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3.1
Background and Development

3.1.1

Use of Additives in Reversed Phase Liquid Chromatography

The performance of reversed phase liquid chromatography (RPLC) results from
the physical and chemical properties of both the substrate and the molecules
bound to the surface of the stationary phase. This is the basis of the preparation
of a variety of bonded phases. A simpler approach is the incorporation of a small
concentration of an additive into a conventional polar mobile phase, which is
able to reversibly alter the stationary-phase surface [1]. With this approach,
diverse secondary reactions take place inside the column, whose intensity can be
modulated by varying both the chemical nature and the concentration of the
additive. The objective of incorporating additives in the mobile phase is to
enhance the chromatographic performance, changing the absolute and relative
retention (i.e., analysis time and selectivity) to convenient values, and improving
the peak profile and resolution. The addition of different types of reagents has
given rise to new chromatographic modes and an impressive increase in the
number of compounds that can be analyzed by RPLC.

3.1.2

Ion-pair RPLC

In this context, in 1976, Knox and Laird developed ion-pair chromatography
(IPC) by adding a small amount of an ionic surfactant (an amphiphilic com-
pound with a hydrophobic chain and a hydrophilic head group) to the mobile
phase in RPLC [2]. Coating with ionic surfactant is a simple and inexpensive
way of converting a silica-based packing into an ion-exchanger, since the
adsorbed surfactant is able to associate with ionic solutes of opposite charge.
Meanwhile, the amount of free monomers in the mobile phase remains
small [1,3]. This results in increased retention, proportional to the amount
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of counterion adsorbed on the stationary phase. The nature of the stationary
phase, the nature and concentration of ionic surfactant and organic solvent, the
ionic strength, and pH are the main factors that affect the chromatographic
behavior. Ionic surfactants with alkyl chains ranging from six (hexyl) to 16 (hex-
adecyl) methylene units are usual. Methanol, acetonitrile, and 1-propanol are the
most common organic solvents added to the aqueous phase to elute the
adsorbed compounds according to their polarity.
One of the problems of IPC is that the partial adsorption of surfactant on the

stationary phase makes column equilibration critical, which may yield nonrepro-
ducible results. Also, retention times may drift, owing to coating leakage, with a
need of periodic column regeneration. This has belittled the use of this chro-
matographic mode for routine separations. Also, care should be taken to avoid
exceeding the critical micellar concentration (CMC), since the retention behav-
ior changes drastically when micelles start to form.

3.1.3

Birth of Micellar Liquid Chromatography

A few years after the development of IPC, in 1980, looking for new mobile phases
in RPLC with particular properties, Armstrong and Henry suggested the possi-
bility of using aqueous solutions of surfactants of different nature (with either
ionic or nonionic head groups), at concentrations exceeding the CMC [4,5].
Above the CMC, stationary-phase saturation is reached or the changes in surfac-
tant coating are small at increasing concentration of surfactant in the mobile
phase. Beyond this threshold, the retention, instead of further increasing,
decreases progressively due to a number of new secondary effects, such as the
displacement of the adsorbed solutes by the surfactant, the formation of ion pairs
in the mobile phase between solutes and surfactant monomers, and the interac-
tion of solutes with micelles, which are dynamic aggregates formed by surfactant
monomers with the nonpolar hydrocarbon chain oriented toward the core, and
the neutral or ionic head group toward the surface (Figure 3.1). Micelles added
to the mobile phase introduce new sites of interaction, notably modifying the
solubility and transfer of solutes between mobile phase and stationary phase with
respect to conventional RPLC with hydro-organic mixtures and IPC. The combi-
nation of surfactant-modified stationary phase and micelles has profound impli-
cations with regard to selectivity, analysis time and efficiency, and consequently,
chromatographic resolution [6,7]. The possibility of using surfactants with ionic,
zwitterionic, and nonionic head groups increase the capability of RPLC to separate
ionic or neutral solutes that are able to interact with the surfactants.
The RPLC mode with surfactant above the CMC has been called micellar liq-

uid chromatography (MLC). Since micelles behave as a pseudo-phase within the
mobile phase, the technique is classified among the pseudo-phase liquid chro-
matographic modes (where the mobile phase contains different types of entities
that interact with solutes, such as micelles, cyclodextrins, vesicles, or nanometer-
sized oil droplets in oil-in-water microemulsions) [1]. The impact of MLC has
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Figure 3.1 Simplified illustration of surfactant-mediated environments in a C18
chromatographic system, with mobile phases of: (a) SDS and (b) CTAB.
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been greater than for other pseudo-phase modes. Its unique selectivity is attrib-
uted to the ability of micelles to compartmentalize and organize solutes at the
molecular level. However, the association of surfactant monomers with the
bonded phase, forming a structure similar to the exterior of open micelles
(Figure 3.1), allows similar interactions with the solutes with deep implications
with regard to analysis time, selectivity, and efficiency. The adsorption of an
approximately fixed amount of surfactant monomers on the stationary phase is
an important feature with regard to robustness. This gives rise to a stable modi-
fied stationary phase, with properties remarkably different from those of the
underlying bonded phase [5,8].
In the first reports on MLC, the mobile phase contained only water, buffer,

micelles, and a very low amount of surfactant monomers (the so-called “pure
micellar mobile phases”), with micelles playing the role of an organic modifier.
The idea is attractive, but solutions containing only surfactant are too weak and
yield poor peak shape. For this reason, as early as 1983, Dorsey, DeEchegaray,
and Landy suggested the addition of a small amount of organic solvent to the
mobile phase (usually a short chain alcohol) to enhance the efficiency [9]. The
term “hybrid micellar mobile phases” (and “hybrid MLC”) was given to the ter-
nary mobile phases of water, surfactant, and organic solvent, where the concen-
tration of organic solvent is maintained low enough to allow the formation of
micelles. However, the micellization process and the secondary equilibria
between solute, micelle, and modified stationary phase are altered.

3.2
The Mobile Phase in MLC

3.2.1
Suitable Surfactants

The type and concentration of a surfactant used in MLC are determined by
practical limitations of the chromatographic system. The lower concentration of
the surfactant must be well above the CMC to guarantee the formation of
micelles, whereas the upper concentration is determined by the surfactant solu-
bility and viscosity of the resulting mobile phase. A suitable surfactant for MLC
should have low aggregation number, low CMC, and for ionic surfactants, low
Krafft point (defined as the temperature at which the ionic surfactant solubility
equals its CMC), which should be below the room temperature. A high CMC
would imply operating at high surfactant concentration, which would result in
viscous solutions with undesirable high system pressure and background noise
in UV detectors. Since these detectors are the most common in MLC, a suitable
surfactant must have also a small molar absorptivity at the operating wavelength.
Several surfactants of diverse nature fulfill these conditions, but the surfactants
that are routinely used in MLC are often limited to the anionic sodium dodecyl
sulfate (SDS), the cationic cetyltrimethylammonium bromide (CTAB, the
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chloride CTAC is also used), and the nonionic polyoxyethylene(23)dodecyl ether
(Brij-35), whose main characteristics are summarized in Table 3.1. It should be
noted that both SDS and Brij-35 have a C12 chain, differing in their head group.
SDS is, by far, the most common surfactant in MLC used in at least 90% of the

analytical reports [8]. The reason for this preference may be its commercial
availability in high purity with a relatively low cost and its ability to efficiently
dissolve proteins in biological matrices allowing direct injection of the samples
in the chromatograph. Also, SDS has interesting effects on acidic solutes, which
become weaker (i.e., the region of dominance of the neutral species
increases) [10,11], and on basic compounds, whose peak tailing is eliminated
due to the effective masking of silanol groups [12]. However, SDS is often chosen
simply because it has been used in hundreds of MLC studies and applications.
This has relegated the exploration of the possibilities offered by other surfac-
tants, including the nonionics, such as Brij-35 and Triton X-100, and zwitter-
ionics as n-dodecyl-N,N-dimethylamino-3-propane-1-sulfonate.
Although, in general, SDS is preferred for analytical applications, Brij-35 has

drawn attention because RPLC with solutions containing micelles of this surfactant
seem to emulate in vitro the partitioning process in biomembranes better than
conventional RPLC [13]. Also, due to the coating with polyoxyethylene chains, the
polarity of the underlying alkyl-bonded phase is increased. The retention capability
of a column modified with Brij-35 is appreciably smaller compared to SDS. Thus,
Brij-35 seems appropriate to elute moderately hydrophobic basic compounds,
without the need of adding an organic solvent (i.e., chromatography with water
and detergent) [14], whereas an organic solvent must be added to SDS micellar
mobile phases to elute basic compounds in practical times [15]. However, polar
compounds are weakly retained with mobile phases of Brij-35. In general, the use
of nonionic surfactants in MLC is a chromatographic field hardly explored.
Mixed micelles of Brij-35 or Triton X-100 and SDS have also been suggested

to improve selectivity [16,17]. An example is given by the separation of the
diuretic hydrochlorothiazide and its degradation product 5-chloro-2,4-disulfa-
moylaniline in urine [16]. Although these compounds were well separated from
the matrix background with a Brij-35 mobile phase, they remained unresolved.
In contrast, baseline separation was obtained between the two compounds with
SDS mobile phases, but the separation of the diuretic from the peak of an

Table 3.1 Characteristics of the most common surfactants in MLC [5].

Surfactant Molecular
weight

CMC
(mol/l)

Aggregation
numbera)

Krafft or cloud
point (°C)

υ (l/mol)c)

SDS 288.4 8.2× 10�3 60 15 0.246

CTAB 364.5 9× 10�4 61 20–25 0.364

Brij-35 1198 (avg.) 9× 10�5 40 100b) 1.084

a) In water.
b) Cloud point in 1–6% solutions.
c) Partial specific volume.
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endogenous compound in urine was unsatisfactory. A mobile phase of 0.004M
SDS (below its CMC) and 0.02M Brij-35 instead provided a good resolution,
without compromising the separation of the drug from the matrix background.

3.2.2

Sites of Interaction in Micelles

An important feature of surfactants is that they form micelles in solution at a
concentration above the CMC. Being the size of micelles, a few nanometers,
their macroscopic properties in solution resemble those of a truly homogeneous
solution. Thus, they do not cause light scattering, a property that renders them
useful for spectrophotometry. Microscopically, however, micellar solutions are
heterogeneous, being composed of two distinct media: the amphiphilic micellar
aggregates (micellar pseudo-phase) and the surrounding bulk water or hydro-
organic mixture that contains surfactant monomers in a concentration approxi-
mately equal to the CMC.
Micelles provide hydrophobic and, for ionic surfactants, also electrostatic sites

of interaction. Three sites of solubilization can be identified in a micelle: the core
(hydrophobic), the surface (hydrophilic), and the palisade layer (the region
between the surfactant head groups and the core). Depending on polarity and
steric factors, solutes can remain in bulk solution, be associated with the free
surfactant monomers or with the micelle surface (i.e., the surfactant polar head),
be inserted into the micelle palisade, or penetrate the micelle core. Therefore,
different solutes associated with micelles in the mobile phase experience particular
microenvironments. These are reflected by perturbations in solute physical–
chemical properties, including changes in solubility, acidity, photophysical propert-
ies, and reaction rates. The ability of micelles to cosolubilize hydrophobic and
hydrophilic analytes in complex matrices, such as serum, is particularly interesting.

3.2.3

Organic Solvent Addition to Enhance the Chromatographic Properties

As explained, pure micellar mobile phases have two serious problems: the weak
elution strength and the poor efficiencies. Shorter retention times are obtained by
increasing the surfactant concentration, but the chromatographic efficiency deteri-
orates significantly compared to conventional RPLC. These problems were reme-
diated by adding an organic solvent, which decreases the polarity of the aqueous
solution, alters the micelle structure and acts on the stationary phase changing the
amount of adsorbed surfactant [18]. Also, organic solvent molecules wet the
bonded phase changing its physical–chemical structure (rigidity) and polarity.
Pure SDS micellar solutions are in general useless as mobile phases, except for

analyzing highly polar compounds. For this reason, hybrid micellar mobile phases
that contain a small amount of an organic solvent, usually a short- or medium-
chain alcohol (in a smaller amount than needed in conventional RPLC), are
used in most applications [8]. The organic solvent decreases the analysis time
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to acceptable values (especially important for the most nonpolar solutes),
changes the selectivity, and often improves the shape of chromatographic peaks
with favorable effects on resolution.

3.2.3.1 Type and Concentration of Organic Solvent
The amount of organic solvent that can be added to RPLC is limited by its solu-
bility. Miscibility with water is increased by the presence of surfactant in the
mobile phase, allowing the potential use of a wider range of organic solvents at
concentrations larger than those in aqueous solution. Organic solvents that
would normally not be considered in conventional hydro-organic RPLC can
form stable mobile phases with micelles. Thus, for instance, the molar solubility
in water at 25 °C for 2-methyl-1-butanol, 1-pentanol, 1-hexanol, and pentane,
which is 6.1× 10�3, 4.5× 10�3, 1.2× 10�3, and 9.5× 10�6, respectively, increases
to 0.46, 0.92, 0.79, and 0.095 in 0.285M SDS [19].
In spite of the wide range of compatible solvents, only the aliphatic alcohols

1-propanol, 2-propanol, 1-butanol, and 1-pentanol are routinely used in MLC to
develop analytical methods. 1-Propanol is the most common modifier, whereas 1-
butanol and 1-pentanol are used to decrease the retention of moderately and
highly nonpolar solutes, respectively. Surprisingly, there are only a few reports on
MLC with acetonitrile, which is the solvent of choice in conventional RPLC and
offers improved peak shape in MLC [12], or with ethanol, which has attracted con-
siderable attention in recent time owing to its low toxicity. The reason is probably
the smaller elution strength of acetonitrile and ethanol (also of methanol), together
with the high popularity of 1-propanol among MLC users. It should be added here
that aliphatic carboxylic acids have been proposed as useful alternatives [20].
The potential use of a second organic solvent in the hybrid micellar mobile

phase has also been suggested. Thus, for example, the addition of 1-propanol was
checked to improve the MLC separation of PAHs with micellar mobile phases of
SDS, using 1-pentanol as the main organic solvent [21]. The beneficial effect of
1-propanol on the separation was explained by the decreased polarity of the aque-
ous phase, which increased the solubility of surfactant monomers and 1-pentanol.
This would lead to a more dynamic system with more 1-pentanol available to
displace the adsorbed surfactant molecules and modify the stationary phase. Also,
the attraction of the nonpolar solutes toward the less polar mobile phase is
increased. Methanol and acetonitrile were found less effective than 1-propanol.

3.2.3.2 Interaction of Organic Solvent with Micelles and Effects on the CMC
There is a practical limit to the amount of organic solvent added to a given
micellar mobile phase, since the viscosity and, consequently, the pump back pres-
sure, increase. Also, the addition of too much organic solvent can disrupt the
micelles or, if not, can give rise to changes in the micelles affecting the surfactant
aggregation number and CMC, so that conventional micelles are no longer
formed in the mobile phase [15]. Organic solvents partition to micellar aggre-
gates, and the degree of association increases with their hydrophobicity. This
modifies the shape of the micelles. Similar to solutes, organic solvent molecules
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can be located outside the micelles, into the micelle palisade, or into the micelle
core. The incorporation of the organic solvent in the micelle can result in addi-
tional interactions with solutes. However, as long as the integrity of micelles is
maintained, the addition of an organic solvent will not create a hydro-organic
system, even though the interactions between solutes and micelles are weaker,
and the stationary phase is more similar to that in conventional RPLC.
Figure 3.2 shows the changes observed in the CMC for SDS upon addition of

the most common organic solvents. Methanol, with the shortest carbon chain, is
more polar and soluble than the other alcohols. The association of this alcohol
with micelles is weak, but it solvates surfactant monomers efficiently, increasing
their concentration in water. This hinders the interaction of the monomers during
the formation of micelles, and consequently, a greater amount of surfactant is
required to form the micelles (i.e., the CMC progressively increases with added
methanol). A similar behavior is observed for acetonitrile, in spite of the different
polarities and structures (acetonitrile is dipolar and nonprotic, while methanol is
polar and protic). The effect of ethanol and 1-propanol is opposed to methanol.
These alcohols remain mainly outside the micelles, dissolved in the bulk liquid,
but interact more strongly with the micelle surface than methanol, reducing the
repulsions among the ionic heads of the surfactant monomers. This benefits the
formation of micelles and reduces the aggregation number and CMC.
As the length of the alcohol alkyl chain increases, its affinity for the SDS

micelle increases. 1-Butanol and 1-pentanol are inserted in the intermonomer
spaces of the micelle palisade, owing to their particular structure that combines
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Figure 3.2 Critical micellar concentration of SDS in solutions containing acetonitrile (filled
circle), methanol (rhombus), ethanol (filled rhombus), 1-propanol (square), 1-butanol
(filled square), and 1-pentanol (blank circle). (Data taken from Ref. [22].)
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a polar group with a nonpolar chain, similarly to surfactant molecules. These
alcohols align with the surfactant molecules in the micelle palisade, with the
polar hydroxyl group of the alcohol oriented toward the bulk liquid. This gives
rise to swollen mixed micelles. Such micelles are geometrically hindered to allo-
cate additional surfactant monomers, which is translated into a CMC reduction
that slows down above 4% butanol and 1.5% pentanol. This can be explained by
considering that above a given concentration, the amount of alcohol entering the
palisade is nonsignificant, and the excess is solubilized in the swollen micelle
core. Further additions of alcohol lead to a dramatic change in the mobile-phase
microstructure, yielding a microemulsion. On the other hand, the organic solvent
molecules may disrupt the micellar interface by increasing the distance between
adjacent groups (which decreases the charge density for ionic surfactants) and
decreasing the distinction between the hydrophilic and the hydrophobic domains.
The organic solvent fluidizes the micelle, which becomes more labile.
Solute retention changes with the concentration of organic solvent in the mobile

phase, similar to the CMC. This means that the collateral effects that change the
CMC in hybrid mobile phases are, at least partially, those that induce shorter reten-
tion: the modification of bulk water and micelle. Thus, using SDS and 1-pentanol
as modifier, both CMC and solute retention were observed to decrease strongly for
1-pentanol concentrations up to 1.5–2.0%. The change in retention upon addition
of 1-propanol and 1-butanol was smaller, as occurred with the CMC.

3.2.3.3 Micelle Breakdown at High Organic Solvent Content
A high concentration of organic solvent prevents the formation of micelles. This
means that the mobile phase will contain only free surfactant monomers. The
maximal concentration to avoid micelle breakdown depends on the nature of the
surfactant and organic solvent. Thus, SDS micelles have been found to disrupt at
concentrations (v/v) above 30–40% methanol, 30% ethanol, 30% acetonitrile, 22%
1-propanol, 10% 1-butanol, and 6% 1-pentanol [15,23]. Also, CTAB micelles do
not exist in solutions with more than 20% methanol. These maximal concentra-
tions are still low in comparison with those needed in conventional RPLC.
When the concentration of organic solvent in the mobile phase is increased,

the transition to a situation where micelles do not exist is gradual (there is no
sudden breakdown of micelles), with a progressive reduction in the aggregation
number. This fact, and the absence of remarkable changes in the chromato-
graphic behavior when micelles are disrupted, does not allow knowing exactly if
micelles still exist. It is thus not surprising that, in the literature, some authors
using high amounts of organic solvent have claimed to be working under MLC
conditions, without being aware that no micelles were formed [24].
Nevertheless, there is no reason to neglect the potentiality of mobile phases

containing surfactant above its CMC in water and a high amount of organic sol-
vent (without micelles) [25,26]. In this situation, the interactions between solutes
and a rather large amount of free surfactant monomers (instead of micelles) may
coexist in the bulk solvent with the interactions with the still surfactant-modified
stationary phase. This chromatographic mode in between MLC and
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conventional RPLC (first addressed by Li and Fritz [25]) has been called high
submicellar liquid chromatography (HSLC). Although the chromatographic per-
formance under micelle breakdown conditions in the mobile phase is still
scarcely studied, several reported procedures show that the combination of
reduced analysis time, larger selectivity, and improved peak shape, with respect
to MLC and conventional RPLC, makes HSLC a promising chromatographic
mode, to achieve in practical times separations of compounds unresolved or
highly retained with other RPLC modes (Figure 3.3). However, it has the dis-
advantage that a larger amount of organic solvent is needed with regard to MLC.
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Figure 3.3 Separation of a mixture of
β-blockers. Column: Kromasil C18. Mobile
phases: (a) 15% v/v acetonitrile (hydro-organic
conditions), (b) 0.1125M SDS/25% acetonitrile
(micellar), and (c) 0.1125M SDS/35%

acetonitrile (high sumicellar). Compounds: (1)
atenolol, (2) carteolol, (3) pindolol, (4) timolol,
(5) acebutolol, (6) metoprolol, (7) esmolol, and
(8) celiprolol. (Data taken from Ref. [24].)
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The organic solvent is seen as a secondary modifier, which can affect the
micelle nature and displace the analyte partition equilibrium toward the bulk
mobile phase. However, the role of the organic solvent is not far from that in a
hydro-organic mixture [23]. The loss of protagonism can be explained by its
association with the micelles or surfactant monomers, which decreases its capa-
bility to interact with analytes. Since the stabilization with an organized structure
(as the micelles) is stronger, the disruption of micelles at high concentration of
organic solvent is translated into a significant increase in the elution strength,
which may become similar to that observed with a hydro-organic mobile phase
in the absence of surfactant.

3.3
The Stationary Phase in MLC

3.3.1

Surfactant Coating of Bonded Phases

Most analytical procedures in the MLC literature involve conventional C18

columns, and in a much lesser extent, C8 columns (see Chapter 9). In some
specific applications or studies, cyanopropyl columns have been used. The
use of other columns is anecdotic. All types of columns are modified when a
surfactant is incorporated into the mobile phase [27]. In conventional RPLC
with hydro-organic mobile phases, the surface composition of bonded silica
is more relevant to chromatographic processes than bare silica, since solute
retention results from interaction with the few outer nanometers of the
bonded silica. This can be extended to the surfactant-coated RPLC modes.
The bonded stationary phase may be totally or partially coated by the surfac-
tant [28]. A full similar coating would render the stationary phases all simi-
lar, but this seems not be the case. Indeed, coating with surfactant changes
radically the column properties, but the subjacent stationary phase (the
bonded moiety) still plays a role in the interaction with solutes.
Surfactant adsorption on the porous RPLC packing affects chromato-

graphic retention, owing to the change of diverse surface properties of the
stationary phase. With nonionic surfactants, only the polarity of the station-
ary phase changes (in the absence of specific interactions with head groups),
whereas with ionic surfactants, an asymmetric bilayer with a net charge (pos-
itive or negative) appears on its surface, which acts as a dynamic ion-
exchanger for ionic analytes (Figure 3.1). Solid-state nuclear magnetic reso-
nance has been used to investigate the structure of the surfactant layer on
alkyl- and cyano-bonded stationary phases [29]. It appears that the chain of
SDS and Brij-35 surfactant monomers is adsorbed on the alkyl-bonded sta-
tionary phase through hydrophobic interaction, affecting the penetration
depth of solutes into the bonded phase. The surfactant head group is, there-
fore, in contact with the polar solution, oriented away from the surface.
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Solutes can experience hydrophobic interactions with the nonpolar chain of
the adsorbed surfactant and the nonmodified bonded stationary phase, and
polar or ionic interactions with the head of the adsorbed surfactant. In the
case of SDS, the sulfate head group creates a negatively charged hydrophilic
layer, which attracts cationic solutes (Figure 3.1a). Meanwhile, the adsorption
of Brij-35 with a hydrophilic polar end increases the stationary-phase polar-
ity, which remains neutral.
CTAB gives rise to two kinds of interactions with the stationary phase

(Figure 3.1b): hydrophobic association with the alkyl-bonded layer as anionic
surfactants, creating a positive charge that attracts anionic solutes, and electro-
static attraction of the positively charged surfactant head to the residual free sila-
nols on the support, which are buried inside the thickness of the bonded
layer [30]. This explains why alkyl-bonded phases covered with the anionic SDS
are more polar than the phases covered with the cationic CTAB. In contrast, on
cyano-bonded phases, both charged surfactants (SDS and CTAB) are adsorbed
head down with their tails projected outward, creating thus pseudo-alkyl bonded
phases. The smaller surface charge of the modified cyano-bonded phases is
responsible for the more important role of solute–micelle interactions for
charged solutes (see Section 3.4.2).

3.3.2

Stationary-Phase Saturation by Surfactant in Aqueous Medium

The adsorption isotherms of stationary phases of different nature, in contact
with mobile phases containing SDS, CTAB, or Brij-35, have been extensively
studied. The results have provided information about column conditioning in
MLC, which is useful to achieve reproducible results. In a comprehensive
work, Berthod and coworkers studied the adsorption isotherms for SDS
and CTAB on five stationary phases of various polarities: three nonpolar
silica (C1, C8, and C18) and two polar silica (cyanopropyl and naked silica)
[28]. The authors found that the adsorbed amount for CTAB was larger with
respect to SDS, which was explained by the attraction of the CTAB cation to
the ionized silanol group. Maximal adsorbed SDS was found close to one
surfactant molecule per bonded moiety for C1 and C8 bonded phases, and
close to two SDS molecules for a C18 phase. Examination of the hysteresis
loop for a C18 material, modified with surfactant, provided additional infor-
mation about the extent of stationary-phase modification [18]. The BET sur-
face area (surface available to the nitrogen molecules at 77 K) was found to
decrease about 60% for both nonionic (Brij-35) and anionic (SDS) surfac-
tants. These studies indicated that the surfactant molecules fill part of the
silica pore volume, producing a thick continuous film on the interior walls,
rather than completely filling the pores. On doing so, the stationary phase
surface area is reduced.
The amount of adsorbed anionic and cationic surfactants on the alkyl-

bonded column increases rapidly at increasing surfactant concentration in
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the mobile phase. An increase in the ionic strength also increases surfactant
adsorption. However, there is some disagreement on the conditions needed
to reach stationary phase saturation by surfactant. Some authors have found
a constant amount of adsorbed surfactant for ionic surfactants just above the
CMC. This has been explained by the fact that a change in surfactant con-
centration is translated into an increase in the concentration of micelles in
the mobile phase, whereas the number of surfactant monomers remains con-
stant and equal to the CMC. However, the assumption that the column is
saturated with surfactant just above the CMC seems to be not the case for
all surfactant/stationary-phase combinations. For SDS, the adsorbed amount
in C18 columns may increase as much as 20% after reaching the CMC
(8.1× 10�3M) [28]. Also, the adsorption of Brij-35 on these columns contin-
ues largely after its CMC (which is rather low: 9.0× 10�5M), exceeding it as
much as about 50 times [18]. However, under the usual experimental condi-
tions in MLC (surfactant concentration above 0.05M), the stationary phase is
saturated with the monomers of both surfactants.
The existence of a plateau of adsorbed ionic surfactant above the CMC with

some stationary phases allows rapid analyses using a micelle gradient, since the
initial conditions can be recovered without re-equilibration time [31]. However,
the particular elution strength behavior of MLC makes gradient elution often
unnecessary [32]. The effective removal of highly hydrophobic solutes from the
stationary phase transported by the micelles gives rise to a “gradient effect” in
MLC under isocratic conditions (Figure 3.4).

3.3.3

Use of Large-Pore Stationary Phases and Monolithic Columns

Shorter columns and shorter chain length stationary phases have been suggested
to overcome the problem of the inability of MLC to effectively elute highly
retained nonpolar solutes. However, although retention is reduced, resolution
often decreases. Other solutions are the use of alkyl-bonded stationary phases
with large pores [33], and monolithic columns [34].
The lack of strength of pure micellar mobile phases (i.e., without organic

solvent) has been attributed partially to the exclusion of micelles from the
pores, within nearly all (>99%) of the stationary-phase resides and solutes
spend most of their time. Since the excluded micelles (whose dimensions are
typically 30–60 Å, commensurate with the pore diameter of typical small
pore C18 columns) do not have direct access to the solutes associated with
the stationary phase (except when these have diffused out of the pores), even
high concentrations of micelles are not sufficient to elute moderately to
highly hydrophobic compounds. In the case of nonionic surfactants that
form large micelles, steric effects are the most likely reason for micelle exclu-
sion from small-pore stationary phases. With ionic surfactants that form
smaller charged micelles, both electrostatic and steric effects may limit the
ability of micelles to penetrate the pores.
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When large-pore stationary phases are employed, the micelles are able to pen-
etrate the pores and interact with the solutes [33]. This would benefit mainly
nonpolar solutes that participate in a direct transfer mechanism between
micelles and stationary phase (see Section 3.4.3). In order to determine whether
large-pore stationary phases overcome the lack of strength in MLC, several C8

and C18 phases ranging from 100 to 4000Å pore size were investigated with
micellar mobile phases of nonionic (Brij-22), anionic (SDS), and cationic (dode-
cyltrimethylammonium bromide, DTAB) surfactants. It should be noted that as
the pore size of a porous material is increased, the specific surface area is
reduced. As a consequence, the volume of the bonded stationary phase is also
decreased, and thus the stationary phase-to-mobile phase ratio. Therefore, under
equal mobile-phase conditions, the retention time for a solute with a large-pore
stationary phase will necessarily be shorter than with an otherwise identical
small-pore stationary phase. For this reason, in order to get a valid conclusion,
the authors compared the behavior of micellar and hydro-organic mobile phases
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Figure 3.4 “Gradient effect” observed in the
analysis of a mixture of β-blockers and phe-
nols. Column: 150mm× 4.6mm Zorbax
Eclipse-XDB C18. Mobile phases: (a) 30% aceto-
nitrile, and (b) 0.15M SDS/15% acetonitrile.

Compounds: (1) carteolol, (2) acebutolol, (3)
metoprolol, (4) celiprolol, (5) 2,4-dinitrophenol,
(6) 3-bromophenol, (7) 2,4-dichlorophenol,
and (8) 2,4,6-trichlorophenol.
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using stationary phases of different pore sizes and found that large-pore station-
ary phases really allow better penetration of the micelles into the pores, such
that they are able to reach the solutes at the internal surface of the stationary
phase better, and elute them in less time.
On the other hand, methods for conventional RPLC on silica-based particle

columns are easily transferred to silica-based monolithic columns [34]. These
are highly porous and allow for high mobile-phase flow rate associated with low
column back pressure, which gives rise to short analysis times (fast methods).
These columns were used to speed up quantitative structure–retention relation-
ship (QSRR) studies to estimate the membrane permeability of drugs in a wide
range of polarities. The performance was compared with a silica-based micro-
particle column, both with hydro-organic and micellar mobile phases. Micellar
mobile phases and a monolithic column posed no practical problems. However,
due to the larger viscosity, maximal flow rate was below 7ml/min with the MLC
method, whereas 9ml/min can be reached in conventional RPLC with hydro-
organic mobile phases. For the isocratic hydro-organic RPLC method with the
conventional column, a rather wide retention time window was obtained, while
the peaks of the least retained solutes were not completely separated from the
solvent peak. Flow rates of 9ml/min with the monolithic column and hydro-
organic mixtures did shorten the analysis times, but differentiation from the sol-
vent peak of the least retained solutes and among the peaks became almost
impossible, resulting in the loss of information. With MLC, all drugs could be
clearly distinguished and were retained even at high flow rate. Compared to iso-
cratic hydro-organic RPLC, much shorter retention times for the most retained
drugs and, in general, longer retention times for the least retained were
observed. Thus, for MLC, a smaller retention window was found with a remark-
ably shorter analysis time on both microparticle-based and monolithic columns.

3.3.4

Removal of Surfactant from the Stationary Phase in the Presence of Organic Solvent

The main topic in the MLC literature is the role of micelles in the chromato-
graphic behavior. Certainly, micelles increase the solubility of analytes and con-
tribute to their desorption from the stationary phase, with an elution strength
often larger than that of the organic solvent. However, as commented, besides
the formation of micelles, the most relevant difference between RPLC without
and with surfactant is the surfactant layer associated with the alkyl-bonded
chains in MLC. As in IPC, the surfactant added to the mobile phase covers the
stationary phase. Upon the addition of organic solvent, this coverage is reduced,
since the solvent dissolves the adsorbed surfactant at least partially [18,35].
A relatively small amount of organic solvent added to an SDS micellar mobile

phase significantly reduces the coating thickness, with a clear trend that depends
on the concentration and polarity of the organic solvent. This decreases the
retention in the order, methanol< acetonitrile< ethanol< 1-propanol< 1-buta-
nol< 1-pentanol, which correlates with the extent of surfactant desorption from
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the stationary phase (stronger for 1-pentanol). While the addition of 5% metha-
nol may reduce the amount of SDS by about 10%, 5% 1-pentanol will reduce it
by about 50%. In general, these changes depend on the surfactant-to-organic sol-
vent ratio and affect both retention and efficiency.
The organic solvent competes with the surfactant for adsorption on the station-

ary phase: the longer the alkyl-chain of an alcohol, the stronger the adsorption on
C18 stationary phases. The alkyl chains of 1-propanol and longer n-alcohols have
been found to interpenetrate the alkyl chains of the bonded phase to form a single
monolayer, adopting a structure similar to that of the surfactant monomers in
MLC, with the hydroxyl group oriented toward the aqueous phase. This competi-
tion between alcohols and surfactant molecules for adsorption sites on the station-
ary phase explains the linear reduction in the amount of adsorbed surfactant with
increasing concentration of alcohol in the mobile phase (Figure 3.5).
If the addition of organic solvent to the mobile phase reduces the amount of

adsorbed surfactant, in the limit, the BET surface area and the cumulative pore
volume will reapproach that of the unmodified stationary phase [18]. High con-
centrations of organic solvent can sweep out completely the adsorbed surfactant
molecules from the surface of the bonded phase. In HSLC, where the concentra-
tion of organic solvent does not allow the formation of micelles, the retention
mechanism will depend on the amount of surfactant that still remains adsorbed
on the alkyl-bonded phase, and on the interaction of solutes with surfactant
monomers in the bulk solvent, which replace the micelles [26]. It can be
expected that, without surfactant adsorption, the observed effect on retention
and resolution would be solely a result of the interactions with the surfactant

4.6

4.2

3.4

3.8

A
ds

or
be

d 
SD

S 
(μ

m
ol

/m
2 )

2.52.01.51.00.50.0
3.0

Organic solvent mole fraction
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monomers in the mobile phase, in addition to the interaction with the nonpolar
bonded phase and organic solvent in the mobile phase.

3.4
Retention Mechanisms

A surfactant adsorbed on the stationary phase exposes an extreme of its molecule
to the mobile phase, changing the stationary phase polarity and type of interac-
tions, which can be hydrophobic and electrostatic for charged surfactants, or
more specific as is the case with Brij-35, which interacts strongly with hydroxyl
groups in phenols and polyphenols. Solutes also still experience the underlying
bonded phase. This, in combination with shape and steric constraints, affects the
retention and selectivity [36,37]. Several of the interactions with surfactant
monomers are also found with the micelles in the mobile phase. The variety of
interactions in MLC does not exist in any homogeneous hydro-organic mobile
phase. This makes the RPLC mode compatible with a wide range of solutes (ionic
to water insoluble). The main strength of MLC lies precisely in the capability of
performing and controlling the separation of mixtures of cationic, anionic, and
uncharged polar and nonpolar solutes, using isocratic elution, provided appropri-
ate surfactant, organic solvent, and experimental conditions are chosen.
To understand the partitioning behavior in MLC, it should be considered that

the attraction of solutes to the surface of the surfactant-modified stationary
phase is usually stronger than the attraction to micelles in the mobile phase.
However, since the amount of adsorbed surfactant on the stationary phase
remains constant, an increase in the concentration of surfactant in the mobile
phase results in decreased retention. Peak efficiency also usually deteriorates
appreciably. In contrast, the addition of more organic solvent decreases the
retention and improves the peak shape, as explained below. It may be asked if
the improved performance is really competitive with respect to conventional
RPLC. Unfortunately, in the literature, only a few reports compare directly con-
ventional hydro-organic RPLC and MLC, in spite of the fact that such kind of
studies are also interesting to reveal the retention mechanisms that take place
inside an RPLC system in the presence of additives [38].

3.4.1
The Three-Phase Model

In MLC, solutes are partitioned between the mobile phase and the stationary
phase, which are modified by the presence of micelles and surfactant monomers,
respectively (Figure 3.1). In pure micellar systems, the retention behavior is
explained by considering three phases or environments: surfactant-modified sta-
tionary phase, bulk aqueous solvent, and micellar pseudo-phase [36,37]. Solutes
are separated on the basis of their differential partitioning among the three phases.
Therefore, three different equilibria are possible: (i) the distribution of solutes
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between the micelle and the aqueous solvent, (ii) the partition of solutes between
the stationary phase and the aqueous solvent, and (iii) the direct transfer between
the surfactant-modified stationary phase and the micelle (Figure 3.6) [37]. These
equilibria are described by three partition coefficients: PAS (between aqueous sol-
vent and stationary phase), PAM (between aqueous solvent and micelles), and PMS

(between micelles and stationary phase). The coefficients PAS and PAM account for
the solute affinity to the stationary phase and micelles, respectively, and have
opposite effects on solute retention: as PAS increases retention increases, whereas
as PAM increases retention is reduced due to the stronger association with
micelles. In hybrid MLC, the equilibria are significantly displaced away from the
micelle and the stationary phase toward the bulk hydro-organic mixture, which
has decreased its polarity. Both PAS and PAM coefficients decrease, especially PAS.
This makes retention to decrease.
The transitions that may happen among the three environments in a pure

micellar chromatographic system (i.e., aqueous solvent, micelles, and stationary
phase) can be described by the following equation [37]:

V e � V 0

V S
� k
Φ

� PAS

1 � υ�PAM � 1� M� � (3.1)

where Ve represents the total volume of mobile phase needed to elute the solute
from the column, VS and V0 are the volume of the active surface on the
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Figure 3.6 Simplified illustration of the direct transfer mechanism between micelle and
surfactant-modified stationary phase.
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stationary phase and the column void volume, respectively, Φ � V S=V 0 is
the phase ratio, and υ the partial specific volume of surfactant monomers in
the micelle (Table 3.1). When micelles are not present in the mobile phase,
Equation 3.1 is reduced to the partitioning equation in conventional RPLC:

V e � V 0 � V SPAS (3.2)

Equation 3.1 allows the measurement of the strength of solute–stationary phase
and solute–micelle interactions [39]. Since in MLC, the stationary phase is
modified by surfactant adsorption, PAS in conventional RPLC and MLC will be
different for the same column.
MLC is a nice example of the use of secondary equilibria in liquid chromatog-

raphy, which can be altered by a variety of factors, such as the nature and con-
centration of surfactant and organic solvent, temperature, ionic strength, and pH
for ionizable compounds [10,40]. A decrease in retention time is usually
observed when the concentration of the surfactant or the organic modifier is
increased. However, different analytes in a mixture respond in different ways to
changes in concentration of surfactant and/or organic solvent, resulting in a
change in selectivity.

3.4.2

Separation of Charged Solutes

Partitioning equilibria in MLC are governed by hydrophobic forces, but elec-
trostatic attraction and repulsion for ionic surfactants are also important.
Neutral solutes eluted with nonionic and ionic surfactants and charged sol-
utes eluted with nonionic surfactants will be affected only by hydrophobic,
dipole–dipole, and proton donor–acceptor interactions with micelles and sta-
tionary phase. Charged solutes will also interact electrostatically with ionic
surfactants (i.e., the charged surfactant layer on the stationary phase and the
charged outer-layer of micelles).
With ionic surfactants, two situations are possible: solute charge is oppo-

site to or the same as the charge of the surfactant head and, therefore, can
be attracted to or repelled, respectively, by the surfactant monomers in both
surfactant-modified stationary phase and micelles. In the case of electrostatic
repulsion, charged solutes cannot be retained by the stationary phase and will
elute at the dead time, unless significant hydrophobic interaction with the
modified bonded layer exists. In contrast, combined electrostatic attraction
and hydrophobic interactions with the modified stationary phase may be suf-
ficiently large to offset the micelle attraction, and retention will be strong,
but this can be decreased to practical values by adding an organic solvent.
This is the case of positively charged protonated basic compounds eluted
with SDS micellar mobile phases. Instead, these compounds elute at the dead
time with CTAB.
The function of the micellar pseudo-phase in MLC has been compared with

that of the organic modifier in conventional RPLC, since for most solutes,
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an increased surfactant concentration in the mobile phase results in decreased
retention. This behavior contrasts to that found in IPC, where the addition of
ionic surfactant increases solute retention, owing to the electrostatic attraction
to the stationary phase covered progressively with ionic surfactant [3]. However,
it should be noted that in MLC, the elution strength increases with surfactant
concentration only if the solute interacts with micelles.
According to their retention behavior, three groups of solutes can be rec-

ognized: binding, nonbinding, and antibinding [41]. Binding solutes associate
(bind) with micelles and show a decreased retention at increasing concentra-
tion of micelles in the mobile phase. Both nonbinding and antibinding sol-
utes do not associate with micelles, and their retention remains unaltered
(nonbinding) or is increased (antibinding) with increasing micelle concentra-
tion. The most frequent behavior is binding to micelles, while antibinding is
quite uncommon. It is evident that electrostatic repulsion is an important
issue in antibinding behavior, since antibinding solutes with anionic or cat-
ionic surfactants are negatively or positively charged, respectively. This
behavior is not observed between a charged solute and an oppositely
charged surfactant. It is also never observed with C8- or C18-bonded phases
modified by adsorption of ionic surfactants, since solutes elute at the dead
time due to repulsion between the solutes and the charged surfactant layer
on these stationary phases. The antibinding behavior has been observed only
either with C1 phases, which do not adsorb large amounts of surfactant, or
cyano-bonded phases where ionic surfactant molecules are adsorbed with
their tails projected upward. In both cases, charged solutes are strongly
excluded or repelled from the micelle, which forces them to bind to the
stationary phase, where they are retained due to hydrophobic forces. The
smaller surface charge of the SDS- and CTAB-modified cyanopropyl-bonded
phases is also responsible for solute–micelle ionic interactions playing a
more important role in the retention of weak bases and weak acids,
respectively.
By increasing the ionic strength, antibinding solutes can adopt nonbinding

or even binding behavior, proving again the electrostatic origin of the
observed behavior. This effect has been explained as similar to the floccula-
tion of colloidal systems: the electrical double layer surrounding the micelle
is narrowed in a mobile phase containing higher concentration of ions, which
facilitates the approximation of the solute to the micelle assembly to estab-
lish interactions between the solute and the hydrophobic micelle core. There-
fore, for the transition from antibinding to nonbinding, and further to
binding, solute polarity must be sufficiently low for the solute to associate
with the nonpolar portion of the micelle, once the electrostatic repulsion has
been minimized by salt addition. Thus, in the absence of salt, bromophenol
blue eluted with SDS from a cyanopropyl-bonded phase behaves as antibind-
ing, whereas in the presence of as little as 0.02M NaCl, it appears as non-
binding, and at slightly higher salt concentration, it is strongly bound to SDS
micelles [42].
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3.4.3

Direct Transfer of Solutes from the Micelle to the Stationary Phase

In pure micellar systems, solute migration can occur either via the exit of the
solute from the micelle, followed by its diffusion in the bulk aqueous solvent and
subsequent association with another micelle or to the surfactant-modified station-
ary phase, or by direct transfer through collisions and transient merging of intact
micelles with the surfactant-modified stationary phase (Figure 3.6) [36,43]. The
latter path can be neglected in most situations. Also, in principle, it should be
applicable only to nonionic micellar systems, since in the case of ionic surfactants,
ionic head groups in the micelles and on the surface of the modified stationary
phase will be similarly charged and an electrostatic repulsive barrier will exist,
impeding solute mass transfer across this interface. However, it has been reported
that for hybrid micellar mobile phases, which contain organic solvents, micelles,
and a variety of micellar fragments and surfactant-stabilized clusters, this addi-
tional migration mechanism can become operative as is the case of cationic sol-
utes eluted with anionic SDS micelles [24]. Thus, the micelle can lose a fragment
or incorporate a fragment, eventually mediating the transfer of a solute either
between micelles or clusters in the mobile phase or between a micelle in the
mobile phase and the surfactant-coated (micellar-like) stationary phase.
It seems, thus, that in pure micellar mobile phases, water-insoluble nonpolar

solutes or species strongly bound to surfactant monomers do not participate sig-
nificantly in the aqueous environment of the three-phase partitioning
scheme [43]. That is, they spend most of their time in the stationary phase or
bound to the micelle, and very little time in the bulk aqueous phase. These sol-
utes exhibit large affinity for the surfactant-coated stationary phase and the
micelles, and consequently, can be transported only between them by direct
transfer. This explanation has been called the solubility limit theory. For such
solutes (for which large PAS and PAM values are expected), only a single equili-
brium will exist, described by the partition coefficient between micelles and sta-
tionary phase (PMS=PAS/PAM). From Equation 3.1,

k � ΦPMS

1=PAM � υ 1 � 1=PAM� � M� � �
ΦPMS

υ M� � (3.3)

Therefore, the selectivity coefficient for a pair of compounds experiencing only
direct transfer will not depend on the concentration of surfactant in the mobile
phase [39]:

α � PMS;a

PMS;b

1=PAM;b � υ�1 � 1=PAM;b� M� �
1=PAM;a � υ�1 � 1=PAM;a� M� � �

PMS;a

PMS;b
(3.4)

By addition of organic solvent to the mobile phase, the solubility of nonpolar
solutes increases and this transfer mechanism loses importance with regard
to the usual two-step mechanism (micelle-bulk solvent and bulk solvent-
stationary phase).
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3.4.4

Effect of Polarity on MLC Retention

3.4.4.1 Retention Behavior of Homologous Series
The regular linear increase in the logarithm of the retention factor, log k, for a
homologous series is a recognized measurement of hydrophobic interactions in
an RPLC system with hydro-organic mobile phases (Figure 3.7a) [44]:

log k � log α�CH2�nC � log β (3.5)

where the intercept log β corresponds to the contribution to the retention from
the functional group common to the series, nC is the number of carbon atoms or
repeat units in the homologs, and α�CH2� is the nonspecific selectivity of a meth-
ylene group (called methylene or hydrophobic selectivity), which is the ratio of

0 1 2 3 4 5 

10 

20 

30 

40 

50 

60 

70 

80 
(b)k 

(a)

0 1 2 3 4 5 
0.8 

1.0 

1.2 

1.4 

1.6 

1.8 
log k  

Carbon number in homolog, nC Carbon number in homolog, nC

0 1 2 3 4 5 
15 

20 

25 

30 

35 

40 

45 

50 
k (d)

5 0 1 2 3 4 
1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

log k  (c)

Figure 3.7 Correlations of log k and k versus the number of carbon atoms for n-alkylben-
zenes. Mobile phases: (a, b) 35% 2-propanol and (c, d) 0.2M SDS. (Data taken from Ref. [44].)
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the retention factors of two compounds in a homologous series differing only in
a methylene group:

α�CH2� � kn�1
kn

(3.6)

The linear dependence between log k and nC (Equation 3.5) has been attrib-
uted to the direct proportionality between log k and the free energy of retention,
which is in turn a linear combination of the free energy increments associated
with the different parts of the molecule. Solute polarity should play also an
important role in governing the retention in micellar systems. However, in the
early work in MLC, it was already observed that micelles in the aqueous mobile
phase have an important effect on the retention of homologous series, being
often k (and not log k) that is linearly related to nC (Figure 3.7d) [44–46]:

k � a nC � b (3.7)

where a and b are fitted coefficients. This behavior has been observed for SDS,
CTAB, and Brij-35 with C8 and C18 stationary phases, and different homologous
series, such as n-alkylbenzenes, 2-alkylanthraquinones, and n-alkylphenones.
Also, it has been used to demonstrate that the separation mechanism in hybrid
MLC is more similar to pure MLC than to conventional RPLC.
In conventional RPLC, the measurement of selectivity (Equation 3.6) should be

independent of the successive pairs of homologs and type of series, for a given
system of mobile phase and stationary phase. In micellar eluents, this is not the
case, since the relationship between log k and nC is nonlinear. Thus, in the n-alkyl-
benzene homologous series, α�CH2� between n-pentylbenzene and n-butylbenzene is
smaller than between ethylbenzene and toluene. Also, the difference in α�CH2�
between two types of homologs increases with the number of carbon atoms. Thus,
it is consistently greater for n-alkylphenones with respect to n-alkylbenzenes.
The observed curvature in the log k versus nC plots in MLC was first attributed

to the different location (with different microenvironment polarities) in the micelle
for different members in a homologous series: the more hydrophobic (larger)
homologs tend to be located in a less polar environment of micelles. It can be,
thus, assumed that these compounds experience a smaller change in their micro-
environment polarity upon being transferred from the micelle to the alkyl-bonded
stationary phase. Meanwhile, owing to the more polar specific group (carbonyl) for
n-alkylphenones, these are located in a more polar location of micelles than are
n-alkylbenzenes. This situation does not exist in hydro-organic systems.
The solubility limit theory also provides an interesting explanation of the

retention behavior of homologous series. At a low homolog number, the solutes
are relatively water soluble; thus, aqueous solvent-stationary phase partitioning
plays its largest role: the slope of the log k versus nC curve reaches its largest
value. As the homologs become larger, they are less water soluble. In the limit,
the homologs partition directly between the micelles and the modified stationary
phase, and log k becomes independent of nC. The smaller α�CH2� coefficients in
MLC with regard to conventional RPLC also constitute an evidence of the closer
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environment of a methylene group in the micellar mobile phase to the modified
stationary phase, which is micelle-like.

3.4.4.2 Correlation between Retention and Octanol–Water Partition Coefficient
The observed behavior for homologous series has also been found for other com-
pounds [46,47]. Excellent correlations for k versus the logarithm of octanol–
water partition coefficient (log Po/w) have been reported in MLC with com-
pounds representing a relatively broad range of molecular interactions, molecular
shapes and sizes, and covering more than four orders of magnitude in polarity:

k � a log Po=w � b (3.8)

A practical advantage of the linear k versus log Po/w relationships (instead of
log k versus log Po/w), in MLC, is that a larger number of compounds are eluted
per time unit in the isocratic mode with regard to conventional RPLC: chro-
matographic peaks are more evenly distributed with longer retention times for
the least retained solutes and shorter for the most retained ones (see Figures 3.3
and 3.4). However, the type of general relationship (k or log k versus log Po/w)
seems to depend on the selected set of compounds and the nature of both
mobile phase and stationary phase. Also, the linearity of both correlations seems
to improve by addition of organic solvent to the micellar mobile phase. The
organic solvent apparently provides an environment closer to the octanol–water
mixture than pure micellar systems.
On the other hand, MLC has demonstrated to be useful for estimating log Po/w,

based on the good correlation between retention and log Po/w for series of neutral
compounds of diverse polarities. When the ionization degree is the same for struc-
turally related ionizable compounds, the difference in retention is also a result of
the differences in polarity. Thus, acceptable correlation has been found for groups
of basic compounds in acidic mobile phases of SDS, where the positively charged
protonated species dominate. For ionizable compounds with different ionization
degrees, the correlations are poor due to the extra ionic interactions, unless a cor-
rection is applied. Equation 3.8 can also be used for ionizable compounds if appar-
ent log Po/w values measured for the ionized species are considered [48].

3.4.4.3 Effect of Organic Solvent Polarity
The addition of organic solvent to the micellar mobile phase reduces the polarity
of the aqueous bulk solvent. This yields a decreased retention (even relatively
small amounts of organic solvent will produce dramatic effects) and influences
the selectivity. The effect is attenuated as the surfactant concentration is
increased. Depending on the strength of the interactions, the organic solvent or
the surfactant has a prevalent effect on the elution strength.
The observed elution strength in hybrid MLC approximately correlates with the

polarity (log Po/w) of both solutes and organic solvent. Less polar solvents are able
to shorten the retention to a larger extent. Also, the decrease in retention is more
intense for less polar solutes. In a comprehensive study, 21 organic solvents (alka-
nols, alkanediols, dipolar aprotic solvents, and alkanes) were added to an SDS
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micellar mobile phase to determine their effect on two solutes of widely differing
polarity (benzene and 2-ethylanthraquinone) in a C18 column [19]. The retention
decreased as the organic solvent polarity decreased, but the effect of alkane addi-
tives on retention was too small. The elution strength was observed to parallel the
organic solvent log Po/w values (i.e., polarity) (Figure 3.8a). Also, the correlation
between the solute retention factor and log Po/w for the organic solvents was simi-
lar to the correlation between the solute retention factor and the binding constants
of solvents with micelles (i.e., their ability to bind to micelles).
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3.4.5

Effect of pH on Retention

Chromatographic retention of ionizable compounds depends on the mobile-
phase pH, being a weighted mean of the behavior of the basic (kA) and acidic
(kHA) species, as follows [10,11]:

k � kA
1

1 � KHh
� kHA

KHh
1 � KHh

kHA � kA � kHAKHh
1 � KHh

(3.9)

where KH is the protonation constant. Since the intrinsic retention for each spe-
cies is different, a sudden change in retention will happen at pH values close to
log KH in the mobile phase medium (Figure 3.9). The dependence is sigmoidal.
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Figure 3.9 Effect of pH on retention in a C18 column and on the protonation constant KH for
acidic (HA/A�) and basic (BH+/B) compounds. Mobile phases: (a, d) hydro-organic and (b, c, e, f)
micellar with anionic surfactant (b, e) and cationic surfactant (c, f).
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However, for conventional alkyl-bonded stationary phases (with working pH in
the range 2.5–7.5), the full protonation process (which covers several pH units) is
not observed. Therefore, the plots of retention versus pH show different patterns.
In hybrid micellar systems, the protonation equilibria are shifted by the pres-

ence of both organic solvent and surfactant, due to the modification of the bulk
solvent polarity, and the association of solutes with micelles and the adsorbed
surfactant monomers on the stationary phase. Changes in the acid–base behav-
ior (i.e., apparent constant K H́) and retention of ionizable solutes are observed
with both nonionic and ionic surfactants, but the most interesting effects corre-
spond to ionic surfactants, due to the electrostatic interaction between solutes
and charged micelles and stationary phase (Figure 3.9).
The shift in K H́ depends on the concentration of organic solvent and surfac-

tant. Usually, K H́ decreases as the concentration of organic solvent increases. For
ionic surfactants, solute–surfactant electrostatic interactions are responsible for
the trends in K H́ and k versus pH curves at increasing surfactant concentration.
In alkyl-bonded columns, the surfactant head group is exposed, so that the sta-
tionary phase surface is charged. Consequently, stationary phases modified with
the anionic SDS will cause repulsion of anionic species, and stationary phases
modified with the cationic CTAB will repel cationic species. This results in dif-
ferent elution behavior for weak acids and bases as a function of micelle concen-
tration and pH in the mobile phase.
For weak acids having neutral acidic and anionic basic species, and for

weak bases with cationic acidic and neutral basic species, eluted both with
an anionic surfactant, K H́ increases with the concentration of surfactant, due
to the preferential attraction of the acidic species (neutral or cationic) toward
the modified surface of the stationary phase with respect to the micelles
(Figure 3.9b and e). The magnitude of the shift in log K H́ is larger for com-
pounds experiencing larger interactions with the surfactant, and can amount
to more than one unit. The shift in K H́ to higher pH benefits the observation
of the maximal retention (the retention of the acidic species) within the
operable limits of silica-based columns. Also, column life is extended as
working at less stressing pH is possible, and measurements are more repro-
ducible, since these can be made in a region of constant retention, where
only one species dominates. On the other hand, for weak acids, the largest
k-values are observed in acidic solution, where the neutral species dominate,
and the smallest in more basic media where the anionic deprotonated species
prevails with a weaker association with the surfactant-modified stationary
phase (the k versus pH curves are descending). The same shape will be
observed for weak bases: the dominant cationic protonated species at low pH
is more strongly retained than the neutral basic species.
In the recommended MLC procedures for weak acids, such as amino acids

and phenols, using SDS as surfactant, the pH is often fixed at 2.5–3, where
the protonated species dominates. Under these conditions, the separation
space is wider, which favors chromatographic resolution. Although basic
drugs (with log KH= 9–10) do not change their retention in the working pH
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range of conventional alkyl-bonded columns, low pH is also selected to
enhance the efficiencies due to the protonation of silanols.
For micellar mobile phases of a cationic surfactant, such as CTAB, which

stabilize the basic species, the changes in both K H́ are opposite to those
observed for anionic surfactants (Figure 3.9c and f). Weak acids are stronger
and weak bases are weaker in the CTAB micellar system. Also, a mirror
shape of the k versus pH curves with respect to SDS is observed (ascending
curves) for both weak acids and bases, since the basic species experience
higher retention. The difference between the shape of the k versus pH curves
in MLC and conventional RPLC should be remarked. In MLC with SDS, the
curves for weak acids and bases are both descending, and for CTAB these
are both ascending. In contrast, for conventional RPLC, the k versus pH
curves are descending for weak acids and ascending for weak bases (Figure 3.9a
and d). In general, the different distribution of the K H́ values for ionizable com-
pounds in micellar mobile phases, with respect to hydro-organic mixtures, con-
tributes to the changes in selectivity observed between both chromatographic
modes [11].

3.5
Efficiency

3.5.1

Chromatographic Efficiency in MLC: Should it be a Topic of Concern?

The MLC literature contains many examples on the reduced efficiency. The
problem becomes progressively more acute as solute polarity decreases [49].
Both organic solvent addition and temperature raise were soon given as solu-
tions to improve the efficiency [9,50], but the use of organic solvents to yield
the hybrid MLC mode is preferred. However, as commented in Section 3.4, it
is not often easy to appraise the chromatographic performance in MLC, since
most reports deal exclusively with the observed changes upon addition of
organic solvent to a pure micellar mobile phase; the performance with regard
to conventional hydro-organic mixtures is usually not checked. Only in a few
studies both chromatographic modes have been compared using the same
C18 column and probe compounds, with interesting results: for polar or rela-
tively polar compounds, hybrid MLC often yields similar or even improved
efficiency relative to conventional RPLC, although the efficiency for highly
nonpolar compounds is clearly inferior [49]. Therefore, comments such as
“In spite of the advantages of MLC and the fervor of its proponents, this
separation technique has not seen widespread application because it tends to
be less efficient than conventional RPLC”, “Despite the advantages, MLC has
not found widespread use due to poor column efficiency”, or “The problem
of reduced efficiency in MLC still remains, despite extensive study”, which
question the validity of MLC, are not justified.
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3.5.2

Understanding the Reduced Efficiency with Pure Micellar Mobile Phases

Dorsey, DeEchegaray, and Landy believed that the reason of the reduced column
efficiency in MLC with pure micellar mobile phases was the “poor wetting” of
the nonpolar stationary phase, due to the high water content in the mobile
phase [9]. According to these authors, “If micellar mobile phases are ever to be
widely accepted as a viable chromatographic technique, the efficiency achieved
must at least approach that of conventional RPLC”. These authors proposed the
addition of some organic solvent to the mobile phase. In that study, the effect of
10% methanol, ethanol, 1-propanol, and acetonitrile with benzene as probe com-
pound was checked, and certainly, an improvement in both efficiency and peak
symmetry was observed as the polarity of the organic solvent decreased, with the
best results corresponding to 1-propanol.
Other authors disagreed with the hypothesis of Dorsey, DeEchegaray, and

Landy, and offered other reasons for the reduced efficiency in MLC. Thus,
Yarmchuck and coworkers referred to a possible slow solute exit rate from the
micelle in the mobile phase and from the surfactant-modified stationary phase,
which gives rise to poor mass transfer between the micelles, bulk aqueous phase,
and stationary phase [7], and Borgerding and coworkers more accurately sug-
gested that the thick surfactant layer on the stationary phase was the reason of
the poor efficiencies [18]. Solute diffusion in the stationary phase coated with
surfactant is very difficult and slows down the solute mass transfer (transfer to,
in, or from the stationary phase). Certainly, alkyl-bonded stationary phases in the
presence of surfactant are quite different from the original phase because of
adsorption of surfactant in amounts approximating that of the bonded hydro-
carbon, creating a double layer. The adsorbed surfactant changes the stationary
phase (its surface, polarity, carbon load, and porosity), and consequently, the solute-
stationary phase and micelle-stationary phase interactions and kinetics.
The comparison of Van Deemter plots for C18 columns using acetonitrile–

water mixtures and pure micellar mobile phases of Brij-35 revealed that the term
relating the theoretical plate height directly to the square of the stationary-phase
film thickness, and inversely to the solute stationary-phase diffusion coefficient,
was increased in MLC [18]. For well-designed column packings, this term is
negligible, but it is significant for column packings with a thick stationary phase
or poor stationary-phase diffusion, such as the original bonded phase materials.
The Brij-35-coated column is somewhat analogous to these materials. This should
impact adversely the MLC efficiency. This is especially problematic for highly
nonpolar solutes that have a high affinity for the stationary phase: the higher the
solute-stationary phase coefficient (which gives information about the affinity
of the solute for the surfactant-coated stationary phase), the smaller the efficiency.
Also, the greater the fraction of partitioning of nonpolar solutes that occurs
via direct transfer mode, the poorer the chromatographic efficiency. Water-
soluble solutes, which do not have to undergo such transfer process, exhibit
larger efficiencies.
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Accordingly, the reason for the improved efficiency with organic solvent addi-
tion should be rationalized in terms of its effect upon the surfactant-modified sta-
tionary phase [18,35]. Organic solvents produce a thinner surfactant layer, which
permits better solute diffusion. The achieved efficiency is parallel to the ability of
organic solvents to desorb SDS monomers from the bonded stationary phase.
Organic solvents are also expected to influence the fluidity/rigidity of the surfac-
tant/bonded ligand structure, enhancing the solute diffusion, just as their presence
alters the fluidity of the micellar aggregate structure in the mobile phase.

3.5.3

Effect of the Type of Organic Solvent and Organic Solvent/Surfactant Ratio on the
Efficiency

The enhanced efficiency depends on the chemical characteristics of the bonded
stationary phase, the type of surfactant and organic solvent, and their relative
concentration in the mobile phase [49]. Most studies on this topic have been
performed with SDS and, in much lesser extent, with Brij-35, which offers
poorer efficiencies. In fact, with this surfactant broad peaks are usually obtained
even close to the dead time. In a study on the efficiency of MLC with SDS using
a large set of organic solvents as modifiers (alkanols, alkanediols, formamide,
dipolar aprotic solvents, and n-hexane) and benzene and 2-ethylanthraquinone
as probe compounds (made parallel to the study on the elution strength com-
mented in Section 3.4.4.3), an increase in the efficiency was observed with
increasing organic solvent log Po/w (Figure 3.8b) [19]. As can be observed (see
also Figure 3.8a), efficiency and elution strength are correlated in MLC to some
extent. It seems that there is no single additive that will be the best in MLC. The
optimal choice is dictated by solute polarity: a less polar organic solvent is
needed to attain the maximal efficiency when working with less polar solutes.
Interestingly, the addition of dipolar aprotic solvents, such as acetonitrile, and

the weakly protic formamide, to the micellar mobile phase results in more plate
counts than those predicted from their respective log Po/w values based upon the
alkanol and alkanediol data (Figure 3.9b). Although evaluated in the early days of
MLC, acetonitrile was not selected as a useful candidate to enhance the effi-
ciency because, at similar concentration, it did not improve the elution strength
as much as short-chain alcohols did. However, recent work has shown the
advantage of using acetonitrile as a modifier in MLC: the improved efficiencies
result in better resolution for complex mixtures [12].
A fact checked consistently is that the organic solvent to surfactant ratio con-

trols the efficiency in MLC, since it dictates the amount of surfactant coating on
the stationary phase. The greater the concentration of organic solvent, the greater
the efficiency and the amount of surfactant desorbed from the stationary phase,
giving rise to smaller carbon loading and film thickness. Also, at fixed organic
solvent concentration, the efficiency decreases as the surfactant concentration in
the mobile phase increases. However, the interpretation of plate count data with
added organic solvent is complex, since in parallel, the organic solvent changes
the structure of micelles and the mobile phase polarity, affecting the retention.

400 3 Micellar Liquid Chromatography: Fundamentals



3.5.4

The Case of Basic Compounds

The RPLC analysis of basic compounds (including many drugs of interest with
protonable nitrogens), using conventional silica-based packings, is problematic
due to poor peak shape (broad and tailed peaks) and long retention. The reason
of this behavior is the ion-exchange interaction of the cationic protonated spe-
cies with free silanols on the support, which is a slow process [51]. This interac-
tion can be at least partially avoided by decreasing the pH of the mobile phase
below 3.5 to suppress silanol ionization. Several manufacturers have developed a
variety of deactivated packings (with protected silanols). However, because of
their high cost, conventional RPLC packings are still common, and silanols are
usually blocked with amine modifiers added to the mobile phase, which associate
with silanol sites blocking ion-exchange processes.
In recent years, the anionic surfactant SDS added to hydro-organic mixtures

(in the submicellar or micellar modes) has been reported as an effective silanol
suppressor, yielding for basic compounds increased efficiency, superior to that
achieved with amines, and almost symmetrical peaks, while in the hydro-organic
mode peak deformation is significant (and even deactivated packings do not
yield symmetrical peaks) [12]. Reported examples are found for β-blockers, phe-
nethylamines, tetracyclines, and tricyclic antidepressants [49]. The suppression
of the silanol effect with SDS is not caused by direct electrostatic interaction
with free silanols (case of amines), but it is a result of the protective coating of
surfactant monomers on the stationary phase, which prevents very efficiently the
cationic solutes penetrate the bonded alkyl chains to interact with the buried
silanols. Cationic solutes instead interact electrostatically with the anionic sulfate
group in the adsorbed surfactant monomers through an ion-exchange mecha-
nism, which seems to be a fast process (easier than ion-exchange processes
involving the silanols on the silica surface). Pure micellar mobile phases yield,
however, poor peak shape due to the thick surfactant layer on the column. The
organic solvent in the hybrid mobile phase reduces this layer and permits better
diffusion of the cationic solutes, still preventing their penetration in the bonded
phase to reach the silanols. The net effect seems to be more effective than the
direct electrostatic interaction of amines with free silanols to improve the peak
shape. Unfortunately, although the retention times may be shorter with respect
to hydro-organic RPLC, these can remain still long due to the electrostatic
attraction of the basic compounds to the modified stationary phase. This forces
the addition of more organic solvent to reduce the retention times to practical
values, reaching often HSLC conditions (Figure 3.3) [26].
Comprehensive studies have been conducted on the chromatographic behavior

of a group of basic compounds (β-blockers) in mobile phases containing SDS in
the submicellar and micellar modes in comparison with conventional RPLC with
acetonitrile or alcohols [15,23,24]. It was found that acetonitrile can give rise
to significantly better peak shape, which is interpreted by a larger reduction of
the adsorbed surfactant layer on the stationary phase. The poorest efficiencies
were obtained for the hydro-organic mode (N= 800–1700). Efficiencies improved
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in the micellar mode (N= 1000–3300). However, the most outstanding enhance-
ments were observed in IPC (low surfactant concentration and high organic sol-
vent content) and the high submicellar mode (high surfactant concentration and
high organic solvent content), with efficiency values frequently in the range of
N= 4000–9000. In the hydro-organic mode, tailed peaks were obtained
(B/A= 1.5–3.0, A and B being the left and right half-widths, respectively). Mean-
while, chromatographic peaks were almost symmetrical in both micellar and high
submicellar modes (B/A= 1.0–1.3), with small changes with mobile-phase com-
position, except by the observation of a significant deterioration in the presence
of high organic solvent content (>50% acetonitrile). This can be interpreted by
the loss of a significant portion of the surfactant layer from the stationary phase,
which favors solute penetration and interaction with the buried silanols.
As observed, the interpretation of the interactions that take place inside

alkyl-bonded silica columns, in the presence of SDS (and other additives)
using hybrid mobile phases, is relatively simple by following the changes in
retention and peak performance. The enhancement in peak shape itself offers
a measurement of silanol suppression. Also, retention and peak performance
allows probing the surfactant layer on the stationary phase: good peak shape
(nearly symmetrical narrow peaks) confirms the coating of the stationary
phase by the anionic surfactant, which gives rise to negligible interaction
with free silanols. Thus, the long retention times and high efficiencies found
with a Kromasil C18 column and mobile phases containing SDS and 50–60%
methanol suggested that a significant amount of surfactant still covered the
stationary phase. For up to 35% 1-propanol or 50% acetonitrile, the surfac-
tant layer was not either desorbed totally [23]. This agrees with a previous
observation on the tight insertion of the surfactant alkyl chains in the alkyl
moieties of the bonded layer of the densely grafted phases.

3.6
Significance of MLC

From its beginnings in 1980, MLC has evolved into becoming a real alternative
in some analyses (and a complement in others) to conventional RPLC, owing to
its peculiar features. The first developments in MLC were based on the works of
Armstrong, Berthod, Cline-Love, Dorsey, Khaledi, Hinze, and Foley, among
other researchers. After these efforts, MLC was more or less forgotten, but since
the 1990s, further work demonstrated its usefulness in modern pharmaceutical
and food analyses. Today, there is more than three decades of MLC experience
with a great volume of scientific production, which amounts to several hundreds
of reports.
A number of qualities have been revealed as the technique has developed. First,

the biodegradability of surfactants and the small amount of organic solvent in the
mobile phase makes MLC an RPLC mode with lower toxicity and reduced envi-
ronmental impact, which may be classified inside the group of “green analytical
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techniques”. Also, the stabilization of the organic solvent in the micellar medium
reduces the risk of evaporation. This property yields highly reproducible retention
facilitating the optimization of the separation conditions, since the mobile phases
are preserved in the laboratory for a long time without significant changes in
their composition. In addition, the mobile phases can be recycled during the anal-
ysis, as long as a sufficiently small number of injections are made, which reduces
the cost.
Also remarkable is the large variety of interactions between solutes, micelles,

and the adsorbed surfactant monomers on the stationary phase, which produce
particular selectivity and give rise to a highly versatile technique, appropriate for
a wide range of solutes (from hydrophilic to hydrophobic). The analyses can be
usually carried out within a single isocratic run in adequate analysis times.
Finally, the feasibility of direct injection of physiological fluids is really attractive,
since it avoids the tedious sample pretreatment required when hydro-organic
mobile phases are used [52]. This topic will be discussed in detail in Chapter 4.
Despite these features and others that are discussed in this chapter or in Chap-

ter 4, the applicability of MLC in the analytical laboratories is still limited. The
reason may be, partially, the main drawbacks early described in the first reports
on the technique: the weak elution strength and reduced efficiency of pure
micellar mobile phases (containing only surfactant). Some of the solutions pro-
posed along the years to overcome these limitations, such as the addition of a
small amount of organic solvent, the use of large-pore stationary phases or high
temperature, have favored the potential of the technique, but they have not
resulted in an extensive use. However, it seems that the only real limitation of
this chromatographic mode to date is related to the impossibility of direct online
coupling to mass spectrometric detection, due to the presence of high concen-
trations of surfactant in the mobile phase.
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