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ABSTRACT: In this work, we described an image processing procedure for the
measurement of surface tension of the air−liquid interface using isothermal capillary
action. The experiment, designed for an undergraduate course, is based on the analysis
of a series of solutions with diverse surfactant concentrations at different ionic
strengths. The objective of the work is to illustrate some concepts such as Gibbs
isotherm and surface excess for the case of ionic surfactants. To perform the
experiment, it is necessary to use glassware commonly found in a chemistry lab along
with an USB microscope and digital image processing program (available in the public
domain). The experiment can be completed in a 4 h laboratory session.
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■ INTRODUCTION

The capillary effect is the result of the subtle interplay between
the gravity and attractive and repulsive forces that occurs at the
air−liquid interface of a system. For the case of a system in
which liquid, gaseous, and solid phases coexist, the mechanical
equilibrium is reached when the contact area between the
phases is minimized constrained to a given set of boundary
conditions that include the characteristics of the phase
components (van der Waals forces, density, and surface
tension), the geometrical properties of the confining environ-
ment, and other thermodynamic variables such as temperature
and pressure.1

■ MECHANICS OF CAPILLARY RAISE

The surface tension is a defined intensive property related to
the Gibbs free energy (G) according to
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The surface tension (γ) can be interpreted as the free energy
per unit of area (A) for a pure system. Additionally, from a
mechanical perspective, this parameter could be associated with
a restorative force constant, which tends to minimize the area of
a given interface.2

Several phenomena, such as the spreading of a liquid over a
solid surface, the nucleation process, and the solubility of the
small particles, are related to the surface tension. Particularly, it
is observed that when a water solution is placed within a
cylindrical-like glass container, a concave quasi-ellipsoidal
meniscus appears. The curvature of the surface at each point
of the interface is the result of the difference between the
pressures of the gas and liquid phases in contact, balanced by
the capillary pressure. According to the Young−Laplace law, for
a system with two main radii of curvature,3 this pressure
difference corresponds to
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If, because of the geometrical characteristics of the container, a
circular cross-section is assumed, this equation yields a simple
relation between the curvature at the center of meniscus (Ro)
and the height of the liquid column within the capillary probe:
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Moreover, if the meniscus surface could be represented by an
elliptical surface with axial and equatorial radii equal to Rz and
Rx respectively, eq 3 becomes
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where ρl is the solution density, g is the acceleration due to
gravity, and hmin corresponds to the solution column height at
the lower extreme of the meniscus (see Supporting Information
for more details).

■ THERMODYNAMICS OF THE INTERFACE: THE
GIBBS ISOTHERM

The surface tension of a solution could be strongly affected by
the presence of amphiphilic molecules known as surfactants (or
surface active compounds). These molecules are widely
distributed in natural liquid systems and also can be found in
several commercial products (detergent, shampoo, food
products, etc.). The chemical structure of this tensioactive
material is characterized by the presence of a polar or even
ionic “head” and hydrophobic “tail”. In aqueous solution, these
compounds are mainly located at the air/water interface due to
their particular moieties. The presence of a surfactant lowers
the surface tension of a solution when the surfactant
concentration is lower than the critical micellar concentration.4

The affinity of a substance for the interface can be quantified
trough the Gibbs isotherm. This equation establishes the
relation between the variations of the surface tension of the
systems with the chemical potentials (μi) of their components
at a given temperature:
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i
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Gibbs names the variable Γi(j) as the surface excess of the ith
component in a j solvent. Γi(j) can be understood as a surface
concentration of the ith component for a surface conventionally
located at an arbitrary plane where Γi(j) is equal to zero. Γi(j)
could take positive or negative values depending on how the
surface tension is affected by the addition of the solute i. For
surface active molecules, this magnitude yields positive values.
In this work, we employed an ionic surfactant: sodium

dodecyl sulfate (SDS), whereas in certain experiments, the ionic
strength was mainly determined by the addition of a neutral
halide salt like the NaCl. Under these circumstances, the
variation of the chemical potential of SDS can be written as5
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where R is the gas constant, CSDS is the molal concentration of
SDS, CNaCl is the molal concentration of NaCl, and f is the
Debye−Hückel activity factor.
The activity factor of the ionic species in aqueous solutions at

298 K can be modeled by the Debye−Hückel equation:6
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Consequently, the differential expression for the activity factor
is expressed by
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By combining eqs 5, 6, and 8, the following expression for the
SDS surface excess is obtained:
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where the surface excess results proportional to the first
derivative of the surface tension versus the logarithmic form of
the CSD concentration. The large denominator has two terms:
the first one corresponds to the ideal contribution, while the
second one take into account deviations typically associated
with the presence of electrolytes solutions.

■ MATERIALS AND METHODS
Solutions were prepared using deionized water (less than 18
MΩ/cm). Electrophoresis-grade sodium dodecyl sulfate (SDS)
and sodium chloride (NaCl) were obtained from Sigma-
Aldrich. A total of 16 solutions were prepared. Eight of them
corresponded to SDS concentrations equal to 4.0 × 10−5, 7 ×
10−5, 1 × 10−4, 2.5 × 10−4, 5.0 × 10−4, 1.0 × 10−3, 5.0 × 10−3,
and 9.5 × 10−3 molal, respectively. The remaining ones had
different SDS concentration and also included a convenient
amount of NaCl to get a final concentration of 0.1 molal in
NaCl. The corresponding SDS concentrations for these
samples were equal to 5 × 10−5, 7.5 × 10−5, 1.0 × 10−4, 2.5
× 10−4, 5 × 10−4, 1.0 × 10−3, 1.0 × 10−2, and 5.0 × 10−2 molal,
respectively.
Each of these samples was placed in a flat glass. A clean glass

pipet of 2.9 mm internal diameter was then immersed in the
solution (Figure 1). To get a proper alignment, the pipet was

vertically held with a flexible strand. A white paper with a strong
back illumination was placed behind the pipet and provided an
enhanced contrast to the meniscus profile. USB microscope
was used to capture the images of the meniscus. Under the
experimental conditions described above, the solutions yield
capillary rises ranging from 4−12 mm (h). Higher solvent
columns can be achieved if a smaller capillary tube is employed.
Image resolution of the order of 0.02 mm/pixel could be
obtained for the experimental setup previously described. The
distance between the sample and the optical lens (D) was set to
approximately 60−100 mm. The microscope was vertically
aligned employing the pure water meniscus height as a
reference. Since the distance D is much greater than h, the
corresponding parallax error is negligible. Special attention
must be paid to the fact that this error results proportional to

Figure 1. (a) Snapshot and (b) scheme of the experimental setup.

Journal of Chemical Education Laboratory Experiment

DOI: 10.1021/acs.jchemed.6b00128
J. Chem. Educ. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.jchemed.6b00128


h/D. On the other hand, any point can be employed as
reference for the position of the water surface plane.
Image processing was made using ImageJ public domain

software.7 The pictures were transformed into monochromatic
32-bit images, and the edge contrasts were enhanced by a
vertical derivative operation (north oriented shadow). A length
benchmark (like a ruler) should be used to set the pixel/length
scale. The height of the liquid column was determined
measuring the height of a rectangle that spans between the
minimum of the meniscus and the plane of water surface (this
procedure yields more accurate results to those obtained using
a single vertical line). The radius of the meniscus in each tube
was obtained by an ellipsoidal fitting of its profile. To that end,
an eye-guided matching of the meniscus must be done by
employing the draw ellipse tool provided by the image
processing software.

■ HAZARDS

Special care must be taken in the preparation of solutions of
SDS from the solid reagent. This chemical can cause allergic
reactions in the respiratory tract and skin. No other significant
hazards are associated with this experiment.

■ RESULTS

Figure 2 shows results corresponding to four different SDS
solutions, all of them without NaCl added. The decrease in the
capillary rise with the increment of the SDS concentration is
clearly perceived. Note that, from Figure 2, panels a−d, the
SDS concentration varies two orders of magnitude, still below
the critical micellar concentration (1−5 mm).4

The three measured parameters, capillary height at the
minimun of the meniscus and equatorial and axial radii (hmin,
Rx, Rz), obtained by the image processing methodology are
shown in the Figure 3. It is important to stress that the
measurement of the capillary height (hmin, Figure 3a) represents
the main source of error in this methodology. Depending on
the composition of the solution, the wetting of the external
surface of the glass pipet may interfere the determination of a
reliable reference height for the surface of the liquid. It is
important to note that the meniscus usually shows a
nonspherical shape (Rx ≠ Rz) (see for instance Figure 3b).
For these cases, the curvature radii are not equal to the capillary

radius; therefore, the elliptical fitting of the meniscus profile will
provide both radii Rx and Rz. To improve the results of the
fitting procedure, a previous image enhancement operation is
recommended. In Figure 3, panel c, the contrast enhancement
of the meniscus edges obtained after applying a north shadow
improvement operation is clearly observed. Under the given
experimental conditions, the fitting of the meniscus profile
employing an ellipsoid geometrical shape results in a more
accurate determination of the surface tension than the classical
measurement of the contact angle between the liquid and the
glass wall.
The experimental value of the surface tension for pure water

at 295 K obtained from our measurements corresponds to 76 ±
2 mN/m, a result that is in good agreement with other reported
values.6 The thickness of the edges of the liquid that preclude
us from a precise identification of the meniscus surface limit,
along with errors associated with the image handling, are

Figure 2. Capillarity action for four increasing SDS solution concentrations (molal): (a) 4 × 10−5; (b) 1 × 10−4; (c) 5 × 10−4; (c) 1 × 10−3. The
experiment was performed in a 2.9 mm glass pipet at room temperature, T = 295 K.

Figure 3. Image analysis to obtain the Young−Laplace ellipsoid
curvature radius and capillary height. (a) The capillary height is
obtained from the measurement of the distance between the bottom of
the meniscus and the solution surface. (b) Capillary meniscus after
zooming. (c) The intensity contrast of meniscus edges can be enhance
by a vertical differentiation using a north direction shadow in ImageJ.
By using the same software, it is possible match the edges of the
meniscus with an ellipsoid.
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mainly responsible for the uncertainty of our measurements,
which roughly corresponds to a value of 2 mN/m. It is
interesting to notice that the meniscus radius does not
significantly vary with the addition of SDS. Meanwhile, Rx
was aproximately 1.65 × 10−3 m for all solutions, and Rz values
of 1.45 × 10−3 m and 1.7 × 10−3 m were obtained for SDS
solutions with and without NaCl addition, respectively.
The values for the liquid/air surface tension calculated

through eq 4 as a function of SDS concentration are shown in
Figure 4.
The surface excess was calculated using eq 9, where the

individual slope was calculated by splines interpolation. As can
be seen in Figure 5, significant differences between the two
curves can be observed. From these experiments, student
should notice the effect of salt addition in an ionic surfactant
like the SDS.
Surfactant activity of SDS is a direct consequence of the

hydrophobic effect. The charged heads of the surfactant are
well solvated with the water molecules, and hydrocarbon chains
are expelled from the polar phase. Like in other known
adsorption processes, as more SDS molecules are incorporated
into the bulk phase, the (adsorbing) surface of the liquid
becomes more populated with surfactant molecules. As the
surface excess increases, effects associated with lateral
interaction between chains and Coulombic repulsion between
charged heads become more intense. Beyond this point, surface
excess reaches a plateau value, which denotes the saturation of
the surface. The presence of NaCl in the system screens out
Coulombic repulsion between ionic moieties, which allows for
the appearance of a more packed structure for the adsorbed
phase. Consequently, for similar bulk concentrations of SDS,
greater values of surface excess are obtained in the presence of
salt. Since high occupancies of the surface are achieved at low
bulk surfactant concentrations, the saturation of the surface
occurs at a lower SDS concentration. As a consequence, surface
excess shows minimal differences between the majorities of the
SDS concentrations analyzed.
Instructors will discuss this issue with students. As a

complementary activity, differences and similarities between
these particular systems and the commonly employed
adsorption isotherms models could also be debated in class.

Despite the small accuracy of the methodology, when it is
compared to other advanced image processing such as entropic
edge detection,9 the dependence of the surface tension with
concentration is consistent with bibliography sources.5,8,10 This
method proved to be a reliable method to measure and
understand properties in aqueous/air interfaces.

■ CONCLUSIONS
In this work, we present a simple and inexpensive methodology
for the determination of surface tension of aqueous solutions
for an undergraduate physical chemistry lab. Compared with
the experiments that rely on the use of other techniques, the
present one has two important advantages: (i) the simplicity of
the required instrumentation, a fact that allows easy
implementation of this experiment; and (ii) the simplification
of the operational work that has to be done by the students,

Figure 4. Surface tension as a function of the SDS concentration in semilogarithmic scale (a) without NaCl added and (b) with 0.1 m of NaCl
added.

Figure 5. Surface excess as a function of the SDS concentration: in
circles, the surface tension is plotted without NaCl added and in
squares for solutions with 0.1 m NaCl.
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which makes it possible to carry out the experiment in the
course of a typical laboratory class (∼4 h)
The results obtained with this technique do not show

significative differences when our results are compared to those
obtained with more refined methodologies.
The practice illustrates the thermodynamical principles of

surface tension, capillary action, and detergency.11,12 Some
concepts as surface excess, along with details pertaining the
surface structure of ionic solutions, are also explored within the
framework of this experiment.
In addition, the activity allows students to become familiar

with image processing and data analysis techniques.
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