG. 1. (a) Schematic representation of the experimental setup used to study spreading of an oil drop on
aqueous surfactant solutions. The top view of a 5 μl decane drop spreading on (b) 0.6 mM and (c) 2.0 mM
aqueous CTAB solution as a function of time. The scale bar for each image in (b) and (c) represents 2 cm. A
dashed circle is drawn to enable easy identification of the spreading drop from the background. (d) Spreading
kinetics of oil drops on aqueous CTAB solutions of different concentrations. In all spreading experiments, the
surfactant solution was taken in a Petri dish of diameter dp = 12.6 cm, filled up to a height L = 4 mm, and
allowed to equilibrate for 6 h before introducing a decane drop of volume, V = 5 μl. Schematic representation
of the surfactant dynamics that occur during the spreading and the corresponding flow profile in (f) the Laplace
regime (C < CCMC), which is characterized by the power-law scaling R ∼ t1/8 [Eq. (1)], and (g) the Marangoni
regime (C > CCMC), which is characterized by the power-law scaling R ∼ t

3
4 + m

2 [Eq. (4)].

where S is the spreading coefficient [16] and ρ is the density of the substrate liquid. Although the
drop spreading process in each of these regimes has been investigated individually [1,12–15], a
connection between the two regimes or the transition from one regime to another still needs to be
established.

In this Letter, we will establish the occurrence of the transition from Laplace to Marangoni
spreading using model surfactant-oil-water systems. To this end, we consider the spreading of oil
drops on surfactant-laden aqueous interfaces and vary the concentration of surfactant in the substrate
liquid (aqueous phase) across the critical micelle concentration (CMC). The choice of model
systems also provides a convenient way to tune the interfacial tension of the substrate liquid, which
cannot be achieved in commonly studied systems, namely, spreading of surfactant-laden drops on
pure liquids or solid surfaces. Further, the experimental study helps us test the fundamental theories
of the spreading of drops on surfactant-laden liquids in the surfactant-lean and surfactant-rich
regimes.

A schematic of the experimental setup used to image the spreading of oil drops dispensed on
the surface of the surfactant-laden aqueous phase is shown in Fig. 1(a). In the experiments, a
5 μl decane drop (Bond number < 1) and a diverse set of commonly used surfactants of different
chemistry, structure, and polarity, that is, cationic [cetyltrimethylammonium bromide (CTAB)],
anionic [sodium dodecyl sulfate (SDS) single tailed, aerosol-OT (AOT) double tailed], and nonionic
(Tween 80 and Triton X-100) surfactants are used. The concentration of surfactant C is varied over
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a large range across the critical micelle concentration CCMC in all experiments (for more details, see
Supplemental Material [17]).

Our experiments unambiguously reveal that irrespective of the surfactant, both the extent and rate
of the spreading of oil drops on aqueous surfactant solutions are strikingly different when C < CCMC

and C > CCMC. To demonstrate this, we consider the spreading of oil drops on aqueous CTAB
solutions (CCMC = 1 mM). Figures 1(b) and 1(c) show the top view of the oil drop at three different
time instances during the course of spreading when the concentration of CTAB in the substrate
liquid is 0.6 mM (<CCMC) and 2.0 mM (>CCMC), respectively. A comparison of the timescales and
length scales shows that the extent and the rate of spreading are very different for C < CCMC and
C > CCMC. This difference is further quantified by following the temporal evolution of the radius of
the oil drop at various CTAB concentrations as shown in Fig. 1(d). Clearly, the oil drop spreads at
a slower rate and occupies a smaller interfacial area when C < CCMC in comparison to the case of
C > CCMC.

The increase in the extent of spreading of the oil drop with an increase in the concentration
of the CTAB can easily be inferred by calculating the changes in the spreading coefficient, S =
γ ′

wa − γoa − γ ′
wo, where, γ ′

wa is the interfacial tension between the aqueous solution and air and
γ ′

wo is the interfacial tension between the aqueous solution and oil. Here, γ are the equilibrium
interfacial tensions and the prime (′) in γ ′

wa and γ ′
wo indicates that interfacial tensions of pure liquids

are modified due to the presence of surfactant in the substrate liquid. In our experiments, S > 0
and varies from ≈10.5 to ≈8.4 mN/m as the CTAB concentration varies from 0.6 to 2.0 mM
(see Supplemental Material [17]). A higher S indicates a larger thermodynamic driving force and
therefore oil drops spread to a larger extent when the concentration of CTAB in the aqueous solution
is higher. However, a variation in S based on equilibrium interfacial tensions does not explain the
change in the kinetics of spreading or the associated spreading mechanism. Therefore, we discuss
below the physical picture associated with the complex spreading behavior.

Prior to dispensing the oil drop on the surface of the aqueous surfactant solution, the air-surfactant
solution interface is in equilibrium and has a monolayer of surfactant at the interface. The intro-
duction of the oil drop and the resulting spreading disrupts this equilibrium. The spreading of the
oil compresses the surfactant monolayer leading to an increase in the concentration of surfactant
molecules at the air-surfactant solution interface. Therefore, the air-aqueous solution interfacial
tension decreases. Similarly, the concentration of surfactant molecules at the oil-surfactant solu-
tion interface decreases due to the expanding oil-water interfacial area, as a result of which the
oil-surfactant solution interfacial tension increases as the spreading proceeds. Both these effects—
the decrease in the interfacial tension of the air-surfactant solution interface and the increase in
the interfacial tension of oil-surfactant solution interface—can potentially decrease the spreading
coefficient. However, this change will be countered, if the surfactant molecules adsorb (or desorb)
quickly to (from) the fluid-fluid interfaces. Moreover, the rate of adsorption of surfactant molecules
to the oil-aqueous solution interface and the rate of desorption of surfactant molecules from the
air-aqueous solution interface depends on the size and concentration of the surfactant molecules
and their self-assembly in the aqueous phase. Our experiments reveal that the timescales associated
with the adsorption of surfactant molecules are much larger than the timescales associated with the
spreading of an oil lens. Therefore, the interfaces do not attain equilibrium during the timescale
of spreading. Hence, the spreading coefficient does not remain constant during the process of
spreading, an aspect which will be discussed later. To understand the dramatic change in the
spreading kinetics that occurs with the change in the concentration of surfactant in the substrate
liquid, we further analyze the temporal evolution of the radius of the spreading oil drop, R(t ),
shown in Fig. 1(d). The spreading kinetics, irrespective of CTAB concentration, can be expressed
as a power law, R(t ) ∼ t n. The power-law exponent n increases systematically with an increase in
CTAB concentration. A similar concentration-dependent power-law behavior is observed for all the
surfactants considered (see Supplemental Material [17]).

The power-law exponents for the spreading oil drop dispensed on aqueous solutions contain-
ing cationic (CTAB), anionic (SDS, AOT), and nonionic (Tween 80) surfactants as a function
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of normalized surfactant concentration C/CCMC are shown in Fig. 1(e). When C/CCMC < 1, the
power-law exponent n ≈ 1

8 is relatively small and is insensitive to variation in the concentration
of the surfactant. On the other hand, when C/CCMC ≈ 1, n starts to increase drastically. Finally, n
takes a value n ≈ 5

4 (except for Tween 80), which is independent of the surfactant concentration
beyond C/CCMC ≈ 1.5. We now demonstrate that this change in the value of n from the plateau cor-
responding to the lower surfactant concentration is due to a transition in the underlying mechanism
of spreading.

When C/CCMC < 1, the power-law exponent n ≈ 1
8 corresponds to the Laplace spreading regime.

A schematic of the drop spreading process in the low surfactant concentration regime is shown
in Fig. 1(f). In this regime, the adsorption/desorption of surfactant to/from the interface has no
significant role and the spreading occurs solely due to the gradient in the Laplace pressure. Since
the Laplace pressure is proportional to the mean curvature of the oil drop, the gradient of Laplace
pressure which scales as ∼γoa

h
R3 drives the spreading of the oil drop. Here, R and h respectively

are the instantaneous radius and height of the spreading oil drop. As the pressure gradient acts over
an area ∼hR, the stress acting on the interface between the aqueous solution and oil (the area of
which scales as ∼R2) is ∼γoa

h2

R3 . We note that this driving force is equivalent to the force due to the
difference in the instantaneous and equilibrium contact angle of the drop [12] for the systems with
a negative spreading coefficient. The balance between the viscous force, ∼μ

dR/dt
l , and the surface

tension force, ∼γoa( h2

R3 ), gives the scaling law [Eq. (1)], which is derived by imposing the volume
conservation condition V ∼ Rh2. The length scale l = L is the thickness of the substrate liquid.

On the contrary, when C/CCMC > 1, the change in the interfacial tension due to the adsorption
or desorption of the surfactant to or from the interface needs to be accounted for. The physical
processes that occur during the spreading in this regime, referred to as the Marangoni spreading, are
illustrated in Fig. 1(g). The driving force for spreading in this regime is the surface tension gradient.
In line with earlier developments [14,15,18], the surface tension gradient is approximated as S(t )/R,
where S(t ) is the instantaneous spreading coefficient given by S(t ) = γ ′

aw(t ) − γ ′
ow(t ) − γoa. The

surface tension gradient is balanced by the viscous forces μ dv
dz |z=0, where dv

dz |z=0 is the velocity
gradient evaluated at the oil-water interface (z = 0). As a result of the faster spreading of the oil
drop, the momentum diffuses to a distance l = √

νt � L, where ν is the kinematic viscosity of the
substrate fluid. Approximating the velocity profile in this momentum boundary layer (of thickness
δ) with an exponential function, the surface tension gradient-viscous force balance takes the form
[15]

S(t )

R
∼ μ

d

dz

[
dR

dt
exp (z/δ)

]∣∣∣∣
z=0

. (3)

Assuming the time-dependent spreading coefficient (as reflected from the dynamic surface tension
measurements in the Supplemental Material [17] and data from the literature [19–24]) to follow a
power law of the form S ∼ So(t/τ )m, where So is the spreading coefficient corresponding to pristine
interfaces (without surfactant) and τ is the characteristic time associated with the adsorption-
desorption dynamics of the surfactant molecules to the interface [25], we obtain

R ∼
(

So(
m + 3

2

)
τm√

μρ

)1/2

t
3
4 + m

2 . (4)

When m = 0, i.e., when the spreading coefficient is time independent, the classical power-law
exponent corresponding to the Marangoni spreading regime [14,15], n = 3/4, is recovered.

Thus the spreading mechanism transitions from the Laplace to Marangoni regime as the concen-
tration of surfactant in the substrate liquid is increased. A larger value of n in the Marangoni regime
when compared to the Laplace regime indicates a faster spreading of the oil drop, consequently, a
larger oil-water interfacial area is created at a given time instant. Thus in the Marangoni regime,
the surfactant-free, nascent oil-water interface drives the transport of more surfactant molecules
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from the bulk to the interface when compared to the Laplace regime. The interplay of the dynamics
of interface generation and surfactant adsorption/desorption to the interface results in a surfac-
tant concentration-dependent exponent 3

4 + m
2 . Interestingly, this nonequilibrium transition from

Laplace to Marangoni spreading is continuous with the power-law exponent gradually changing
from n = 1

8 to 3
4 + m

2 as a function of concentration of the surfactant in the substrate liquid. The large
value of power-law exponents observed in our experiments is reminiscent of the superspreading
of surfactant-laden aqueous drops on hydrophobic solid surfaces [26]. Interestingly, the spreading
exponents observed in superspreading exhibit a large variation in the vicinity of C ≈ CCMC, followed
by a plateau [27,28] similar to the data shown in Fig. 1(e).

Since there exists a plateau n ≈ 5
4 beyond C/CCMC ≈ 1.5, we can back calculate the value of

m from the experimental data shown in Fig. 1(e) to be m = 1. Thus the time-dependent spreading
coefficient follows S ∼ t . A deviation from this general picture is exhibited by the bulkier surfactant
molecules, Tween 80 (and Triton X-100, as discussed later). The experimentally determined value
of m for all other surfactant molecules in this regime is in accordance with the theoretical consid-
erations reported in Wodlei et al. [25]. It may be possible to advance the Laplace to Marangoni
spreading transition to occur at C < CCMC instead of occurring at C = CCMC, which appears to
be the case in previous works [18,25], where the dispensed drop dissolves in the substrate liquid,
thereby inducing surface tension gradients even when C < CCMC.

To distill the essential physics associated with drop spreading in a manner discussed in this Letter,
it is of utmost important to achieve a separation of length scales along and perpendicular to the
direction of the spreading drop. The scaling in the Laplace spreading regime is realized by ensuring
h � L � R which corresponds to (i) the viscous dissipation in the drop being negligible compared
to that in the substrate liquid (hμ � Lμoil [13]), (ii) the flows are primarily one dimensional (along
the spreading direction), and (iii) the thickness of the substrate liquid layer in which viscous dissi-
pation occurs remains constant (l = L) throughout the spreading process (∼10–100 s). Similarly, in
our experiments, the scaling in the Marangoni regime (C > CCMC) is realized by ensuring that the
boundary layer thickness beneath the spreading drop

√
νt � L, since the spreading occurs over a

timescale of ∼0.1–1 s which corresponds to a boundary layer thickness of ≈0.1–1.0 mm.
Therefore, a careful choice of parameters—substrate liquid height L = 4 mm, Petri dish diameter

dp = 12.6 cm, substrate liquid equilibration time in the Petri dish prior to spreading experiments
teq = 6 h, volume of the oil drop V = 5 μl, and varying the concentration of surfactant in the
substrate liquid across CMC—enabled the identification of both Laplace and Marangoni spreading
regimes using the power-law exponents (n = 1

8 for C < CCMC and n = 5
4 for C > CCMC) and

hence unearthed the transition from the Laplace to Marangoni spreading regime in a single set of
experiments for a given surfactant-water-oil system as presented in Figs. 1(b)–1(e). The transition
from the Laplace to Marangoni regime is a robust phenomenon and can be observed over a large
range of parameter space as is evident from the data for more than 100 spreading experiments
presented in Figs. 2(a) and 2(b). The power-law exponent n is relatively insensitive to all the
parameters, except when L = 2 mm, the lowest substrate liquid height considered in this work.
This difference is most likely due to the backflow of the substrate liquid [29].

Other examples where deviations from the expected values of the exponents (n = 1
8 and n = 5

4 )
occur is when the substrate liquid contains bulkier surfactant molecules. Due to their lower
molecular diffusivity, diffusive transport processes in the substrate liquid, i.e., the kinetics of
adsorption/desorption, are severely affected. Hence the change in the spreading coefficient during
the spreading process may not follow S ∼ t , the scaling described earlier, and bulkier surfactant
molecules will show deviations from the spreading kinetics discussed above. The case of Tween 80
(Mw = 1310 g/mol) is presented in Fig. 1(e). For Triton X-100 (Mw = 647 g/mol), another bulkier
surfactant molecule, the spreading cannot be described by a single power-law exponent, as shown
in Fig. 2(c). Instead, the spreading occurs in two stages, consistent with previous observations [30],
as discussed in detail in the Supplemental Material [17,31,32]. The first stage occurs when t < 20 s,
and in this stage, the spreading kinetics above and below CMC are identical, i.e., a power-law
behavior with n ≈ 1

8 is observed independent of the concentration of Triton X-100. On the other
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FIG. 2. Effect of (a) substrate liquid height (L) and (b) Petri dish diameter (dp) and drop volume (V ) on
the power-law exponent (n) for the spreading of a decane drop on an aqueous CTAB solution of concentrations
varying across CMC. (c) Spreading kinetics of decane drops on aqueous Triton X-100 solutions when the
concentration of the surfactant is varied across CMC (CCMC = 0.25 mM). Other experimental conditions are
the same as those described in the caption of Fig. 1.

hand, the spreading kinetics in the second stage, which occurs when t > 20 s, no longer follows
a power law. But, in this stage, the rate of spreading increases significantly for concentrations
above CMC compared to lower concentrations, yet again indicating a transition in the spreading
mechanism.

To summarize, in this Letter, we illustrated the transition from a surface tension-driven slow
spreading Laplace regime, to a surface tension gradient-driven fast spreading Marangoni regime.
Our analysis provides a framework for achieving this spreading transition, the crucial parameter
being the availability of surfactant molecules for the interface-bulk exchange. Such an exchange
enhances the spreading kinetics in the Marangoni regime with a larger power-law exponent n = 5/4.
The fundamental insights of spreading kinetics presented in our study is expected to be of relevance
in several fields, such as environmental, personal care, medical applications, and other research
areas such as active matter [5,6,18,33–35].

We wish to acknowledge Pankaj Rohilla (Chemical Engineering, Texas Tech University) for
initiating this work and Professor M. Manivannan (Applied Mechanics, IIT Madras) for discussion.
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