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ABSTRACT: The spreading of a liquid on another is often encountered in oil spills and coatings and is also of industrial relevance
in pharmaceuticals and petrochemicals. In this study, the spreading of oil drops on aqueous solutions containing cationic, anionic,
and nonionic surfactants over a wide range of surfactant concentrations is investigated. The spreading behavior quantified by
measuring the time evolution of the projected area of the oil lens reveals the occurrence of a maximum, which is strongly dependent
on the concentration of the surfactant in the aqueous solution. Our experiments show that this dependence is different at
concentrations above and below the critical micelle concentration (CMC) of the surfactant and can be captured by two straight lines
of different slopes. Interestingly, these two straight lines intersect at a concentration that coincides with the CMC of the surfactants
in solution. We find that this behavior is universal as shown by performing experiments with different types of surfactants, their
purity, and other system variables. Thus, we propose a method to unambiguously determine the CMC of surfactant solutions
compared to the conventional techniques. The proposed method is simple, versatile, and applicable for the determination of CMC of
both ionic and nonionic surfactants.

B INTRODUCTION and so forth. The surface active property and the ability of
surfactants to form molecular aggregates is exploited in a range

Surfactant molecules are amphiphilic and depending on their
of applications in areas as diverse as detergents, cosmetics,

concentration in a solution can exist as individual molecules or

molecular aggregates in the bulk as well as on the interface as textiles, leather, paints, paper, ore flotation, emulsions,
adsorbed species. While the adsorption of the surfactant to the pharmaceuticals, and so forth.'™> The CMC is important in
interface leads to a reduction in the interfacial tension (both all of the industrial processes mentioned above. In these
dynamic and equilibrium), their self-association in the bulk processes, whether it is used in lowering of the interfacial
minimizes the interaction between the solvent and the tension required for emulsification, stabilization of particulate
lyophobic part of the surfactant molecules. The aggregates of dispersions, promoting foam stability, or as delivery vehicles as

surfactant molecules are typically of well-defined shapes
depending on the chemical nature of the surfactant and the
solvent, temperature, solution conditions, and so forth.
However, this self-association required a minimum concen-
tration of surfactant molecules in the solution. The critical
concentration at which the micelles begin to form is called the
critical micellar concentration (CMC). Depending on the
nature of the lyophilic and lyophobic parts, the surfactant
molecules can self-associate in the solution into a variety of
structures such as micelles, reverse micelles, vesicles, bilayers,

molecular aggregates, it is typically achieved when the
concentration of the surfactant is significantly above the CMC.
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When micelles begin to form, the surfactant solution
behaves as a microheterogeneous medium and is often
characterized by a discontinuity in the system properties.
Therefore, CMC can be determined by noting the change in
different physicochemical properties and processes as the
concentration of the surfactant is varied across CMC. And
hence, CMC has been measured by monitorin% surface
tension,’ electrical conductivity,” dye solubility,”’ pulse
radiolysis,10 light scattering,11 density,lz’13 viscosity,m’14
refractive index, *~'” spectrofluorometry,'®'? isothermal titra-
tion calorimetry,”**' ultrasonic absorption,” turbidity,”* pH,**
and spreading kinetics.”®

It must be noted that among the methods mentioned above,
the CMC detected by measuring the surface tension exploits
the change in the concentration of the surfactant molecules
adsorbed at the interface, while most of the other methods
exploit the measurement of any property associated with the
formation of micelles in the bulk. Since the spreading of fluids
depends on the interfacial tension, adsorption of surfactant
molecules at an interface can also influence the spreading
behavior.”® The spreading process of surfactant laden systems
has been extensively studied.””””>°> However, most of the
studies are carried out when the surfactant is added to the
spreading liquid (drops). Moreover, the scope of most of the
previous research has been limited to the study of spreading
dynamics of surfactant solutions at concentrations either above
the CMC or below the CMC.**™* As the variation of
interfacial tension as a function of surfactant concentration is
different above and below the CMC, the spreading behavior is
also expected to vary across the CMC, which is the subject of
the current investigation.

In this work, we study the spreading behavior of oil drops on
aqueous solutions containing different types of surfactants at
concentrations varying across the CMC. To investigate the
generality of the spreading process, aqueous solutions
containing different types of surfactant—nonionic, cationic,
and anionic are considered. As the concentration of the
surfactant in the aqueous media is varied across the CMC, we
observed a distinct change in the maximum area that the oil
drops occupied on the surfactant laden interface. Therefore,
this change in spreading behavior, quantified by estimating the
maximum spreading area can be used as a simple tool to
measure the CMC of the surfactant, irrespective of whether the
surfactant is ionic or nonionic. Furthermore, the robustness of
this method was verified by changing the diameter of the Petri
dish, the volume of the oil drop, and the height of the aqueous
surfactant solution. This study can also provide insight into the
fundamental role of surfactants in the wetting and spreading of
fluid—fluid systems.

B EXPERIMENTAL SECTION

Materials. n-Decane, C,,H,, (with a density of 0.730 g/mL, a
viscosity of 0.850 mPa-s, and a vapor pressure of 1.43 mmHg, all
measured at 25 °C) procured from Alfa Aesar (99% pure) was used as
the oil in all the experiments. The choice of decane is due to the fact
that its spreading coefficient on pure water is negative (S = —3.4 mN/
m) unlike oils such as hexane, heptane, and silicon oil which have
positive spreading coefficients. The oils with positive spreading
coefficients spread spontaneously occupying the entire area of the
Petri dish even on the surface of pure water and therefore are not
suited for our experiments. Prior to use, n-decane was passed through
a column of aluminum oxide (ALO;, Fisher Scientific, Active) to
remove surface active impurities, if any. In this study, we use different
surfactants, namely, sodium dodecyl sulfate (SDS) of two different

purities (Merck specialties, 90%) and (Sigma-Aldrich, 99%),
cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich, 98%),
dioctyl sodium sulfosuccinate (AOT, Sigma-Aldrich, 97%), poly-
sorbate 80 (Tween 80, Merck), and polyethylene glycol tert-
octylphenyl ether (Triton X-100, Sigma-Aldrich, 98%). The chemical
structures of the surfactants used in this study are shown in Figure 1.
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Figure 1. Chemical structure of surfactants used in the spreading
experiments: (a) SDS, (b) CTAB, (c) AOT, (d) Triton X-100, and
(e) Tween 80.

All the surfactants were used as received without further treatment.
The aqueous surfactant solutions were prepared by adding a known
quantity of surfactant into ultrapure Milli-Q water (18.2 MQ-cm,
Merck Millipore) of known volume.

Experimental Setup. Figure 2 shows the experimental setup used
for spreading experiments. All experiments were carried out in a steel
box to avoid the effect of any external disturbance. The oil drop was
gently placed on an aqueous solution taken in a Petri dish kept inside
the box. A light source mounted at the top of the box was used for
visualization of the spreading front. To modulate the intensity of this
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Figure 2. Experimental setup used for studying spreading of oil drops
on aqueous surfactant solutions.
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Table 1. Details of Surfactants and Their Concentrations Used in Spreading Experiments

Surfactant Type Concentration range studied (mM) Molecular weight (g/mol) Hydrophilic-lipophlic balance (HLB)
SDS anionic 0.1-14.0 288.37 40
CTAB cationic 0.6—1.4 364.45 10
AQOT anionic 1.0-3.4 444.56 32
Triton X-100 nonionic 0.08—0.32 647.00 13.5
Tween 80 nonionic 0.001-0.048 1310.00 15
(a) time
t=4 sec t=8 sec =352 sec t=100 sec t=108 sec

== [

(b)

m 26mM
A 1.0mM
® 0 mM(Pure water)

0 50

100 150 200 250 300 350
Time(sec)

Figure 3. (a) Top view of the oil drop spreading on 2.6 mM aqueous AOT solution as a function of time. A dashed line is drawn around the
spreading drop to demarcate the area occupied by oil drop in each frame. The black scale bar in all images represents 3 cm. The experiments are
carried out by placing a 5 uL oil drop on the surface of a 4 mm thick pure water and aqueous surfactant solution taken in a 12.6 cm diameter Petri
dish. (b) The temporal evolution of the projected area of the oil drop spreading on pure water, 1.0 and 2.6 mM aqueous AOT solutions. While the
projected area of the oil drop does not change with time for pure water, it exhibits a maximum for the two solutions.

light source, a diffuser sheet was fixed beneath the light source. An
iBall webcam (CHD20.0) placed below the diffuser sheet was used to
record the spreading of the oil drop at 30 frames/sec. The images
extracted from the video were analyzed and the area of the spreading
drop was measured using Image] software. The “find edges” tool in
Image] software which identifies sharp changes in intensity was used
to determine the edge of the droplet. The reported values of the
projected area have been corrected for the angle of observation by
scaling with the dimensions of the Petri dish. This correction can be
done since the observation angle affects the projected area of the
spreading oil drop and the Petri dish in a similar fashion. The
experimental setup was placed on a vibration isolation table to
eliminate influence of external vibrations. All spreading experiments
were carried out at a temperature of 28 + 1 °C.

Spreading Experiments. Aqueous surfactant solutions of various
concentrations below and above CMC, range shown in Table 1, were
prepared to carry out the spreading experiments. In a typical
spreading experiment, 50 mL of surfactant solution was transferred to
a polystyrene Petri dish of 12.6 cm inner diameter. This leads to a 4
mm deep substrate liquid (i.e., surfactant solution) in the Petri dish.

The outer surface of the transparent Petri dish was coated with an
acrylic lacquer black paint, which was essential to improve the
contrast and to enable easy visualization of the spreading of the oil
drops. The oil drops were spread on the surfactant solution only after
a waiting period. This procedure ensured that the concentration of
surfactant molecules at the solution—air interface reaches equilibrium.
In our spreading experiments that have been reported, the waiting
period was fixed at 6 h. A’ S uL drop of decane was delicately placed
on the aqueous surfactant solution—air interface using a micropipette
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in such a way that it produced minimal disturbance to the bulk of the
aqueous surfactant solution.

A liquid spreading on another can form a precursor film
surrounding the liquid lens depending on the fluid—fluid—surfactant
combination. To check the presence of precursor films, if any, few
spreading experiments were carried out with aqueous surfactant
solutions on which talc powder was sprinkled a priori. The spreading
behaviors of the droplet with and without talc powder were
compared.

Each spreading experiment was repeated at least 3 times. To check
the robustness of the observations, the spreading experiments were
carried out by varying three different parameters such as the Petri dish
diameter (12.6, 9.9, and 7.2 cm), oil drop volume (5 and 10 yL), and
the depth of the aqueous surfactant solution in the Petri dish (2, 4,
and 10 mm). Experiments were performed by changing one
parameter at a time while the other two parameters were kept
constant.

CMC by Surface Tension Measurement. The interfacial
tension between aqueous surfactant solutions and air was measured
using a tensiometer (Model-Kruss DSA256E) by the pendant drop
method. This method uses image analysis to determine the drop
shape and the Young—Laplace equation to find the interfacial tension.
Prior to using the surfactant solution samples, the surface tension of
the water—air interface was determined and found to be 72 + 0.3
mN/m. The interfacial tension of alumina treated decane and water
was also measured before carrying out spreading experiments and was
found to be 51.9 # 0.2 mN/m, indicating the absence of surface active
impurities.

The equilibrium surface tension values when the surface tension
reached a constant value with time was determined. The CMC of

https://dx.doi.org/10.1021/acs.langmuir.0c00908
Langmuir 2020, 36, 8100-8110
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Figure 4. The maximum area occupied by the oil drop spreading on aqueous CTAB, AOT, and Tween 80 solutions of different concentrations.
The surfactant concentration is indicated on the top of each image. The dashed line around the spreading drop demarcates the area occupied by the
oil drop in each frame. The black scale bar in all images represents 3 cm.
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Figure S. Spreading of an oil drop on 0.12 mM aqueous Triton X-100 solution in which precursor film is observed: (a) Top view of an oil drop at ¢
= 124 s. The scale bar represents 3 cm. (b) The image in (a) processed using Image] software to distinguish the main lens (continuous line with
double arrow), precursor film (dashed line with double arrow) and the aqueous surfactant solution—air interface containing talc powder (dotted
line with double arrow). (c) The variation of total projected area (main lens+precursor film) with time. The acquisition of the data is discontinued
after the main lens completely disappeared. Thereafter, the precursor is observed to dissolve into the bulk of the solution.

surfactants was determined by plotting the equilibrium surface tension
against the surfactant concentration. The surface tension measure-
ments were carried out at the same temperature (28 + 1 °C) at which

the spreading experiments were performed.
CMC by Conductivity Measurements. The CMC of ionic

surfactants were determined by measuring the conductivity of the
surfactant solutions using an ECON 700 benchtop conductivity meter
with 1 em™ cell constant. The conductivity meter was calibrated with
a KCl solution of known concentration prior to the measurements. All
measurements were performed at 28 + 1 °C. A plot of conductivity
versus surfactant concentration showed two distinct linear regimes,
with their intersection giving the CMC. The conductivity measure-

ments were repeated 3 times to check the accuracy of the data.
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B RESULTS AND DISCUSSION

Spreading and Dissolution of Oil Drops on Aqueous
Surfactant Solutions. An oil drop introduced on the surface
of an aqueous surfactant solution spreads to minimize the
surface free energy. In our experiments, we consider the
spreading of oil drops on aqueous solutions of ionic (CTAB,
AOT, SDS) and nonionic (Tween 80, Triton X-100)
surfactants. As will be discussed further, the oil drops either
form a lens or a film, which may ultimately dissolve into the
aqueous phase. This depends on the concentration and type of
the surfactant as well as the interfacial tension of the liquids.
The ability of the oil drop to spread on the aqueous solutions
can be inferred by calculating the spreading coefficient (S),
which is defined as follows:

https://dx.doi.org/10.1021/acs.langmuir.0c00908
Langmuir 2020, 36, 8100-8110
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Figure 6. Determination of CMC from spreading experiments: (a) The maximum projected area occupied by oil drops spreading on aqueous
CTAB solutions of different concentrations. The variation in the area can be captured by two straight lines of different slopes which intersect at
CMC. The straight lines are best fit to the experimental data with a coeflicient of regression >0.95. The maximum projected area vs concentration
for various (b) ionic and (c) nonionic surfactants. Note that in (b) and (c), the surfactant concentration is normalized with the CMC of respective
surfactant and the maximum projected area at a particular concentration (Area,,,,) is normalized with the maximum projected corresponding to the
highest concentration of the surfactant (A,,,,). The dashed vertical line is drawn at C/Ccyc = 1. In all these experiments, S yL decane drops are
placed on an aqueous surfactant solution filled up to a height of 4 mm in a Petri dish of 12.6 cm diameter.

S=Eh—hTh (1)
where, y, is the interfacial tension between the aqueous
solution and air, ¥, is the interfacial tension between oil and air,
and y,, is the interfacial tension between aqueous solution and
oil. If § > 0, then the oil drop tends to spread over the aqueous
solution forming a thin film, and if S < 0, the oil drop is
expected to form a lens. The spreading coefficient only
indicates whether the spreading of one liquid over another is
thermodynamically favorable or not, but it does not indicate
either the kinetics of spreading or the final state of the oil drop
that is placed on the aqueous surfactant solution.

Prior to investigating the spreading of oil drops on a
surfactant laden aqueous solution, experiments were performed
with decane and water as test fluids without any surfactants. It
was observed that oil forms a lens on the surface of the water,
in agreement with the literature.*>*'

We now consider oil drops spreading on aqueous AOT
solutions as a typical case to illustrate the spreading behavior in
our experiments. Once the oil drop is placed on the surfactant
laden interface, there are two processes that occur simulta-
neously: the spreading of oil drop and its dissolution into the
surfactant solution. However, the spreading process that
dominates at initial times is expected to lead to an increase
in the area that the oil drop occupies at the interface and the
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dissolution which is more dominant in the final stages results
in a reduction in the area that the oil drop occupies. The
kinetics and dissolution of decane drop spreading on aqueous
solutions of 2.6 mM AOT concentration is shown in Figure
3(a). The figure shows the top view of the oil drop at various
instances of time during the spreading process. Note that the
difference in the refractive indices of the fluids involved is small
which leads to poor contrast in the images. Therefore, a dashed
curve that encloses the oil lens is drawn to guide the eye. The
projected area of the oil drop measured as a function of time is
plotted in Figure 3(b) for two different AOT concentrations.
At the initial stages of spreading, the oil drop forms a lens, and
the projected area is small. Further, the projected area
increases and reaches a maximum as shown in Figure 3(b).
The oil film ultimately dissolves into the aqueous surfactant
solution and therefore, the projected area decreases. This
dissolution is due to the emulsification of oil into water
stabilized by the surfactants.””~* While the increase in the
projected area is due to the spreading of the oil drop, the
drastic reduction is due to the dissolution process. It must be
noted that the rate of the initial increase in the projected area is
higher at larger (2.6 mM) AOT concentration compared to the
1.0 mM AOT concentration. Therefore, the maximum occurs
at an earlier time when the AOT concentration is higher.

https://dx.doi.org/10.1021/acs.langmuir.0c00908
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Figure 7. (a)Effect of Petri dish diameter on CMC measurement: The experiments are conducted by placing 10 L decane drops on aqueous
CTAB solutions filled up to a height of 4 mm. (b) Effect of substrate liquid height on CMC measurement: The experiments are conducted by
placing 10 L decane drops on aqueous CTAB solutions taken in a Petri dish of 12.6 cm diameter. The CMC determined using a 2 mm substrate
liquid height is slightly lower probably due to the effect of solid surface underneath the surfactant solution. (c) Effect of oil drop volume on CMC
measurement: The experiments are conducted by placing S yL and 10 pL decane drops on aqueous CTAB solutions taken in a Petri dish of 12.6
cm diameter filled up to a height of 4 mm. The straight lines in the plots are best fit to the experimental data with a coefficient of regression >0.95.

80

m 99% SDS
® 90% SDS
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Figure 8. Determination of CMC of surfactants of differing purity
from spreading experiments. The maximum projected area occupied
by oil drops spreading on aqueous SDS solutions of 99% and 90%
purity is plotted as a function of concentration. The variation in the
area captured by two straight lines of different slopes intersect at
significantly different concentrations indicating the influence of
surfactant purity on CMC.

Moreover, the magnitude of the maximum projected area is
also higher. Therefore, a progressive shift in the magnitude of
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the maximum projected area occurs as the concentration of
surfactant in the aqueous solution increases, a feature which
will be discussed further.

The existence of a maximum in the projected area of the
drop spreading on aqueous solutions is not restricted to the
case described above, but occurs irrespective of the surfactant
concentrations or the type of surfactant used. We believe that
this unique state, i.e., the state corresponding to the maximum
projected area points to the generality of the spreading
dissolution process in these systems and can therefore be
exploited further to investigate the interplay of the dynamics
and partitioning of the surfactants in the bulk and at the
interface. Figure 4 shows this maximum in the projected area
of the oil drop on the surface of the solutions of different types
of surfactant and at various concentrations. Comparison of the
spreading patterns in each image shown in Figure 4 points to
the difference in the shape and area occupied by the oil lens
when the concentration of the surfactant in the aqueous
solution is varied. Clearly, the maximum projected area
changes with the increase in the concentration of the surfactant
in the aqueous phase irrespective of the types of surfactant
used, i.e., cationic (CTAB), anionic (AOT), or nonionic
(Tween 80).

The thermodynamical quantity, spreading coefficient,
defined by eq 1 alone does not explain the above observations,
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Table 2. Comparison of the CMC Determined by Drop Spreading Method with Conventional Techniques and Also Reported

Values from the Literature at 25 °C

Surfactant CMC by image analysis(mM) CMC by surface tension(mM) CMC by Conductivity(mM) CMC from literature
SDS (99%) 7.00 7.89 8.64 7.4—8.7%75*
CTAB 1.07 1.00 0.95 0.93—1.00°>7%¢
AOT 2.40 2.51 no inflection 2.50—2.66%77%°
Triton X-100 0.20 0.25 0.15—-0.28°°7%*
Tween 80 0.011 0.010 0.012—0.018%~¢7
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Figure 9. A comparison of the CMC determination techniques by measurement of surface tension, ionic conductivity, and the maximum projected

area during spreading for (a) 90% pure SDS and (b) AOT.

such as the occurrence of a maximum in the projected area of
the oil lens and its dependence on the surfactant concentration
for two reasons: (1) The spreading coefficient is calculated
based on the equilibrium interfacial tensions for the aqueous
surfactant-oil-air system, the measurement of which requires an
equilibration time typically on the order of S to 10 min.
Alternatively, the occurrence of the maximum projected area
takes less time (a few minutes or less). Therefore, clearly the
maximum projected area is a characteristic feature associated
with the dynamics of the spreading process. (2) When an oil
drop is placed on the surface of an aqueous surfactant solution,
the drop spreads, increasing its contact with the substrate
solution. At the same time, the oil drop also dissolves into the
solution. These two processes which occur simultaneously lead
to the occurrence of a maximum in the projected area of the oil
drop. As the concentration of the surfactant is varied, both the
spreading and dissolution processes are affected and therefore,
the maximum projected area is not determined solely by
spreading, i.e., the equilibrium spreading coeflicient.
Spreading and Dissolution in the Presence of
Precursor Films. The formation of precursor films in the
case of liquid drops spreading on surfaces is well studied.***”
The characteristic feature of the precursor film is that it
extends beyond the apparent three phase contact line and is
difficult to visualize with the naked eye as its thickness varies
from the molecular to the submicron level."® The precursor
film advances faster than the spreading of the macroscopically
observable part of the liquid lens. In this section, we consider
the case of the spreading of oil drops on the surface of aqueous
SDS and Triton X-100 solutions where the precursor film
formation is evident. In the experiments described below, the
visualization of the spreading process and the measurement of
the projected area was carried out by sprinkling talc powder
particles on the surface of the aqueous solution before the drop
is introduced. The surface tension of the water—air (and
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water—decane) interface in the presence of talc powder was
found to be same as that of the pristine water—air (and water—
decane) interface indicating the absence of any surface active
species in the powder and hence is not expected to influence
the spreading of oil drops.

The precursor film if present pushes the talc powder
particles away before the main lens does. Figure S shows the
top view of an oil drop spreading on Triton X-100 laden
aqueous solution. Three regions can be identified in Figure
5(a), which are more distinctly visible in the processed image
obtained after edge detection as shown in Figure S(b). The
central region marked by a solid line with double headed arrow
is the main lens, surrounded by the region of the precursor
film, marked by a dashed line with a double-headed arrow.
Beyond the precursor film until the edge of the Petri dish is the
aqueous solution—air interface where the talc powder particles
pushed away by the spreading precursor film front are
concentrated. This region is marked by a dotted line with
double-headed arrow.

In the presence of the precursor films, in the initial stages of
spreading, the total projected area (of the main lens and the
precursor film) is small, which further increases rapidly with
time, reaches a maximum. This observation is similar to the
behavior shown in Figure 3(b). However, we did not observe
the dissolution of the precursor film into the aqueous solution
and the total projected area remains unchanged during the
experimental time scale. The time variation of the total
projected area for the spreading of oil drops on Triton X-100
laden aqueous solution interface is shown in Figure 5(c). We
have observed that this behavior is general as tested for the
spreading of oil drops on aqueous solutions at various
concentrations of SDS (anionic) and Triton-X 100 (nonionic).
Therefore, irrespective of the concentration, surfactant type,
and presence of precursor film, there exists a maximum in the
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total projected area when the oil drops spread and dissolve on
aqueous surfactant solutions.

CMC from Spreading Experiments. In this section, we
demonstrate that the change in the maximum projected area of
the oil drop with change in concentration of the surfactant in
the aqueous phase can be exploited to determine the CMC of
the surfactants in solution. Figure 6(a) shows the variation in
the maximum projected area, Area,,,, as the concentration of
CTAB in the aqueous phase is systematically increased. It must
be noted that this variation in Area,,,, can be captured by two
straight lines of different slopes.

Interestingly, these two straight lines intersect at a
concentration that coincides with the CMC of CTAB. When
the concentration is lower than CMC, the slope of the straight
line is much smaller indicating weak dependence of maximum
projected area with concentration. However, when the
concentration is higher than the CMC, the projected area
increases drastically with the increase in surfactant concen-
tration. Therefore, from the data presented in Figure 6(a), we
can conclude that the maximum projected area of the drop
introduced on the surface of aqueous surfactant solutions
shows a distinct change at CMC, a feature that can be
exploited to determine the CMC of the surfactant solutions.

We now generalize this methodology to determine the CMC
of various types of surfactants. Figure 6(b) and (c) shows the
maximum projected area of the oil drop with change in
concentration of cationic (CTAB), anionic (AOT, SDS) and
nonionic (Tween 80, Triton X-100) surfactants in the aqueous
phase. Since the CMC of these surfactants vary by about 1
order of magnitude, we normalize the concentration of each
surfactant in the solution with CMC of the respective
surfactant. We have also normalized the maximum projected
area, Area,,, with the area corresponding to the highest
surfactant concentration considered in our experiments, A,,...
Interestingly, the two straight lines intersect at C/Ccyc = 1,
where C is the concentration of the surfactant in the aqueous
solution with the CMC represented by Ccyc. Note that the
slopes of the straight lines below and above CMC depend on
the type of surfactant in the aqueous solution possibly due to
complex interplay of fluid dynamics resulting from both inertial
and Marangoni effects, adsorption and desorption of surfactant
molecules to the interface created during spreading, and the
three phase contact line dynamics. Although there is no
specific trend in the slopes, irrespective of the surfactant type,
the straight lines always intersect at the CMC.

Robustness of the Proposed Method for CMC
Determination. In order to check the robustness of the
proposed strategy, experiments were carried out by (i)
changing the diameter of the Petri dish in which the surfactant
solution is taken (ii) changing the height of the surfactant
solution in the Petri dish (iii) varying the volume of the oil
drop used. The results corresponding to the variation of each
of these parameters are shown in Figure 7. Remarkably, for all
the experimentally variable parameters, the plots show a similar
trend with the variation of maximum projected area as a
function of surfactant concentration being represented by two
straight lines of different slopes intersecting at CMC. From the
data shown in Figure 7, it is clear that, while the geometrical
parameters (the substrate liquid height, the diameter of the
Petri dish, and the drop volume) influence the slopes of the
fitted straight lines below and above CMC, the point of
intersection of the straight lines and the CMC determined are
not influenced by these finite size effects. The dependence of
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the slopes on the geometrical parameters can be attributed to
the complex interplay of (i) spreading driven by interfacial
tensions, (ii) Marangoni stress driven flow arising from the
inhomogeneous distribution of surfactant on the interface, (iii)
dynamic exchange of surfactant molecules between the bulk
and the interface, and (iv) the dissolution of the oil film into
the bulk.

However, it must be noted that the variation of the
maximum projected area with respect to the concentration
below the CMC deviates slightly from the linear behavior for
the case of S yL drops compared to a better linear dependence
for the case of 10 uL drops as shown in Figure 7c. Therefore, it
is suggested to use larger volume drops in the spreading
experiments for the unambiguous determination of CMC. For
the drop volumes considered here, the Bond number is less
than 1. Therefore, the weight of the drop and the associated
interface deformation may not be relevant in our experiments.
Although the spreading experiments reported in this work have
a waiting period of 6 h, the CMC determined is the same even
with the 1 h waiting period.

Furthermore, we show that this method is also suited to
measure the CMC of systems of surfactants of different purity.
Figure 8 shows the maximum total projected area of the oil
drop plotted against the concentration of surfactant in the
aqueous solution for 90% and 99% pure SDS. The CMC
determined from the intersection of the straight lines are 7 mM
and 9.18 mM, respectively, for 99% and 90% pure SDS.
Clearly, the CMC of the surfactants of different purity are
significantly different, with the CMC being lower for the
surfactant of higher purity. This is probably due to the
presence of the surface active impurity, lauryl alcohol in 90%
pure SDS, a trend that has been observed in mixed surfactant
systems.7

Comparison with Other CMC Measurement Techni-
ques. The data presented in Table 2 show a comparison
between the CMC determined by the spreading method
presented in this article with those obtained by the other
measurement techniques that are commonly used. CMC
measured via surface tension method (for all the surfactants
used in this work) and conductivity (SDS and CTAB) as well
as those reported in literature are in good agreement with the
CMC determined by the spreading method.

Advantages of the Proposed Technique over Other
Methods. In certain cases, existing techniques are not suited
to measure the CMC, two examples of which are discussed in
this section. Figure 9(a) and (b) shows plots of conductivity,
surface tension, and maximum projected area as a function of
surfactant concentration for 90% pure SDS and AOT,
respectively. Typically, the surface tension of fluid-air remains
unchanged when the surfactant concentration is extremely low,
decreases monotonically with a further increase in concen-
tration, and then reaches a plateau beyond the CMC.
However, as shown in Figure 9(a), the surface tension as a
function of surfactant concentration for 90% SDS shows a
decrease followed by an increase before reaching the plateau.
This nonmonotonic behavior is caused by the surface-active
impurity lauryl alcohol present in SDS. Therefore, the surface
tension measurements make the CMC determination in this
case not feasible because of the slope change occurring at
multiple concentrations.”

The conductivity measurements also suffer from similar
issues. The conductivity vs surfactant concentration for 90%
pure SDS shows multiple points where slope changes occur
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and there is no distinct change in the slope in the case of
AOT.®® Therefore, in such cases, the CMC determination
from conductivity measurements is either not possible or
ambiguous.

In contrast, the projected area of the oil lens plotted against
the surfactant concentration obtained through the proposed
method shows a sharp change in the slope that is distinct and
therefore enables the unambiguous determination of the CMC.
Moreover, as we demonstrated in the previous section, this
technique can be used to determine the CMC irrespective of
the surfactant type, i.e., cationic, anionic, or nonionic.

B CONCLUSIONS

In this work, the spreading of oil drops on aqueous solutions of
various types of surfactants is investigated by video microscopy
and quantitative image analysis. The experiments conducted by
spreading oil drops on aqueous solutions containing
surfactants over a large concentration range varying across
the CMC show the occurrence of a maximum in the projected
area of the oil lens. This unique behavior is observed
irrespective of the type and concentration of the surfactant.
Moreover, the variation of the maximum in the projected area
with respect to the concentration is strikingly different when
the concentration is lower or higher than the CMC. We show
that this distinct change provides a quantitative measure of the
CMC of the surfactant in solution. Interestingly, this behavior
is universal and hence this technique can be used to determine
the CMC irrespective of the surfactant purity, type (cationic,
anionic, or nonionic), and other system variables.
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