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Abstract

The interest in the determination of critical micelle concentrations (CMC) has been growing for decades. The measurement
of CMC is fundamental in many fields because surfactants are widely used in biology, pharmaceutical chemistry, and materi-
als science. The properties and characteristics of surfactants, including CMC determination are also of major importance in
drug delivery. There is no updated review that covers the developed methods to assess the CMC of surfactants. This review
aims to survey and discuss various physicochemical and electrochemical approaches for the determination of the CMC.
The principle, limitations, and remarks about the difficulties that may arise in the process of CMC determination are also
elaborated. Methods that can be used for CMC determination of different types of surfactants (anionic, cationic, non-ionic,
and zwitterionic), and methods for low CMC levels are highlighted. The deviations in certain methods from the actual CMC

values have also been discussed.
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Introduction

Surface active agents (surfactants) are substances with
characteristic amphipathic molecular structure, including
hydrophilic heads and hydrophobic tails. The hydropho-
bic region is usually a long hydrocarbon chain, while the
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hydrophilic region is composed of ionic or non-ionic polar
groups. Accordingly, surfactants are classified into four
types depending on the nature of the hydrophilic head group,
including anionic, cationic, zwitterionic, and nonionic [1].
Surfactants have been applied in different analytical tech-
niques including UV/Vis spectrophotometry [2], spectro-
fluorometry [3], flow injection analysis [4], and chromatog-
raphy [5-8]. The association of monomers of amphiphiles
in aqueous solutions results in the formation of spherical
aggregates, which are known as micelles [9]. The dynamic
process of the formation of micelles is termed micellization,
which is one of the most important properties of surfactants.
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The presence of micelles in the solution facilitates solubi-
lization of insoluble substances by incorporation either in
the core or in the palisade layer of surfactants. Micelliza-
tion enables the usage of surfactants in detergency, emul-
sion stabilization, and as drug-delivery vehicle [10]. The
minimum concentration of surfactant at which micelles are
formed is called the critical micellar concentration (CMC).
Below CMC, surfactant monomers are dispersed in the solu-
tion, while at the CMC, monomers gather and form micelles.
CMC can be determined by different techniques. The meth-
ods used for the determination of CMC were discussed in
previous reviews [11] and the CMC values of several sur-
factants in aqueous media estimated by different methods
can be found in other reports [11-13].

Determination of CMC is fundamental in many fields,
including pharmaceutical chemistry, synthetic chemis-
try, materials science, biology [14], in addition to their
importance in analytical chemistry [4, 7]. CMC estimation
is important for analytical separation with micellar chro-
matography and micellar electrokinetic chromatography,
besides the use of surfactants as ion pairing agents in high
performance liquid chromatography [15]. Further applica-
tions with the aid of micelles in analytical chemistry were
reported [16]. The properties and characteristics of sur-
factants are also of major importance in drug delivery, a
number of different kinds of surfactants have been used
because of their capacity to improve the permeability of
drugs across biological membranes [9].

There is a diversity of methods that can be used for
the determination of CMC. The methods employed can
be divided into two major categories, direct and indirect
methods depending on whether or not a probe or a tracer
is added to the surfactant solution to aid the measurement.
These methods can be also classified according to the tech-
nique of measurement into five categories; methods based
on measurement of physicochemical properties of sur-
factants, electrochemical, capillary electrophoresis-based,
spectroscopic, and miscellaneous methods (Fig. 1). The
spectroscopic methods for determination of CMC have been
recently reviewed [17].

The CMC can be measured by tracing a physicochemical
property of surfactant solution that changes upon micelles
formation. A variety of physical properties have been studied
such as viscosity, density, conductivity, osmotic pressure,
surface and interfacial tension, refractive index, and light
scattering (Fig. 2) [18].

Other techniques that could be employed include nuclear
magnetic resonance spectroscopy [19], calorimetry [20-23],
chromatography [24], electrophoresis [12], sound velocity
[25-34], fluorescence spectroscopy [22, 35], and UV/Vis
absorption spectroscopy [36—42]. The readings obtained
from these methods were represented in a graph as a func-
tion of surfactant concentration, and the CMC was then

@ Springer

deduced as a breakpoint between the two lines with varying
slopes. To the best of our knowledge, there is no updated
review that discusses the physicochemical and the electro-
chemical methods for CMC determination of surfactants.
The drawbacks, limitations, and remarks for the difficulties
that may arise during the CMC determination process are
also addressed.

Methods based on measurements
of physicochemical properties

Surface tension and interfacial tension
measurement

Surface tension is the primary physical property of a solu-
tion that is affected by the presence of surfactants. In an
aqueous solution containing surfactant, the surface tension
decreases with increasing the surfactant concentration until
reaching a certain point where the surface tension becomes
constant; this concentration is the CMC. The CMC can be
obtained by plotting the surface tension values against the
logarithm of surfactant concentration. In this case, the CMC
is the concentration corresponding to the point of the inter-
section between two lines. On the other hand, when the data
are plotted against the surfactant concentration, the CMC is
the concentration corresponding to the inflection point of
the curve, and in that case, the CMC value is less sharply
detected [11, 43].

There are two types of surface tensions known as
dynamic and equilibrium surface tensions. As aforemen-
tioned, the surface tension of aqueous solutions is reduced
upon the addition of surfactant. When adding a surfactant to
the solution, its molecules start to migrate to the interface,
subsequently, the surface tension of the solution begins to
decrease with time; this type of surface tension is termed
dynamic surface tension. After a certain time, the value of
surface tension will continue to reduce until reaching equi-
librium or static surface tension. At a fixed concentration of
surfactant, the dynamic surface tension is generally higher
than the equilibrium surface tension [44]. Further increases
in surfactant concentration reduces the surface tension until
the interface becomes saturated with the surfactant mono-
mers. Beyond that point, surface tension does not change
significantly; this value is the CMC [45].

The surface tension can be measured using a device
called a tensiometer. Some tensiometers measure both types
of surface tension, such as drop volume tensiometer [46] or
bubble pressure tensiometer [47, 48]. Other tensiometers
such as the Wilhelmy plate tensiometer [24, 49], measure
only the equilibrium surface tension. Surface tension can be
measured in a variety of ways depending on the mechanism
of measurement, including: capillary rise, drop volume,
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Fig. 1 Classification of the
methods used in the determina-
tion of CMC according to the

technique of analysis
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static drop volume, transient drop/bubble relaxation, capil-
lary waves, longitudinal waves, elastic ring, oscillating bub-
ble, and oscillating drop [50-53]. The stalagmometer is a
well-known device for measuring surface tension. However,
it consumes more time and volumes than other surface ten-
sion measuring devices [54], therefore, some modifications
on the stalagmometric method were conducted and other
devices have been constructed to overcome these limitations
[55-57]. Table 1 summarizes the CMC values of several
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surfactants determined using the measurement of surface
tension.

In addition to the variation in surface tension in cor-
respondence with surfactant concentration, the spreading
behavior is also probable to change across the CMC. To
investigate this theory, a method was developed based on oil
drops spreading on aqueous solutions of cationic, anionic,
or non-ionic surfactants. On the surfactant-loaded surface,
changes in the maximum area occupied by oil drops were
detected. To measure the spreading behavior, the maxi-
mum spreading area was estimated in response to the sur-
factant concentration using a software [58]. The experiment
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involved putting the drop of oil in a Petri dish filled with
surfactant solution, and held within a box. A lamp was fixed
from the top to visualize the spreading with a diffuser sheet
to control the intensity of the light beam. A camera was
placed underneath the diffuser to document the oil droplet
spreading. After that, the area of diffusion was extracted
from the pictures and recorded with quantitative image anal-
ysis tool using a software. To cancel the effect of vibration
resulted from the outside, the experiment was vibration iso-
lated on a table. The setup for the spreading experiments is
depicted in the diagram (Fig. 3a). To identify the CMC, the
change in the maximum area occupied by the droplet of oil
was recorded and related to the surfactant concentration. It
was found that below the CMC the slope of the straight line
was small, while with increasing surfactant concentration,
the area and the slope increased. The spreading behavior of
the oil drop on cetyltrimethyl ammonium bromide (CTAB)
and the plot between the area and CTAB concentration are

illustrated in Fig. 3b and c, respectively. This approach was
found to be easy, accurate, and can be applied to determine
the CMC of both ionic and non-ionic surfactants, regardless
of the purity [58].

Viscosity measurement

The first attempt to measure viscosity to determine the CMC
was in 1939 [59]. Unlike surface tension, the viscosity of the
solution is directly proportional to surfactant concentration.
The viscosity of a solution containing surfactant increases
sharply after reaching the CMC. This is because the pres-
ence of micelles in the solution leads to a more compact
solution structure, hence it becomes more viscous. If the
viscosity of the solution was plotted against surfactant con-
centration, a change of slope will be observed at the CMC
indicating that a sharp increase in viscosity occurred after
micelles formation [10, 11]. The viscosity can be correlated
with surfactant concentration as relative viscosity [60], spe-
cific viscosity, or reduced viscosity [11].

To measure viscosity, capillary viscometers have been
widely employed because they are cost-effective and rela-
tively simple to use [61]. Good results are usually obtained
with the help of an Ostwald viscometer [43, 62], however, it
consumes more time and volumes than other viscometers.
Man-Singh Survismeter could be used instead of the sim-
ple Ostwald viscometer, and the time required by a given
volume of surfactant solution to pass through the Survis-
meter was determined [56, 63]. Another device for measur-
ing viscosity is the automated microviscometer, which is
based on the rolling ball/falling ball principle. Automated
microviscometers were used in the determination of CMC in
several studies [64, 65]. Additionally, capillary electropho-
resis (CE) device attached to a precise system that provides
pressure was utilized for measuring viscosity to determine
the CMC values. This instrumentation was found reliable
for measuring CMC, by detecting the variation of viscosity

Table 1 CMC values

. . Surfactant Technique CMC/mM Ref. Surfactant Technique CMC/mM  Ref.
determined using

physicochemical characters- Tween 20 Surface tension  0.05 [75] SDS Refractive index ~ 8.10 [70]

measurement-based methods Tween 80  Surface tension  0.019 [75] Triton-X100 Light scattering  0.28 [74]

Triron-X100 Surface tension 0.70 [76] Brij-35 Light scattering 0.091 [74]

CTAB Surface tension 0.98 [77] DTAC Light scattering ~ 22.00 [74]

SDS Surface tension 9.12 [78] TTAC Light scattering 5.40 [74]

SDDS Surface tension  14.33 [18] TTAB Light scattering 3.40 [74]

Triton-X100 Refractive index  0.21 [70] DDAPS Light scattering 3.40 [74]

CTAC Refractive index ~ 1.58 [70] SDS Light scattering 8.30 [74]

CTAB cetyltrimethylammonium bromide, SDS sodium dodecyl sulphate, SDDS N-lauroyl sarcosine sodium
salt, CTAC cetyltrimethyl ammonium chloride, DTAC dodecyltrimethylammonium chloride, 7TAC tetra-
decyltrimethylammonium chloride, TTAB tetradecyltrimethylammonium bromide, DDAPS N-dodecyl-N,N-
dimethyl-3-ammonio- 1-propanesulfonate
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between monomeric surfactant molecules and the micellar
state [60, 61].

The CMC of sodium dodecyl sulfate (SDS) and bis(2-eth-
ylhexyl) sulfosuccinate sodium salt were determined using
viscometry. A capillary viscometer fitted with an automated
timer was used to measure viscosity. The flow time increases
as small quantities of surfactants were added to the solution,

which increased the viscosity. Then, the flow time increased
sharply after a certain concentration. A plot between the
estimated viscosity and surfactant concentration was con-
structed. The point at which the slope changed indicated that
the micelles were formed at that concentration [66]. Using
the viscosity measurement method for CMC determination
offered a varied range of applications in studying factors

@ Springer



130

M. M. Mabrouk et al.

affecting surfactants and surfactants characterization [54,
62, 64, 65].

Refractive index measurement

The refractive index (RI) is a number that represents how
much ray of light is bent or refracted when passing from one
medium to another (Fig. S1). The RI can be calculated from
the following equation:

_sini

=
where i is the angle of incidence; r is the angle of refraction;
n is the refractive index.

The formation of micelles results in high turbidity of the
solution, consequently, large fluctuations in the RI of the
solution between surfactant monomers and micellar forms
are observed. The CMC can be obtained from the change of
slope of the curve, when the RI is plotted against surfactant
concentration [11].

The RI technique has been extensively used for the deter-
mination of CMC [67-69]. The traditional RI measurement
has undergone some changes such as, the combination
between two-channel Fresnel reflection-based fiber-optic RI
sensor with partially automated mixing system. The determi-
nation of CMC using this instrument relied on two factors;
the fact that micelles have higher RI than monomers and the
adsorption of surfactant molecules on the sensing part. The
cores of the fiber are hydrophilic, because they are made of
silica [67]. To determine the CMC of a solution, the sensing
(bare core) was immersed in the solution of the surfactant.
Surfactant monomers were propagated in the solution when
the concentration was below the CMC. With increasing
surfactant concentration, the monomers started to gather at
the interface between air and solution. When the CMC was
reached, the hydrophilic heads of the surfactant were found
to interact with the hydrophilic part of the sensor. The com-
bined impacts of micelle assembly and surfactant adsorption
caused the RI to rapidly increase with the concentration at
this point, indicating the CMC (Fig. S2) [70]. The CMC
determined for some surfactants are summarized in Table 1.

In addition to the fiber-optic RI sensor, terahertz time-
domain spectroscopy (THz) is a technique that depends on
measuring the RI or absorption coefficients of the surfactant.
THz waves are a type of electromagnetic waves with a fre-
quency range of 0.1-10 THz. This technique was found in a
number of applications [69], as it was used in the measure-
ment of the CMC of SDS and nonaethylene glycol mono-
dodecyl ether. The CMCs of surfactants under investiga-
tion were determined by correlating the refractive index or
the absorption coefficient of the surfactant solution and the
concentration. The determined CMCs of surfactants were in
good agreement with the existing reported data.

@ Springer

Light scattering measurement

In an aqueous solution of surfactant, the formation of
micelle contributes to the turbidity of the solution. The tur-
bidity can be measured using light scattering; the intensity
of the scattered light depends on surfactant concentration.
At low concentration of surfactant, the turbidity is minimum,
while upon approaching the CMC, the formation of micellar
aggregates will be reflected in the increase of scattered light
[10]. The CMC can be determined by co-relating the inten-
sity with surfactant concentration. A plot of the intensity
or the turbidity of the solution shows a low slope for dilute
solutions (monomer phase) and a steeper slope above the
CMC (micellar phase). The intersection of the two lines on
a turbidity graph gives the CMC [11].

The light scattering technique offers information about
particles in solutions, e.g., molecular weight, diffusion, and
interaction strength. Most importantly, it gives information
about the size of the solutes, because the intensity of scat-
tered light is very sensitive to variations in particle size;
this feature is advantageous to investigate the aggregation
in solution. Light scattering measurements could be static
or dynamic. Dynamic light scattering (DLS) measures the
variations in the intensity of scattered light with time, while
the absolute mean intensity is measured by static light
scattering.

DLS technique was used for the determination of CMC
for amphiphilic diblock copolymer polybutadiene-block-
polyethylene oxide in aqueous media. The scattered light
intensity of the solution was examined and the values of
scattered light were plotted as a function of the concentra-
tion of polybutadiene-block-poly(ethyleneoxide) as shown
in Fig. S3. DLS was found to be capable of determining
both the CMC and the hydrodynamic diameter of micelles
in micellar solution, which is critical for the application of
di- or tri-block copolymer micelles in controlled nanopar-
ticle synthesis as nanoreactors. The DLS was proven to be
a sensitive and convenient method to determine low CMC
values down to 10~7 mol/dm? [71]. The CMC of N-decanoyl-
N-methylglucamide sugar-based surfactant in the presence of
increasing glycine concentrations was investigated using the
light-scattering measurement method [72]. Time-dependent
static light scattering was applied in the measurements of the
self-aggregation of an ionic liquid, didecyl-dimethylammo-
nium nitrate, CTAB and the mixtures of these two salts in
an aqueous solution [73].

An automated method has been developed to make the
light scattering technique more accurate, less tedious with
less sample preparation. The automated method combined
measurement of static light scattering with continuous auto-
matic mixing. This instrument considerably speeded up the
processes of data collection and analysis, enhanced the
precision, sensitivity, range of application, and reduced the
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amount of manual intervention required [74]. The obtained
CMC values of anionic, cationic, non-ionic, and zwitterionic
surfactants are presented in Table 1.

Resonance Rayleigh Scattering (RRS) is an interesting
analytical technology that has been applied successfully
to determine the CMC values of surfactants [79, 80]. RRS
involves measuring the variation in of Rayleigh scattered
visible light in terms of energy or direction. The electro-
magnetic wave is absorbed by electrons, when the frequency
of the wave is equal to the electrons scattering frequency.
This will result in an absorption band corresponds to the
wavelength of the incident light on the scattering molecules
[81]. The advantage of this method is its sensitivity and suit-
ability for all kinds of surfactants without the use of any
reporter. In addition, it can be employed to investigate the
aggregation behavior of the surfactant molecules in aque-
ous solution [82]. RRS was applied for the determination
of the CMC of bile salts [80]. Further developments in light
scattering techniques include coupling DLS with laser Dop-
pler electrophoresis. This combined technique was applied
to characterize properties of the CTAB micellar solutions
while a-tocopherol (vitamin E) and NaCl are present in
the solution. DLS was used to determine the particle size,
while laser Doppler electrophoresis was used to measure
the electrolytic conductivity and electrophoretic mobility.
The physicochemical properties of CTAB were found to be
affected by vitamin E according to its position within CTAB
micelles. Enhanced electrophoretic mobilities of micelles
were noticed when a-tocopherol was located in the palisade
layer. On the other hand, when a-tocopherol molecules were
positioned in the core, no alteration in the micellar size or
aggregation number was remarked [83].

Limitations and remarks

Measurement of the surface tension of surfactant solutions
is the most common method of CMC determination. The
main advantage of this method is that it is direct and appli-
cable to all types of surfactants. Currently, the applications
of the surface tension method for CMC determination are
still going, although it is one of the oldest methods for the
determination of CMC. The surface tension method can be
applied to determine CMC in various matrices, e.g., in pro-
tein formulation [84]. The surface tension method despite
being direct and universal is a tedious, time-consuming pro-
cedure and the results are not of high accuracy nor precision.
This method is very sensitive to impurities since it does not
detect the presence of micelles in the bulk and only meas-
ures the surface concentration of all surface-active species
present in solution. The presence of other highly surface-
active impurities may affect the readings and result in that
the inflection in the surface tension versus concentration plot
becomes more ambiguous [43]. Furthermore, the surface

tension is very sensitive to temperature variation, a certain
degree of error can be expected, while using the instru-
ments [85]. Since there are many limitations to measure the
CMC with the surface tension method, it is recommended to
implement other methods to obtain an accurate CMC value.
The viscosity measurement method for CMC determina-
tion offers a wide range of applications in studying factors
affecting surfactants and surfactants characterization [54,
62, 64, 65]. In general, the viscosity measurement method
offers the advantages of direct determination of CMC, it
can also be applied to all types of surfactants, especially for
nonionic surfactants, where no electroviscous effect arises
[1]. Although it is a successful method for first CMC deter-
mination, it was reported that viscosity measurement is not
a good method for the determination of second CMC, where
micelles change from spherical to rod shape [86].

Although terahertz time-domain spectroscopy is not the
most accurate among the traditional methods for the deter-
mination of the CMC of surfactants, it is fast, convenient,
and label-free [69]. Furthermore, it is universal, it can be
applied on all types of surfactants. Since this method does
not involve the addition of a probe or the application of
a strong external field, no change in the CMC can occur
throughout the experiments, however, it is necessary to
ensure very careful temperature control [45].

DLS is an ideal technique for studying the surfactant-
micellar system and it is simple, effective, noninvasive and
requires no use of tracers or further sample manipulation
[80]. The light scattering technique had a major contribu-
tion and offered many applications in the field of studying
surfactants [87, 88]. It provided information that has been
difficult to be obtained by conventional techniques as the
polydispersity of micellar systems, the aggregation number,
the dissymmetry of a particle, and the amount of charge
on the micelle [45]. However, the presence of very small
amounts of impurities will result in significant errors, it is
necessary to ensure very careful elimination of dust particles
from solutions [43, 45]. Small amounts of organic vapors
present in the environment could affect the measurements
[45].

Electrochemical methods

There are several types of electrochemical methods; e.g.,
conductimetry, potentiometry, and voltammetry, that have
been used successfully in the determination of the CMC of
various surfactants [89].

Conductimetry

Electrical conductivity can be defined as the ability of a sub-
stance to carry an electric current when there is an applied
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potential difference. Strong electrolytes are substances that
completely dissociate into ions and produce a solution with
high electric conductivity. On the other hand, weak electro-
lytes are substances that partially dissociate and produce a
solution with weak electric conductivity.

When an ionic surfactant is added to an aqueous solu-
tion, its monomers undergo complete ionization and act
as strong electrolytes, showing strong electrical conduc-
tivity. After the CMC is reached, the formed micelles are
larger than monomers in size and undergo partial ioni-
zation. The mobility of ions in solution decreases above
the CMC and hence, the solution shows a lower extent of
electric conductance [27]. The electrical conductivity of a
solution is measured using a device called; conductivity-
meter (conductimeter). Typically, if the electrical conduc-
tivity values are plotted against surfactant concentration,
a sharp breakpoint will be observed, and this point is the
CMC [90]. Electrical conductivity can be expressed as
specific conductivity x, which can be converted to equiva-
lent conductivity or molar conductivity [11]. Sometimes,
the specific conductivity—concentration plot is unable to
show a sharp transition from the premicellar to the micel-
lar region, but it rather exhibits a curvature. Therefore, for
a precise determination of the CMC, a method of integra-
tion should be considered such as Boltzmann-type sigmoi-
dal equation [91-93]. Conductimetry has been applied in
many studies for the determination of CMC [49, 91, 94,

95] and the investigation of factors and additives effect
on CMC values. Common additives include electrolytes
[90], amino acid such as glycine [31, 93] and leucine [29],
lysozyme [33], and glycyl dipeptides [96]. The cosolvents
effect on CMC was also studied using conductimetry or
short-chain alcohol [65, 97-99], ethylene glycol [98],
polyethylene glycol [100], and acetonitrile [91].

Conductimetry is the most commonly used electrochem-
ical method, because it is simple and can be performed
with standard instrumentation. [89]. In general, manual
pipetting conductivity experiments take time, generating
tens of reading points in a matter of hours (point by point
procedure). To make the procedures rapid and automated,
a method was proposed to obtain conductometric curves
with several hundred readings in minutes. This automated
method was developed to study surfactants/cell interaction
and surfactants alone [101]. The conductimeter was linked
to a computer as well as a peristaltic pump, which was in
charge of delivering the surfactant solution (Fig. 4a). Ata
rate of 0.0143 cm? per second, the surfactant solution was
pumped into a measuring chamber. A gravimetric deter-
mination of the flow was used to calculate the rate of the
pump. The conductivity measurements were taken with
a frequency of one per second by the conductimeter and
sent to the computer [101]. There were no significant dif-
ferences between the results obtained from point-by-point
method and the automated method (Fig. 4b).
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Zeta potential measurement

The application of conductimetric measurements is more
convenient in the case of ionic surfactants [102]. However,
the conductimetry techniquecannot determine the polar-
ity of the surfactant. A method for determining the CMC
and polarities of ionic surfactants was proposed based on
measuring the zeta potentials of electrolyte solution-air
interfaces. The method investigated the theory of electri-
cal potential at the liquid—air interface being affected by
surfactant aggregation. When the measurement system
electrode came into contact with the interface between liq-
uid and air, the electrical potential difference between the

(@ R
E R N m
«— : L LW
< 1 T
N Signal amplification  Data acquisition ~ Computer
0.40 -
(b) m  Repeated results
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Fig.5 a Scheme of induced current-based zeta potential measure-
ment system setup and the principle of detection [103]. b Comparison
between original and repeated results of the plot of the signal against
CTAB concentration (with permission from [103])

electrode surface and the liquid—air interface produced an
electrical current that flowed through an electrical circuit.
The magnitudes of the signals were measured in relation to
surfactant concentrations, the measuring system is presented
in Fig. 5a. According to the findings, increments in the inten-
sity of the measured signal were observed with increasing
surfactant concentration until it approached the CMC. The
signal magnitude remained steady after the CMC. This could
be because surfactant adsorption at the interface causes an
increase in surface charge density as soon as surfactant mol-
ecules begin to form micelles in the bulk of the solution.
More counter ions are drawn to the interface in the elec-
trolyte solution, forming an electrical double layer (Fig. 6)
[103]. The CMC value obtained shows good agreement with
replicates, which demonstrates the reliability of this method
(Fig. 5b) [103].

Potentiometry

Potentiometry is an electrochemical method that is based on
measuring the potential of electrochemical cells. Potentio-
metric methods of analysis were known for a long time to be
used for the location of endpoints in titrations. Lately, poten-
tiometry is used to detect and quantify a large number of
ions, by measuring the potential of ion-selective electrodes
(ISE). The advantage of using ISE is their lack of response to
any interferences, rapid measurement, and simplicity [104].
Potentiometry is less common than conductimetry in the
determination of CMC [80, 89, 105].

Electrical Impedance Spectroscopy (EIS)

Electrical Impedance Spectroscopy (EIS) is a highly sensi-
tive characterization technique that permits the measurement
of the electrical impedance of a substance (an extension of
the concept of resistance) as a function of the frequency
of an applied electrical current. The micelle formation was
investigated using EIS for ionic surfactants, including SDS,

Fig.6 a An illustration of the
increased surface charges as a
result of surfactant adsorption
at the interface and b a plot

(b)

onC

@ sns

between zeta potential against
the logarithm of the surfactant
concentration, showing the
dependence of zeta potential on
concentration (with permission
from [103])
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and sodium dihexyl sulfosuccinate (Aerosol MA8O0). The
EIS parameters exhibited sharp changes because of the
transformations of surfactant particles from monomers to
micelles in the emulsion. Accurate determination of the
CMC could be achieved at specific ranges of frequencies
[106]. The results of this method showed that EIS method
was capable of determination of CMC accurately compared
with conductimetry. The conductimetric method, for exam-
ple, failed to detect the CMC of Aerosol MASO [106].

Voltammetry

In the CMC detection methods domain, polarography and
voltammetry can be classified as indirect electrochemical
methods, since they involve measuring the change in an elec-
trical property of an electroactive probe material.

When an electroactive substance is added into a surfactant
solution, the formation of micelles will lead to changes
in the diffusion coefficient of the probe. Consequently, a
change in the limiting current is observed corresponding
to the CMC. The CMC value is attained from the point at
which discontinuity is observed in the plot of limiting cur-
rent against surfactant concentration. The main advantage of
voltammetry over other electrochemical methods is that it
allows the measurement of the CMC of ionic and nonionic
surfactants. However, the presence of electroactive reporter
molecules may contribute to discrepancies in the CMC val-
ues obtained by this method [89].

Development of voltammetric methods that avoid the
use of a reporter substance was considered, such as using a
boron-doped diamond anode, which is characterized by hav-
ing a large electrochemical window. Because of the ability
of boron-doped diamond of surfactants oxidation in aqueous
solutions, it was found to be a good material as an anode.
The anodic current decreases abruptly above the CMC of
the surfactants in a concentration-dependent manner. The
results were in good agreement with reported CMC values
determined using the surface tensiometry technique [107].

One of the most common voltammetric methods used
for CMC determination is cyclic voltammetry [89]. Cyclic
voltammetry involves cycling a working electrode poten-
tial and measuring the resulting current. An application of
using cyclic voltammetry with a rotating sample system was
proposed for the determination of the CMC of surfactants
[108]. An example of this method is the use of potassium
ferrocyanide to detect the air/water interface of Triton X-100
solutions. In the rotating sample system experiments, the
sample size is in microliter drops, where the drop undergoes
vigorous rotation through mechanical air/liquid coupling.
As a result, changes in the surface properties of aqueous
samples generate equivalent changes in the rotating sample
system’s hydrodynamic performance, which can be utilized
to explore interfacial phenomena. The CMC value estimated
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using this method matches well with reported values from
much larger samples collected using conventional methods
[108].

As an application of the polarography technique, the typi-
cal fused-silica capillary was utilized to create a mercury
electrode with a long drop time. This electrode produced
consistent mercury drops that last 40—120 s and it was
designed to determine the CMCs of anionic surfactants using
a drop-time technique, which was convection-controlled. It
had the benefits of being readily available, inexpensive, and
a viable alternative in electrocapillary measurements to the
spindle-shaped electrode [94].

Limitations and remarks

The electrochemical techniques serve as a powerful tool for
the determination of CMC values by measuring different
electrical properties, e.g., conductance, potential, and cur-
rent. Generally, the main disadvantage of these methods is
the limited application for ionic surfactants or the need for
an electrochemically active probe. The conductance-meas-
uring method is simple, however, for surfactants with a low
aggregation number determining the crossing point in the
conductance-concentration curves is difficult, and the CMC
values determined by such method show great uncertainty
[92]. Furthermore, the results obtained in the presence of
high electrolyte concentrations are not accurate, because of
the residual conductance by the electrolyte [72].

Several drawbacks appear in potentiometric methods,
including poor response of the used electrode, interferences
from other substances present in the solution, and sensitiv-
ity to temperature variation. Errors in the measurement can
be introduced if the temperature was not controlled. This
is because the potential response is directly dependent on
the temperature of the solution. Limitations of voltammetric
methods of analysis are found in the ability to correct resid-
ual currents, which affect the accuracy of the results [109].

Capillary electrophoresis-based methods

CE is an effective method for determining the CMC of a
surfactant [12, 89]. Numerous methods based on CE instru-
ments were designed for determining surfactant CMC. These
methods include using the micellar electrokinetic chroma-
tography technique to examine the relationship between the
solute retention factor and surfactant concentration, the rela-
tionship was found to be linear [12, 110]. However, when
interactions are unpredictable between micelles and charged
solutes in the aqueous solution, this approach becomes
unreliable.

In addition to the retention factor, the different electro-
phoretic mobility of a tracer helped the determination of
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CMC, by correlating the marker mobility with surfactant
concentration [12]. Moreover, CMC could be determined
by studying the effect of different conductivities of different
concentrations of ionic surfactants on the electrical current
of the solution, that depends on the surfactants aggregation
state as monomers or micelles at a given applied voltage
using CE instrumentation [111]. Yet, sometimes when the
detected current variation by a CE instrument is minimal,
the inflection in the surfactant-current graph could be hard to
detect. Among the above mentioned CE methods to aid the
CMC determination, the most precise determination of CMC
could be achieved using the measurement of tracing com-
pound electrophoretic mobility. The migration of a specific
solute in the premicellar and micellar concentration zones
would be described using this method by applying mobil-
ity equations. Additionally, the evaluation of solute binding
constants to micelles and surfactant monomers, it led to a
better explanation of the interactions between surfactants
and test solutes [12].

Other methods that utilize CE instrumentations include
relative viscosity measurements by measuring the migration
time of a marker in a pressure-driven flow; mesityl oxide.
The relative viscosity values were calculated by means of
Poiseuille’s law, then the data were plotted against sur-
factant concentrations. Four representative surfactants
(anionic: SDS, cationic: dodecyltrimethylammonium
bromide (DTAB), nonionic: N-decanoyl-N-methylglu-
camine (DMG), and zwitterionic: 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS)) were
studied. The obtained CMC values were very similar to
those published in the literature [60].

Instead of calculating the relative viscosity values,
another method was also developed based on the viscosity
difference between premicellar and micellar systems. The
migration times of the marker; nitromethane were plotted in
correlation with examined surfactant concentrations to iden-
tify the CMC. The migration times were found to change
considerably when the CMC value was reached. Figures S4a
and S4b demonstrate the change in migration and the first
derivative plots, respectively [61]. This method offered the
advantages of fast analysis time, in less than 5 minutes, the
experiment was completed with minimum sample prepara-
tion, consequently, this approach could be applied for exam-
ining biosurfactants and other expensive materials. It should
be mentioned that the suggested method can be affected by
multiple factors, including the variation in temperature and
pressure, changes in the timing of injection, etc. As a result,
accurate use of this approach necessitates a well-controlled
experimental environment as well as well functioning instru-
mentation [61].

The diffusion coefficients for monomers and micelles
are different due to the difference in sizes. The CMC could
be identified by measuring the change of the diffusion

coefficient of the surfactant solution. With the aid of CE
instrumentation, Taylor dispersion analysis (TDA) could be
used as an alternative to capillary liquid chromatography.
TDA is a microcapillary flow process for analyzing tiny mol-
ecules, peptides, and proteins in solution, as well as samples
including combinations of these species. TDA measures the
Taylogram, which is the time-evolved concentration profile
of a nanoliter-sized sample pulse delivered into a laminar
flow of a specific buffer. The hydrodynamic radius and
diffusion coefficient of solute molecules can be predicted
through the analysis of Taylogram. UV absorption with vari-
ous wavelengths was used to investigate target molecules at
static positions within the microcapillary. The absorbance
values are plotted as a function of time to generate the Tay-
logram. By relating the Taylogram width to the molecular
diffusion coefficient of the solute species in the sample, the
hydrodynamic radius was calculated. In the experiment for
the identification of SDS CMC, UV detection was applied,
although SDS does not have any chromophore. In theory,
two options were available for the analysis: the first was to
use a chromophoric probe in the background mobile phase
where the TDA examined negative peaks produced by the
surfactant (indirect UV-TDA) (Fig. 7a), the second option
is to only use the probe in a tested sample region where the
peaks for TDA were produced by the probe (direct UV-TDA)
(Fig. 7b) [111]. The Taylogram produced by both methods
is presented in Fig. 7c and d.

The TDA estimated the diffusion coefficient of the UV
probe, according to the fact that the interaction between the
probe and free surfactant molecules differs from the interac-
tion between the probe and micelles. The TDA methodology
represents a novel and very fast way for the CMC determina-
tion of surfactants, with and without the aid of a probe [111].

Limitations and remarks

As can be perceived, CE can be used to determine the CMC
of surfactants in a variety of operating circumstances where
traditional approaches such as conductivity and surface ten-
sion measurements are ineffective. Furthermore, the tech-
nique is not only quick but also simple to implement. The
CE method allowed CMC to be determined using as little as
nanoliter to microliter quantities of various surfactant con-
centrations, with no total sample requirements [112]. This
technique offered more than one approach for CMC deter-
mination, some of the proposed approaches could be applied
to determine the CMC values of all types of surfactants;
anionic, cationic, zwitterionic, and nonionic. Despite these
advantages, the determination of CMC with CE is under
influence of many factors. The nature of the micellar buffer
electrolyte and the operating parameters of an electropho-
retic system, including the nature of the surfactant, the type,
and composition of the electrolyte solution, all influence the
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Fig.7 a The indirect UV-TDA approach scheme. b Direct UV-TDA approach scheme. ¢ The Taylogram of SDS with indirect UV-TDA
approach. d The Taylogram of SDS using direct UV-TDA methodology (with permission from [111])

CMC value of a surfactant. Furthermore, buffer pH, the ionic
strength of the electrolyte solution, the type of counter-ion
of the electrolyte solution, the type of counter-ion of the sur-
factant, the presence of various organic modifiers, the pres-
ence of various electrolyte additives, temperature, and the
nature of solubilized solutes all affect the CMC value [12].

Conclusion

In this review, the physicochemical and electrochemical
methods for determining CMC were covered, as well as their
limitations. Certain remarks were also addressed to achieve
better results. Undoubtedly, approaches in determining CMC
are several and extremely diverse, however, the pursuit of
the development of new methods still exist because there
are methodological variations and notable discrepancies in
the values of CMC reported in the literature [49, 113]. The
disagreements arise from the complexity of the micelliza-
tion process, that only allow the CMC to be taken as a range
of concentrations because it is difficult to obtain accurate
and precise CMC as one pinpoint value [114]. Furthermore,
inaccurate results may originate, because many factors affect
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the method used, for example, the surface tension method
is highly sensitive to temperature variation [85]. Moreo-
ver, different methods of data analysis and unidentified
interferences present with surfactants will also contribute
to the inconsistency of CMC obtained by different meth-
ods. Because of all of the aforementioned reasons, there is
a challenge for developing more methods to overcome the
drawbacks of existing alternatives, especially with the recent
advances in molecular imaging and electrode materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00706-022-02891-2.
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