
Abstract. Background and possibilities of practical applications of
micellar liquid chromatography (MLC) are considered. Various
retention models in MLC, the effects of the nature and concen-
tration of surfactants and organic modifiers, pH, temperature and
ionic strength on the MLC efficiency and selectivity are discussed.
The advantages and limitations of MLC are demonstrated. The
performance of MLC is critically evaluated in relationship to the
reversed-phase HPLC and ion-pair chromatography. The poten-
tial of application of MLC for the analysis of pharmaceuticals
including that in biological fluids and separation of inorganic
anions, transition metal cations, metal chelates and heteropoly
compounds is described. The bibliography includes
146 references.

I. Introduction

Studies of secondary chemical equilibria (acid ± base, complex-
ation, formation of ion pairs and solubilisation) in reversed-phase
high-performance liquid chromatography (RP HPLC) have been
gaining momentum in recent years since their consideration leads
to a higher selectivity of separation. The application of surfactant
solutions at concentrations above the critical micellar concentra-
tion (CMC) as mobile phases in RP HPLC has given birth to
micellar liquid chromatography (MLC), which is an alternative to
the classical RP HPLC with aqueous-organic eluents.1 ± 4

Micellar liquid chromatography offers a number of advan-
tages compared to other chromatographic methods. First, owing
to the dual nature of surfactants possessing both hydrophobic and
hydrophilic properties, it is possible to carry out simultaneous
separation of a mixture of ionic and non-ionic sorbates. Second,
owing to the ability of micelles to increase solubility of uncharged
sorbates in water, they can act as organic modifiers; it is note-
worthy that micellar eluents are inexpensive and non-toxic. Third,
it is possible to influence effectively the selectivity ofMLCbecause

it depends on a large number of parameters: the nature of
surfactants (viz., their types and charges) and concentrations,
additives of various organic modifiers, ionic strength (salt addi-
tives) and pH of the mobile phase and the nature of the stationary
phase. Fourth, biological fluids can be injected directly into a
chromatographic column without preliminary precipitation of
proteins, because both anionic and non-ionic surfactants are
capable of solubilising proteins. This simplifies preparation of
samples and accelerates analysis of various medicinal prepara-
tions. Fifth, the sensitivity of determination is increased since the
intensity of luminescence, low-temperature phosphorescence and
absorption are enhanced for many substances in the presence of
surfactants. Sixth, the use of micellar gradients makes it possible
to carry out fast separations because there is no need for column
conditioning upon replacement of the mobile phase as the
concentration of the free surfactant in solution is virtually
constant after equilibration of the column with the surfactant at
concentrations above CMC. Seventh, many authors have demon-
strated the existence of a correlation between the retention and
partition coefficients in the octanol ±water system and biological
activity. In this context, MLC may be useful for estimating
hydrophobicity of sorbates and predicting biological activity.

A substantial drawback of this method is lesser efficiency of
separation compared to that in classical RP HPLC. Two ways
have been proposed to overcome this drawback: to use the so-
called hybrid eluents, i.e., mobile phases with addition of small
amounts of organic modifiers (usually, short-chain alcohols), or
to raise the working temperature. The addition of alcohols to the
micellar mobile phases leads not only to enhancement of the
efficiency of separation, but also to changes in selectivity and to a
faster analysis. Therefore, special attention has been paid in recent
years to the MLC techniques using hybrid eluents.

Despite the fact that this method has been developing for only
two decades (the first paper appeared in 1980 5), several
reviews 2, 6 ± 9 devoted to the discussion of basic theoretical prob-
lems of MLC and to the most recent achievements 7 have been
published. However, in the Russian-language literature none of
the numerousmonographs or reviews devoted toHPLCmake any
mention of this method (except for Ref. 1 where only the notion of
MLC is given).

The aim of this review is to fill this gap. The review generalises
the retention models in MLC described in the relevant literature,
discusses causes of low efficiency of separation and ways of its
increase and the possibilities of modifying the selectivity of
separation and gives examples of the use of MLC for the analysis
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and determination of inorganic, medicinal and biologically active
compounds.

II. Retention models for micellar liquid
chromatography

Micellar liquid chromatography is a variant of partition chroma-
tography where the sorbate molecules are partitioned between
three phases: stationary phase, micellar and non-micellar (aque-
ous) mobile phases. In MLC, three equilibria are taken into
consideration: sorbate partition between the micelle and the
aqueous phase characterised by the partition coefficient PMW,
sorbate partition between the micelle and the stationary phase
with the partition coefficient PSM and sorbate partition between
the stationary phase and the mobile aqueous phase with the
partition coefficient PSW. Several equations have been proposed
to relate the retention of sorbates in MLC to the concentration of
micelles.10 ± 12 Armstrong andNome 10 express this dependence as

Vs

Ve ÿ V0
� V�PMW ÿ 1�

PSW

�M� � 1

PSW

, (1)

where Vs, Ve and V0 are the volume of stationary phase, the
volume of sorbate elution and the void volume of the column,
respectively; V is the molar volume of the surfactant, [M] is the
concentration of the surfactant in form of micelles in solution,
which is calculated as [M]= c7 ccr, where c is the total surfactant
concentration in solution and ccr is the critical micelle concen-
tration. The dependence Vs/(Ve 7 V0) on [M] should be linear,
whereas the value of V(PMW 7 1) is equal to the constant of
sorbate association with the micelles 9 and may be obtained
experimentally from the slope of the straight line and the
magnitude of the intercept of this line on the ordinate.

Arunyanart and Cline Love 11 have proposed the equation
relating the basic chromatographic parameter Ð capacity factor
(k0) Ð to the concentration of surfactant micelles.

1
k0
� K2

f�Ls�K1
�M� � 1

f�Ls�K1
, (2)

where K2 is the constant of sorbate association with the micelle,
f is the phase ratio, [Ls] is the ligand concentration in the
stationary phase, and K1 is the binding (adsorption) constant of
sorbate from the mobile aqueous phase to the stationary phase.

In this case, the dependence of 1/k0 on [M] should be linear,
while the constants of sorbate ±micelle association can also be
easily derived from experimental data. Equations (1) and (2) are
therefore equivalent.13

Proceeding from the general model of secondary equilibria in
chromatography,14, 15 Foley 12 has deduced the equation

k0 �
� KSM�M�
1� KSM�M�

�
k0SM �

� 1

1� KSM�M�
�
k0S , (3)

where KSM is the constant of sorbate ±micelle association, k0S and
k0SM are the capacity factors of the sorbate and the sorbate ±
micelle complex.

Transformation of Eqn (2) with consideration of the fact that
the sorbate ±micelle complex is not retained, since the micelle is a
component of the mobile phase, gives the equations

k0 �
� 1

1� KSM�M�
�
k0S (4)

or

1
k0
� KSM

k0S
�M� � 1

k0S
. (5)

Equation (5) is equivalent to Eqns (1) and (2).

It should be noted that the constant of sorbate ±micelle
association derived from any equation Ð (1), (2) or (5) Ð is
called the constant of association per monomer. As the concen-
tration of micelles is expressed by the equation

[M]= (c7ccr)/n, (6)

where n is the aggregation number, the multiplication of the
constant K2/KSM or V(PMW 7 1) by n gives the constant of
association per micelle.

In the studies of the retention mechanism of hydrophobic,
poorly water-soluble alkylbenzenes in MLC with non-ionogenic
surfactants polyoxyethylene [10]- or -[23]-lauryl ethers (Brij-22 or
Brij-35, respectively), Borgerding 16 has modernised Eqn (1) and
proposed a model of limited solubility. Assuming that
PMW7 1&PMW and denoting the coefficient of sorbate parti-
tion between the stationary and mobile phase as PSM=
PSW/PMW, the equation

1
k0
� 1

f

�
V�M�
PSM

�
� 1
fPSW

, (7)

was obtained, which in the extreme case (insolubility in water) is
transformed into the equation

k0 � PSM

� f
V�M�

�
. (8)

Analysis of Eqns (1) and (2) shows that as the concentration
of micelles in the mobile phase increases the retention decreases
(1/k0 increases), i.e., the eluting strength increases with the
concentration of micelles.

Equations (1) and (2) were both used for the determination of
the constants of sorbate association with different surfactants in
purely micellar as well as in hybrid eluents.10, 11, 17 ± 20 In both
cases, straight lines with good correlation coefficients were
obtained;18 the values of association constants calculated by the
two methods are also in good agreement.

It was noted that in the presence of the cationic surfactant
cetyltrimethylammonium bromide the constants of association of
a number of benzene and naphthalene derivatives with micelles
are larger than those in the presence of the anionic surfactant
sodium dodecyl sulfate,18 which can be explained by the preferred
electrostatic interactions between the positively charged head
groups of cetyltrimethylammonium bromide micelles and delo-
calised electrons of the aromatic ring of sorbates. However, still
higher values of the constant of sorbate ±micelle association were
obtained in the case of the non-ionogenic surfactant Brij-35, which
is difficult to explain if one considers solely the hydrophobic
interactions.

As it follows from the basic equilibria taken into consideration
in the deduction of Eqns (1) and (2), the values of PMW and K2

depend only on the nature of the sorbate and the micellar system
used and are independent of the nature of the stationary phase.17

It should be noted that the error in the determination of
dissociation constants also depends on the nature of the sorbate
and is increased with its higher hydrophobicity [thePSW values are
large and the 1/PSW value in Eqn (1) is small].

The addition of organic modifiers to amicellar system leads to
changes in its characteristics (CMC and the aggregation num-
ber),21, 22 which should in turn result in the modification of
sorbate ±micelle interactions and, consequently, in changes in
the retention.21, 22 The sorbate ±micelle interactions are as a rule
decreased in a medium modified by alcohols.9 Indeed, the
constants of sorbate ±micelle association calculated for a number
of benzene and naphthalene derivatives are larger for sodium
dodecyl sulfate and cetyltrimethylammonium bromide in purely
aqueous micellar solutions than in solutions containing 5 vol.%
or 10 vol.% of n-butanol as the modifier, which is related,
according to Garcia et al.,20 to the competition between the
sorbate and modifier molecules for the interaction with the
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micelles. Addition of salts (e.g., NaCl) to the system enhances the
interaction between the sorbate and the sodium dodecyl sulfate
micelle; in this case, the values of association constants are even
higher than those in the purely micellar mobile phases.20

Thus, the ability of micelles for selective solubilisation of the
sorbate or interaction with it is the basis of separation in MLC
using grafted alkyl stationary phases. It is known that the
molecules of monomeric surfactants are easily adsorbed on such
stationary phases thereby modifying their properties and making
a definite contribution to the retention and selectivity in MLC.
However, the equilibrium adsorption of surfactants on the sta-
tionary phase was not taken into account in the deduction of
Eqns (1), (2) and (5).

Hu et al.23, 24 have given an explanation of the mechanism of
chiral recognition in the separation of enantiomers of 2,20-
dihydroxy-1,10-dinaphthyl- and -1,10-dinaphthyl-2,20-diyl hydro-
phosphates by MLC with the use of different salts of bile acids
(e.g., sodium cholate) in the mobile phases. A three-phase system
proved to be ineffective for this purpose. A new model of the
heterogeneous stationary phase has been proposed: the ODS
(octadecyl sulfate) stationary phase adsorbs micelles, and it is
into these micelles that the analytes are distributed. Based on the
existence of the following equilibria in the system

Am + Ls ALs ,

Am +Mm AMm ,

AMm + Ls ALs +Mm , (9)

Am +Ms AMs ,

ALs +Ms AMs + Ls ,

AMm +Ms AMs +Mm ,

where A, M and L are the sorbate, the micelle and the solvated
stationary phase, respectively, whereas the subscripts `m' and `s'
refer to the mobile and stationary phases, respectively, the
following equation was deduced

1
k0
� Vm

K3K4V
L�Ls� � K4V

M
s �Ms�

�

� VM
m �Mm�

K3V
L�Ls� � VM

s �Ms�
, (10)

where VL, VM
s , Vm and VM

m are the volumes of solvated stationary
phase, micelles adsorbed on the stationary phase, micelles of
solvent and micelles in the mobile phase, repectively;
[M]= c7 ccr.

The retention mechanism depends on the concentration of a
co-solvent (acetonitrile) in the mobile phase: at low concentra-
tions of acetonitrile, its partition between the micelles in the
mobile and stationary phases is dominant. At higher acetonitrile
concentrations, themechanism of chiral recognition is determined
by the partition between the bulk of mobile phase solution and the
micelles adsorbed on the stationary phase. However, consider-
ation of the equilibrium of micelle adsorption on the stationary
phase did not result in the modification of the general relationship
between the retention and the concentration of micellised surfac-
tant: as in the case of Eqns (1) and (2), the dependence of 1/k0 on
[M] is linear.

In the deduction of equations, neutral organic compounds,
mainly aromatic hydrocarbons, were used as model sorbates. The
distribution of a sorbate in amicelle is determined by the nature of
the micelle and the balance of hydrophilic and hydrophobic
properties of the sorbate. The micelle has a lamellar structure. In

aqueous solution, it consists of a hydrocarbon nucleus, a water ±
hydrocarbon layer the thickness of which is usually 2 or 3 CH2

groups and corresponds to the depth of penetration of water
molecules inside the hydrocarbon part of the micelle or, con-
versely, of the hydrocarbon chains inside the aqueous phase (here,
the hydrophilic ± hydrophobic balance is established), a layer of
hydrated polar groups and a heterogeneous layer of solution (the
diffusive part of the double electrical layer in the case of ionic
micelles) adjoining the micelle.22 Since the micelle is regarded as
themacroscopically homogeneousmedium, it cannot be indicated
unequivocally where the sorbate is localised. As the existence of a
correlation between the capacity factors and partition coefficients
in the octanol ±water system 8, 9 has been demonstrated for many
neutral organic compounds, it is believed that the basic interac-
tions are hydrophobic; in this case, the sorbate is either in the
hydrophobic hydrocarbon nucleus or in the layer nearest to it. In
the course of partition of charged organic sorbates, in addition to
hydrophobic interactions, electrostatic interactions should also be
observed, including those with the stationary phase surface
modified due to the adsorption of monomeric surfactants.

The retention of monoprotonic,25 ± 28 diprotonic and zwitter-
ionic (amino acids and peptides) 26 ± 28 compounds in MLC have
been systematically studied. The retention of monoprotonic
compounds is described 26 by the equation

k0 � fLs�KHA
s � KA

s ÿ Ka=�H���
1� KHA

m �M� � �1� KA
m ÿ �M�Ka=�H���

, (11)

where KHA
s , KA

s , K
HA
m and KA

m are the binding constants of a weak
acid HA and the conjugate base A with the stationary phase
ligands Ls and themicelleM,Ka is the constant ofHAdissociation
in aqueous solution, [M] is the concentration ofmicelles calculated
as the stoichiometric concentration of surfactant minus CMC.
Equation (11) allows prediction of the retention at any concen-
tration of micelles and protons.

For the diprotonic sorbates in the mobile phase, the following
equilibrium is established:

HABH+ H+ + 7ABH+ 2H+ + 7AB .

Each particle interacts with a micelle with the equilibrium
constants Kmc, Kmz and Kma, respectively, and with the stationary
phasewith the equilibrium constantsKsc,Ksz andKsa, respectively.
The following equation was proposed for calculating the capacity
factor

k 0 �
"
k 0c�1� Kmc�M�� � k 0z�1� Kmz�M��Ka 1

�H�� �

� k 0a�1� Kma�M��Ka 1Ka 2

�H��2
#,

(12)

,"
1� Kmc�M� � �1� Kmz�M��Ka 1

�H�� � �1� Kma�M��Ka 1Ka 2

�H��2
#
,

where k0c, k
0
z and k0a are the capacity factors of the ions HABH+,

7ABH+ and 7AB, respectively; Kma is the apparent dissociation
constant in a micellar solution. Equations (11) and (12) are useful
for studying the dependence of selectivity on pH of the mobile
phase. They were deduced assuming the occurrence of only
hydrophobic interactions of various particles (charged,
uncharged, zwitterionic) with the micelle and the mobile phase
with the consideration of secondary acid ± base equilibria in the
mobile phase.26 Sorbate ±micelle interactions in micellar chroma-
tography of zwitterions were studied by Zibas.27 Carmelo 28 used
the example of cephalosporin to study the retention mechanism in
the micellar liquid chromatography of zwitterions.

K1

K2

K3

K4

K5

K6

Ka 1 Ka 2
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Since the hydrophobicity of inorganic anions is usually low
and the main interactions in such systems are electrostatic, an ion-
exchange model 29 was proposed for explaining the mechanism of
separation of transitionmetal cations inMLC. In thismodel, ionic
micelles (and the stationary phase coated with sodium dodecyl
sulfate) are regarded as ion exchangers; retention is determined by
the concentrations of micelles and counter-ions. For the ion
exchange equilibrium

2Na�m +M2�
s 2Na�s +M2�

m

(Na+ ions are counter-ions in the sodium dodecyl sulfate micelle,
whereas the subscripts `m' and `s' refer to the phases of micelles
and solution, respectively; Kie is constant), the following equation
was obtained

logKapp
MW = log ([Na�m�2Kie)72 log [Na�s � , (13)

where Kapp
MW is the apparent coefficient of sorbate partition

between the aqueous and micellar phases. The value of KMW was
calculated using Eqn (11) proposed earlier by Okada 30, 31 for the
retention in the exclusion MLC and simplified assuming that the
inner volume of the ODS stationary phase is negligibly small

1
Vr ÿ V0

� �KMW ÿ 1�ncm � 1
KSWVs

, (14)

where Vr, V0 and Vs are the volume of sorbate retention (elution),
the void volume of the column and the stationary phase volume,
respectively; n is the partial molar volume of micelle; cm is the
concentration of micelles equal, as in all the cases discussed above,
to the surfactant concentration minus CMC; KMW and KSW are
the coefficients of sorbate partition from the aqueous phase into
the micelle and the stationary phase, respectively. Equation (14) is
analogous to Eqn (1).

In order to minimise partition of sorbates into the stationary
phase, it is recommended to supplement the eluent with salts and
also with tartaric acid, which is a complexation agent.32 If the
retention fits the ion-exchange model, the dependence of logKapp

MW

on log [Nas+] should be linear, and this was confirmed for all
metals, the slope of the straight line being equal to 2.

If complexation of metal ions with tartrate ions in the mobile
phase (the complexes ML with the stability constant bL and
MHL+ with the stability constant bHL) is taken into consider-
ation, Eqn (13) is transformed into (15) (K2 is the constant of
tartaric acid dissociation).

1
Kapp

MW

� �Na�s �2
 
1� bHL�HLÿ� � bL�L2ÿ�

Kie�Na�m�2
!
�

� �Na�s �2
"
1� �bHL�H��=K2 � bL��L2ÿ�

Kie�Na�m�2
#

(15)

In this case too, a linear dependence of logKapp
MW on log [Nas+]

was obtained for all metal ions, which implies that complexation
does not influence the partition of sorbate into the micellar phase.
This is understandable since in the presence of micelles the
ionisation constants of weak acids (pKa) increase,21 which leads
to a lower concentration of the reactive ligand L27 in the system.
Thus for tartaric acid at pH 4.35, 50% of L27 is present in the
aqueous solution, whereas in the presence of sodium dodecyl
sulfate its content is as low as 4%.29

Amechanism based on the stoichiometric ion-exchangemodel
for anions in the system with a cationic surfactant was proposed
by Okada and Shimizu.33 Based on the existence of equilibria of
the analyte A and the counter-ion C

Aÿaq + Cÿs Aÿs + Cÿaq ,

Aÿaq + Cÿm Aÿm + Cÿaq ,

Surf Cm Surf �m + Cÿaq ,

where the subscripts `aq', `s' and `m' refer to the aqueous solution,
the stationary phase and the micellar phase, respectively; Kd is the
equilibrium constant of the counter-ion transition from the
micelle to the aqueous phase; Kies and Kiem are the constants of
ion-exchange equilibrium between the solution ± resin and solu-
tion ±micelle systems, the following equations were deduced

f
k0
� �Cÿaq�

Kies�Cÿs �

 
1� Kiemcm
�Cÿaq� � Kd

!
, (16)

ncs
�Vr ÿ V0��Cÿaq�

� 1
Kies

 
1� Kiemcm

�Cÿaq�

!
, (17)

where ncs is the number of counter-ion moles in the stationary
phase, which is equal to the number of moles of hexadecyltrime-
thylammonium bromide adsorbed on the stationary phase; cm is
the concentration of micelles; Vr and V0 are the volume of analyte
retention and the void volume of the column, respectively. The
concentration of the counter-ion in the aqueous phase [Cÿaq] is
determined as the sum of concentrations of the added counter-ion
C7 (due to dissociation of micelles) and of the counter-ions of
monomeric surfactants (c 7 ccr). The retention of ions in ionic
micellar chromatography can be described by the stoichiometric
ion-exchange model, and it formally fits the pseudophase model
where the concentration of the added counter-ion is sufficiently
high; in this case, the concentration of the counter-ion formed
upon dissociation of micelles may be neglected.

Themodel ofmicellar exclusion chromatography 30, 31 is based
on Eqn (1) and takes into account that the micelles of cetyltrime-
thylammonium and dodecyltrimethylammonium chlorides 30 or
sodium dodecyl sulfate can penetrate partly into the stationary
phase (external solution). Micelles do not penetrate into the inner
part of the stationary phase, but the latter contains surfactant
monomers (internal solution) and ions are retained there owing to
ionic interactions. In this case, the retention is described by the
equation

1
Vr ÿ Ve

� �KMW ÿ 1�Vcm � 1

Vi � VsKSW

, (18)

where Vr, Ve, Vi and Vs are the volumes of sorbate retention,
external solution, inner solution and stationary phase, respec-
tively; KMW is the coefficient of sorbate partition (ratio of
concentrations) between the micellar phase and the internal
solution phase; KSW is the coefficient of sorbate partition (ratio
of concentrations) between the stationary phase and the internal
solution phase; V is the molar volume of surfactant; cm is the
concentration ofmicelles in the eluent. The dependence of 1/(Vr7
Ve) on cm is linear for both anions (IOÿ3 , I7, Br7, NOÿ3 , NOÿ2 ) 30
and cations (Pb2+, Zn2+, Co2+).31

Thus, there are two basic models for describing MLC, viz.,
Eqns (1) and (2); they describe adequately the dependence of
sorbate retention on the concentration of micellised surfactant
and are based on three equilibria: sorbate partition between the
micellar mobile phase and the aqueous mobile phase, between the
micellar mobile phase and the stationary phase and between the
stationary phase and the aqueous mobile phase. The major types
of interactions are hydrophobic in the case of organic uncharged
and charged sorbates and electrostatic for transition metal
cations. The stationary phase is always modified due to the
adsorption of monomeric surfactant molecules; this effect, how-
ever, was taken into account only qualitatively. In many cases,
irreversible surfactant adsorption on various commercial silica
gels with grafted C18 groups was observed.34 ± 36 As shown in the
example of cetyltrimethylammonium bromide, the amount of
surfactant sorbed depends irreversibly on the sorbent character-

Kie

Kies

Kiem

Kd
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istics, the type of eluent and temperature.36 In the case of sodium
dodecyl sulfate, 6% of this compound initially adsorbed on the
C14 stationary phase is sorbed irreversibly.35 On the whole,
irreversible adsorption is more probable for monomeric station-
ary phases with a high density of grafted ligands and surfactants
with a small polar head group (when both the surfactant and the
grafted ligand have the alkyl chain length of more than 8 carbon
atoms).35 In the early stages of MLC studies it was believed that
the surfactant adsorption is arrested after reaching CMC. In 1989,
Borgerding et al.,37 showed that more than 58% of the total
amount of sodium dodecyl sulfate is adsorbed on Resolve C18

when its concentration in the mobile phase varies in the range of 2
to 70 CMC. For Brij-22 and Brij-35, more than 50% of the total
amount of adsorbed surfactant is sorbed on Resolve C18 from
solutions with the initial concentration >50 CMC. Thus, the
adsorption of both non-ionogenic surfactant and anionic surfac-
tant continues after attaining CMC.

In their recent study, Hu and Haddad 38 tried to take into
account the surfactant adsorption on the stationary phase surface.
They also used a three-phase model. The stationary phase
consisted of a surfactant adsorbed on an ODS sorbent. The
sorbate localised in the extramicellar mobile phase Am can bind
to the surfactant on the stationary phase Ss in the form of an ASs
complex in conformity with the equation

Am + Ss ASs ,

and to the surfactant in the mobile phase Sm in the form of a
complex ASm in accordance with the equation

Am + Sm ASsm .

Direct transfer to the stationary phase of the sorbate bound to the
surfactant in the mobile phase ASm can also take place by the
equation

ASm + Ss ASs + Sm.

The capacity factor can be expressed by the equation

k 0 � K1V
S
s �Ss�

Vm � K2V
S
m�Sm�

, (19)

where VS
s , Vm and VS

m are the volumes of surfactant adsorbed on
the stationary phase bulk, of the solvent and of surfactant in the
mobile phase, respectively.

It follows from Eqn (19) that

1
k 0
� V0

0

K1Ws

� K2V
S
m�Sm�

K1Ws

, (20)

where Ws=VS
s [Ss] is the mass of surfactant adsorbed on the

stationary phase; Vm=VS
m 7 V0. The dependence of 1/k

0 on [Sm]
(determined as the total surfactant concentration in the mobile
phase) should be linear. The content of sodium dodecyl sulfate on
the stationary phase was determined (16.5%) and found to be
almost equal to the carbon : silicon ratio in the initial sorbent
(17.1%). In other words, the octadecyl groups of the sorbent are
covered to a large extent with the adsorbed surfactant, and the
stationary phase may be regarded as the adsorbed surfactant. The
dependence of 1/k0 on [Ss] is linear for the model sorbents studied,
viz., benzyltriethylammonium chloride and phenylalanine. It
should be noted that Eqn (20) is analogous to Eqn (2), the only
difference consisting in that Eqn (2) includes the surfactant
concentration in the form of micelles in solution (minus CMC),
while Eqn (20) contains the overall surfactant concentration in
solution.

Consideration of some other equilibria (acid ± base equilibria
in the mobile phase or adsorption of micelles on the stationary
phase) does not modify the dependence of retention on the
concentration of micelles. Electrostatic interactions (ion

exchange between metal cations and the cations of the diffusive
part of the double electrical layer) are taken into consideration in
the MLC model in which retention is dependent on both the
concentration of micelles and the concentration of counter-ions.

III. Efficiency of micellar liquid chromatography

One of the major drawbacks of the MLC method is its low
efficiency compared to that of RP HPLC. There are several
explanations of this phenomenon in the relevant literature. One
of these 39 suggests that the main factor of the band blurring is the
resistance to the sorbate mass transfer because of the poor wetting
of the stationary phase. Yarmchuk et al.40 presume that the
resistance to the sorbate mass transfer exists due to both low
rates of the sorbate efflux from the micelle and its slow desorption
from the stationary phase. When constructing their model, these
authors 40 took into account kinetics of sorbate adsorption onto,
and desorption from, the stationary phase, on the one hand, and
kinetics of the sorbate influx to, and efflux from, the micelle into
the bulk of the non-micellar mobile phase, on the other. Having
calculated the rates of all processes, they have shown 40 that the
rate constants of the influx into the micelle are appreciably higher
than the rate constant of the adsorption on the stationary phase
(silica gel with the C1-grafted radicals Supelcosil LC 1) because of
the differences in the distance to be covered by the sorbate. Thus
0.10 M sodium dodecyl sulfate solution contains 9.0361017

micelles cm73. Consequently, in order to bring the sorbate from
the bulk of solution to the surface of the stationary phase, it is
necessary to encounter about 180micelles, whereas an appreciably
shorter distance must be covered for a repeated collision with the
micelle. In order to pass from the micelle to the stationary phase,
the sorbate should have a definite orientation relative to the
stationary phase. No definite orientation is required for the
reverse transition; the sorbate can enter the micelle at any point.
The rate constants of these four processes depend on the nature of
the sorbates.

Relatively small and well water-soluble molecules, having
large rate constants of the influx into, and the efflux from, the
micelle can move quickly in the bulk of solution, enter and leave
micelles multiply before they reach the stationary phase surface.
For such hydrophilic sorbates, the efficiency (mass transfer) is not
limited by micellar equilibria. For the more hydrophobic sorbates
the affinity to the micelle is higher and the rate constants of their
efflux from the micelle are much lower (e.g., for pyrene the efflux
rate constant is 1000 times as low as that for benzene). Con-
sequently, the hydrophobic sorbates remain in the micelle for an
appreciably longer time, decreasing the mass transfer between the
micelle and the stationary phase. Since there is an antiparallel
correlation between the rate constants of the sorbate efflux from
the micelle and the constants of desorption from the stationary
phase, the hydrophilic sorbates can return more often to the bulk
of aqueous mobile phase and be thereby close to equilibrium. The
consequence of the differences in the rates of these processes for
the hydrophilic and hydrophobic sorbates is fairly good efficiency
for the former and smeared peaks for the latter.

In order to increase the efficiency and to improve the shape of
peaks, it was proposed to add small amounts of organic modifiers
to the mobile phase and to operate at higher temperatures.40

Yarmchuk et al.40 explain enhanced efficiency in the presence of
2 vol.%± 5 vol.% of alcohols by the better mass transfer in the
mobile phase owing to the increase in the rate of sorbate efflux
from the micelle since the non-micellar part of the mobile phase
becomes less polar. These authors relate the higher efficiency after
an increase in temperature [for small sorbates of the benzene and
phenol type the number of theoretical plates (N) is increased by
50%±100% at 50 ± 60 8C] to both upgraded micellar kinetics and
lower viscosity of the mobile phase. Addition of 3% of propanol
to the mobile phase and an increase in temperature to 40 8Cmake
it possible to attain efficiencies close to that of RP HPLC with
aqueous ± organic eluents.39, 41 Enhanced efficiency is promoted

K1

K2

K3
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by the decrease in the surfactant concentration.40 Indeed, Bor-
gerding et al.42 have shown that the use of elevated surfactant
concentrations can result in the total loss of efficiency. Another
factor influencing the height equivalent to a theoretical plate
(HETP) is the linear rate.40 For small molecules (benzene), the
derived dependence was almost analogous to that of usual RP
HPLC, whereas for largemolecules (naphthalene, anthracene) the
efficiency drop with the increasing rate was appreciably larger.
Yarmchuk et al.40 recommend to operate at low flow rates.

The low efficiency of MLC is related 36, 43 ± 45 to the surfactant
adsorption on the stationary phase surface, which results in poor
mass transfer in the stationary phase.43, 44 Direct relationship
between the amount of surfactant in the stationary phase and the
decrease in efficiency was observed.43

Based on the determination of diffusion coefficients for a
series of sorbates (2-naphthol, p-nitroaniline, p-nitrophenol,
naphthalenedisulfonic and naphthalenetrisulfonic acids) in the
absence and the presence of sodium dodecyl sulfate and meth-
anesulfonate in the mobile phase, Borgerding and Hinze 43

attempted to elucidate which of the mass transfer processes (in
the mobile or the stationary phase) is causative of poor efficiency
inMLC.All sorbatesmay be divided into two groups: the sorbates
which interact actively with the micelles (2-naphthol, p-nitroani-
line and p-nitrophenol) and those which do not interact and are
repelled or excluded from the micelles (sodium 2,6-naphthalene-
disulfonate, sodium 4,5-dihydroxynaphthalenedisulfonate and
sodium 1,3,6-naphthalenetrisulfonate). The sorbates of the first
group have noticeably lesser diffusion coefficients in the micellar
mobile phases. Thus the diffusion coefficients of 2-naphthol and
sodium 1,6-naphthalenedisulfonate are 6.061076 and
6.7161076 cm2 s71 in water, 5.6761076 and 4.7361076

cm2 s71 in 0.1 M MeSO3Na solution, and 0.9061076 and
4.061076 cm2 s71 in 0.1 M sodium dodecyl sulfate solution. If
the band blurring determined the slow mass transfer in the
micellar phase, one would observe different values of efficiency
for the two groups of sorbates. Besides, no appreciable variation
of N was noticed at different surfactant concentrations in the
mobile phase. All this indicates that the most probable factor
eliciting the deterioration of the efficiency is the resistance to mass
transfer in the stationary phase. The MLC efficiency is strongly
dependent on the flow rate. For example, in the case of
p-nitroaniline the value of N for a 30064 mm column with the
cyanopropyl stationary phase increases from 400 to 1300 upon the
decrease in the mobile phase flow rate from 1.5 to 0.25 ml min71.
However, this cannot be regarded as the proof in favour of only a
decelerated process of mass transfer in the mobile phase because,
according to the van Deemter equation, both members contribu-
ting to HETP owing to the resistance to the mass transfer in the
mobile and the stationary phases are proportional to the linear
flow rate.

Borgerding et al.42 believe that the enhancement of efficiency
in MLC with the micelles of ionic surfactants occurs owing to
changes in the mobile phase: the repulsion barrier decreases
because of the lower density of the electrical charge on the surface
of ionic micelles. Indeed, the addition of alkanes has no effect on
the surface density of charge and does not lead to higher efficiency
for strongly hydrophobic sorbates. Addition of alcohols does not
result in higher efficiency ofMLCwith non-ionogenic surfactants,
e.g., Brij-35.

In order to decrease the resistance to the mass transfer and to
improve the MLC efficiency, Berthod and Roussel 46 proposed to
use hybrid mobile phases. The addition of short- and medium-
chain alcohols induces desorption of surfactants from the sta-
tionary phase, which leads to the improvement of mass transfer
into the stationary phase (and from the stationary phase) and also
ensures better wetting.37, 39, 41, 42 This effect is enhanced with
increase in the modifier concentration and hydrophobic-
ity.19, 37, 47 A study 41 carried out on a broad set of sorbates
showed that the higher efficiency of the column is observed not
for all sorbates; nonetheless, it was concluded that the cause of

higher efficiency is the decrease in the amount of surfactant sorbed
on the stationary phase.

Another mechanism of the effect of alcohols on the efficiency
was proposed by Armstrong et al.44 In their opinion, the use of
hybrid eluents makes possible changes in the structure of the
stationary phase itself from the block-like to the brush-like one,
which can also improve themass transfer into the stationary phase
(and from the stationary phase). It is noted therewith that the use
of hybrid eluents increases appreciably the efficiency in the case of
hydrophobic rather than hydrophilic sorbates.35, 43 ± 45

As there is no consensus about the cause of poor efficiency in
MLC, investigators come continuously back to this prob-
lem.35, 45, 48 Thus investigation of the effect of the nature of the
organic modifier (ethyl acetate, n-propanol) on the efficiency of a
column packedwith different sorbents with the graftedC1, C8, C18

or cyanopropyl groups in the elution by mobile phases with the
surfactant concentrations above or below CMC made it possible
to reveal a correlation between the column efficiency and the
extent of wetting of the surface of grafted sorbents with an organic
solvent.

Bailey and Cassidy 45 studied the effect of sodium dodecyl
sulfate concentration (0 ± 0.35 M) at the ionic strength of 0 ± 0.3 M

(NaClO4) and of n-propanol (0 ± 0.8 M) on the column efficiency.
In the absence of micelles in the mobile phase, the efficiency of the
column varies insignificantly. This suggests that the decrease in
the amount of sodium dodecyl sulfate adsorbed on the stationary
phase is not the cause of the efficiency increase in the presence of
alcohols, contrary to what was thought by some investiga-
tors.35, 39, 41, 42 In the absence of micelles, at low alcohol concen-
trations (not exceeding 0.13 M), the column efficiency for
benzaldehyde and acetophenone reaches its maximum, and this
may be attributed to modification of the structure of the sta-
tionary phase surface. However, at high alcohol concentrations,
which are commonly used for achieving better efficiency in MLC,
the column efficiency remains approximately constant, whichmay
be indicative of the absence of modification of the stationary
phase surface in the presence of n-propanol. Studies of the factors
that influence the mass transfer in the mobile phase in the range of
sodium dodecyl concentrations from CMC to 0.3 M showed that
at concentrations of 0.005 ± 0.012 M this dependence passes
through a maximum, the position of which depends on the
sorbate hydrophobicity. At higher concentrations the efficiency
decreases, which is consistent with the data reported byYarmchuk
et al.40 In the presence of n-propanol, themaximum is broader and
less clearly pronounced, whereas the column efficiency increases
from 200 ± 2200 to 700 ± 3700 theoretical plates. These results led
the authors to conclude that mass transfer in the stationary phase
is not the main cause of low efficiency in MLC; this is apparently
related to the processes of micellisation. In a micellar system, two
oppositely directed processes take place continuously: desintegra-
tion of micelles and their formation. At the same time, two basic
processes occur in the micellar system: rapid exchange of the
surfactant monomer with themicelle [the lifetime of the surfactant
molecule in the micelle is of the order of 1077 s (see Ref. 22)] and
the process of formation and disintegration of micelles [the half-
life of the micelle is 1073 ± 1 s (see Ref. 22)]. The latter can in turn
be split into two processes: (1) a series of stepwise additions of
single molecules to the surfactant aggregates with formation of
micelles and (2) association of premicellar aggregates with
formation of micelles. Either of these processes can influence the
sorbate mass transfer between the eluent and the stationary phase.
The addition of alcohols can influence these processes and
enhance the kinetics of mass transfer in the mobile phase.

Villanueva Camanas et al.49 studied the decrease in the
efficiency due to the addition of alcohols to the mobile phase
containing sodium dodecyl sulfate micelles in the elution of
L-DOPA, 2-methyl-DOPA, norepinephrine, adrenalone, dopa-
mine, isoproterenol on Spherisorb ODS-2 C18. Analogous regu-
larities were revealed earlier in the elution of amines.50, 51 It is
presumed that the mass transfer is brought about through the
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following mechanisms: (1) direct transfer from the micelles to the
stationary phase, which is opposed by the electrical repulsion
between them and (2) transfer through a continuous aqueous
pseudophase. In the presence of alcohol, the polarity of the
continuous aqueous pseudophase is decreased. On the one hand,
this increases the rate of transfer of hydrophobic sorbates through
this pseudophase, while on the other hand, the solubility and the
rate of transfer of highly hydrophilic catecholamines is decreased,
which accounts for the decrease in the efficiency.

Analysis of the band blurring in MLC was performed 35, 52

using the Knox equation

h=An1/3 + B/n+ Cn , (21)

where h=H/dp is the reduced height equivalent to a theoretical
plate,H is the height equivalent to a theoretical plate, dp is the size
of stationary phase particles, n= udp/Dm is the reduced linear flow
rate, u is the linear flow rate of the mobile phase, Dm is the
coefficient of sorbate diffusion in the mobile phase, A is the
coefficient which characterises the quality of the column packing
and the deceleratedmass exchange in the mobile phase outside the
particles,B is the coefficient accounting for the contribution to the
band blurring from the longitudinal diffusion and C is the
coefficient describing the decelerated mass exchange in the sta-
tionary phase.

The dependences of h on n were determined 33 on one column
using first an aqueous ± organic mobile phase, then the micellar
mobile phase and then again the same aqueous-organic phase.
Two types of alkylated silica gels were used, viz., a monomeric C18

sorbent and a C14 sorbent with high density of grafted alkyl
groups (3.5 mmol m72), and two types of surfactants, viz., sodium
dodecyl sulfate (anionic surfactant) and Brij-35 (non-ionogenic
surfactant). An increase in hwas shown to occur mainly due to the
higher values of coefficient A: for benzene with the aqueous
methanol as a mobile phase, h= 4.9 at n=10, whereas in the
presence of sodium dodecyl sulfate at n=10.9 the contribution
from the coefficient A is 2.36 (48% methanol) and 6.9 (63%
methanol), respectively. In micellar eluents, the contribution from
the coefficients B andC also increases resulting in a stronger band
blurring and lower efficiency. The decrease in the diffusion
coefficient of sorbates upon their inclusion into the micelles
induces the increase in B. The coefficient of sorbate diffusion in
the stationary phase depends on the nature of the sorbate and
decreases as the hydrophobicity increases; highly hydrophobic
sorbates are transferred from the micelle directly into the sta-
tionary phase by-passing the extramicellar aqueous phase in
which they are poorly soluble. The value of coefficientC increases
in a micellar system (e.g., up to 700% for propylbenzene). The
decrease in the mass transfer coefficients may also be associated
with poor wetting.2, 39 The most important reason, however, is
believed to be the surfactant adsorption on the stationary
phase.16, 17, 43, 44, 50

In the first place, adsorption of a surfactant on the stationary
phase surface [a C18 sorbent adsorbs 70 mg g71 of Brij-35, and a
C14 sorbent adsorbs 140 mg g71 (or 2.3 mM m72) of sodium
dodecyl sulfate] leads to a decrease in the pore volume, obstructs
the smallest pores with diameter <7 nm and reduces appreciably
the surface area of the stationary phase and its permeability.35 The
consequence of this is the increase in the coefficient A values.
Secondly, adsorption of a surfactant increases thickness of the
organic layer of the stationary phase and decreases the mass
transfer rate and the diffusion coefficients in the stationary phase
and the coefficients of sorbate diffusion in the mobile
phase.16, 42, 43, 46 This results in the increased values of the
coefficients B and C. The surfactant adsorbed on the stationary
phase can be eluted with a pure solvent; however, the adsorption
may prove to be partially irreversible.32 ± 34 Following operation
with the use of micellar phases, the efficiency of a column drops
drastically as is evident from the values of the coefficientsA,B and
C in the Knox equation for benzene. This is also the consequence

of changes in the porosity and permeability of the stationary
phase.

Mobile phase A B C

Methanol ±water (30 : 70) 1.1 3.1 0.22

1.4% Sodium dodecyl sulfate in water 3.2 20 0.2

Methanol ±water (30 : 70) after operation 5.7 4 70.7

with sodium dodecyl sulfate

Lavine and Hendayana 52 studied the effect of temperature in
the range of 25 ± 45 8C on the dependence of h on n for
acetophenone, nitrobenzene, benzene, methyl benzoate and tol-
uene inMLCwith an aqueous solution of sodium dodecyl sulfate.
The values of the coefficients A, B and C for p-nitrophenol in
0.02 M sodium dodecyl sulfate solution were found to be
2.34�0.14, 7.43�0.69 and 0.074�0.013 at 25 8C and 1.06�0.13,
11.4�0.65 and 0.026�0.010 at 45 8C, respectively. The decrease in
the coefficient B at 35 8C (5.16�0.66) is anomalous and inexpli-
cable.52

Noticeable enhancement of chromatographic efficiency with
the increase in temperature occurs owing to the decrease in values
of both the coefficients A (flow anisotropy) and C (mass transfer
in the stationary phase). The decrease inA values with the increase
in temperaturemay be explained by the decrease in the constant of
sorbate partition between the micelle and the bulk of solution [K2,
Eqn (2)] and, consequently, by the decrease in the proportion of
sorbate bound to the sodiumdodecyl sulfatemicelles in themobile
phase. A decrease in the eddy diffusion is eventually attained. The
decrease in the values of the coefficient C with the increase in
temperaturemay be explained by the decrease in the adsorption of
a surfactant on the stationary phase surface and the higher rate of
sorbate mass transfer between the mobile and stationary phases.
In addition, the fluidities of the grafted alkyl chains and the
adsorbed surfactant are increased at higher temperature, which
also decreases the resistance to the mass transfer in the stationary
phase.

The values of the coefficient B increase considerably with
temperature due to both the lower viscosity of bulk of the solvent
and transition of part of the sorbate from the micelle to the
solution.

In the example of separation of 12 polycyclic aromatic hydro-
carbons on Nova-Pak C18, the influence of the nature and the
content of the alcohol and of the column temperature on the
efficiency of separation in MLC with the use of sodium dodecyl
sulfate was studied.53 The number of theoretical plates increases
with the increase in the surfactant concentration in the mobile
phase up to 0.13 M. Upon transition from methanol to 2-
propanol, the peak becomes more symmetrical, and one observes
an increase in the efficiency for less hydrophobic sorbates
(fluorene and chrysene). For more hydrophobic
dibenzo[ac]anthracene, more symmetrical peaks were obtained
with n-butanol, although in this case the changes in the efficiency
were insignificant. It should be noted that in contrast to conven-
tional HPLC, in MLC the number of theoretical plates is
commonly calculated by the following formula 54

N � �41:7�tR=w0:1�2�
�B=A� 1:25�

, (22)

where tR is the retention time, w0.1 is the peak width at its 10%
height, B/A is the factor of peak asymmetry.

An increase in temperature leads to insignificant enhancement
of the efficiency and appreciable improvement of the shape of
peaks. In this case, the effect of the flow rate on N at different
temperatures depends on the sorbate hydrophobicity.

Studies of the effect of alcohols as modifiers of the mobile
phase showed that the addition of small amounts of propanol or
pentanol led to higher efficiency because of considerable decrease
in the values of the coefficientsA andC in Eqn (21).52 An increase
in the coefficientB upon addition of an alcohol seems to occur due
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to the lower viscosity of the mobile phase and a shift of sorbate
equilibrium in the micelle ± solvent volume system. Consequently,
themechanisms of the influence of the increase in temperature and
addition of alcohols on the separation efficiency in MLC are
similar in many respects.

Thus, Okada 32 as well as Lavine andHendayana 52 related the
deterioration of MLC efficiency to an appreciable increase in the
coefficients A and C in the Knox equation. Flow anisotropy,
resistance to mass transfer in the stationary phase and molecular
diffusion contribute to the band blurring. To enhance the
efficiency in MLC, it is recommended to use hybrid eluents.

IV. Selectivity of micellar liquid chromatography

The selectivity of separation inMLC is influenced by the type and
concentration of the surfactant, the nature and concentration of
the organic modifier, pH, ionic strength, temperature and the
nature of the stationary phase. Of these factors, the effects of
surfactant and modifier concentrations have been studied most
extensively. In MLC, the eluting strength of purely micellar
eluents is small, it increases with increase in the micelle concen-
tration in the mobile phase.47

1. Effect of surfactant concentration
Foley 12 deduced Eqn (23) for calculating the optimum concen-
tration of micelles [rather than of the micellised surfactant as in
Eqns (1) and (2)]

pMopt & log KSM71
2
log

k 0s
k 01

, (23)

where pMopt=7log [M], KSM is the constant of sorbate
association with the micelle calculated per micelle rather than
per monomer, k0s is the factor of sorbate capacity (the extreme
value), k01 is the sorbate capacity factor at a surfactant concen-
tration of 1 mol litre71.

The optimum pM values for a broad spectrum of sorbates and
three surfactants (sodium dodecyl sulfate, cetyltrimethylammo-
nium bromide and Brij-35) were calculated using Eqn (23). The
concentrations of surfactants calculated from Eqn (23) fall into a
wide range and are the optima as regards selectivity rather than
retention.

For dihydropyridines on a C18 stationary phase, an increase in
the surfactant concentration induces a trend towards changes in
the retention mechanism from three partition equilibria to direct
transfer from the micelles to the stationary phase.55, 56

Madamba-Tan et al.57 used isocratic data to deduce the
equation for predicting the retention times in the gradient regime
of elution with a gradient of micelle concentration

tR=(t0/b){71/k 00 + [(1/k 00)2 + 2 b(17f)]1/2} + t0 + tD (24)

where t0 is the dead time of the column; b is the parameter of the
gradient steepness; k00 is the capacity factor in the initial mobile
phase; tD is the delay time, i.e., the time interval before the
gradient does reach the upper part of the column; f is the part of
the column through which the sorbate band has already passed
and which is calculated from the equation

f � t 0D=tR �
�tD�1� 1=k 00��

tR

. (25)

2. Effect of organic modifier concentration
The addition of an organic solvent to micellar eluents leads to
simultaneous increase in the eluting strength and selectivity for
some ionic and non-ionic sorbates.47, 58, 59 The increase in selec-
tivity is related to the existence of competitive partition in MLC
and to the unique capacity of micelles for solubilising separately
molecules of sorbates and organic solvents.

Subsequent studies of the role of organic modifiers and
micelles in the control of the eluting strength and selectivity in
MLC in the example of small peptides, phenols, substituted
benzenes and benzoic acids in a sodium dodecyl sulfate ±water ±

2-propanol system confirmed simultaneous increase in the eluting
strength and selectivity;60 in this case, the selectivity varies
systematically and monotonically as the concentration of
2-propanol in the mobile phase increases. The concentration of
micelles has the opposite effect on selectivity compared to that of
2-propanol. For those ion pairs the selectivity of which decreases
as the concentration of 2-propanol increases, one observes
enhancement of selectivity with the increase in concentration of
micelles and vice versa. Thus, although the eluting strength of the
mobile phase is increased with the increase in the concentration of
micelles and organic solvent, the effects of these parameters may
be quite different and even opposite. Micelles and 2-propanol
compete for the interaction with sorbates, which influences the
selectivity and retention.

The dependence of retention on the volume proportion (j) of
organic modifier is described by the equation 47

ln k 0=7Shybj+ ln k 00, (26)

where Shyb is the parameter of solvent strength, ln k00 is the
apparent (extrapolated) coefficient of sorbate capacity in a purely
micellar mobile phase.

Equation (26) is analogous to Eqn (1) used for describing
changes in the retention with the variation of the volume
proportion of the organic modifier in RP HPLC. Combination
of Eqns (26), (1) and (2) gives relations (27) and (28).

ln(PSWF)= 7Ss + ln(P0
SWF) , (27)

ln(KMW[M] + 1)=7Sm + ln(K0
MW[M] + 1), (28)

where Ss and Sm are the parameters which characterise the
sensitivity to changes in the sorbate partition from the bulk of
solution into the stationary phase and the micelles with variation
of j; K0

MW is the constant of sorbate binding to a micelle, P0
SW is

the coefficient of sorbate partition between the mobile and
stationary phases for aqueous micellar eluents, i.e., in the absence
of an organic modifier.

The parameter Shyb depends on Ss and Sm

Shyb=Ss7Sm. (29)

Several conclusions can be drawn fromEqns (27) ± (29). First,
the magnitude of the solvent strength parameter in hybrid eluents
is smaller than that in aqueous-organic eluents. Second, Sm and,
consequently, Shyb depend on the micelle concentration. For two
sorbates (a and b) and at two concentrations of organic solvent (j1

and j2) in the mobile phase, the following equation is valid

ln a27ln a1=7(S b
hyb7S a

hyb) (j27j1), (30)

while combination of Eqns (26), (29) and (30) gives Eqn (31).

ln a=(dSm7dSs)j+ ln a0, (31)

where a=k0b=k
0
a is the selectivity coefficient (k0b > k0a), a0 is the

selectivity coefficient in a purely aqueous micellar eluent, dSm and
dSs are the differences in Sm and Ss for compounds a and b.

It follows from Eqn (31) that the selectivity (ln a) depends
linearly on the volume proportion of the organic modifier in the
mobile phase and decreases or increases monotonically depending
on the dSm/dSs ratio for two sorbates. Thus for the majority of
substituted benzenes, amino acids and peptides, the reverse
dependence between retention and Shyb is observed: the more
strongly compounds are retained, the smaller is the Shyb value. In
this case, for most aromatic compounds, amino acids and proteins
a direct dependence between retention and Sm and a reverse
dependence between retention and Ss are observed. The influence
of the sorbate structure on the value of Shyb is reflected mainly on
changes in Ss.

The influence of the concentrations of an organic solvent and
micelles on different equilibria occurring in the system can clearly
be seen if Eqn (1) or (2) is transformed into (32).
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!
� aSW
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, (32)

where aMW is the parameter characterising the selectivity of
binding of sorbates to themicelles, aSW is the parameter character-
ising the selectivity of partition into the stationary phase.

The values of PSW and KMW decrease as the concentration of
2-propanol increases; however, the extent of decrease in these
parameters is different for different sorbates, which leads to
changes in selectivity. The concentration of micelles, in turn,
influences the selectivity at a fixed concentration of an organic
modifier mostly through the parameter aMW: as the concentration
of micelles increases the parameter aMW decreases faster than the
parameter aSW, which is independent of [M]. The selectivity is
increased because of this effect.

3. Effect of the nature of the organic modifier
The nature of the organic modifier of the mobile phase influences
the selectivity of separation inMLC; however, this effect is not the
same as that in RP HPLC. Usually lower alcohols from methanol
to pentanol 9, 35, 39, 41, 42, 47, 55, 57, 58, 60, 61 ± 70 and also a pentanol ±
heptanol mixture (3 : 1) 71 are used as modifiers in MLC. Diols,61

dipolar aprotic solvents,61 acetonitrile and tetrahydrofuran 67

were also used for this purpose. The principles of the choice of
solvent selectivity in RPHPLC are based on the Snider triangle of
selectivity, but this approach proved to be inapplicable toMLC.67

The selectivities of separation attainable with 2-propanol, aceto-
nitrile and tetrahydrofuran belonging to different types of
solvents are close,67 whereas those with 2-propanol and
n-butanol belonging to the same type exhibited strong differ-
ences.9, 65, 67 For example, in a model mixture of 15 polyaromatic
hydrocarbons (PAH) in the absence of the modifier (0.15 M

sodium dodecyl sulfate) in the mobile phase, many compounds
are co-eluted, particularly the most hydrophobic ones.65 In the
presence of 15 vol.% methanol, the peaks of all compounds are
well resolved. The quality of separationwith 2-propanol instead of
methanol is similar; in this case, the time of analysis is reduced
from 45 to 25 min. However, the addition of only 7 vol.% of
n-butanol degrades separation.

On the one hand, the addition of alcohols to the micellar
mobile phase modifies appreciably the partition of sorbates
between the micelles and the bulk of aqueous phase which
becomes less polar.64 On the other hand, alcohols decrease the
amount of surfactant sorbed on the stationary phase and solvate
the grafted hydrocarbon phase. Considering that n-butanol is
endowed with a higher solvation capacity than methanol or
2-propanol, this should exert stronger effect on the partition of
sorbates over three phases. This effect is particularly noticeable
for more hydrophobic compounds.

The parameter Shyb reflects the extent of solvation of sorbates
by organic solvents, localisation of the molecules of sorbates and
organic solvents in the micelles 9 and hence, should depend on the
nature of both the sorbate and the surfactant. Khaledi et al.47 have
found that for 14 aromatic compounds belonging to different
classes the values of Shyb in the cetyltrimethylammonium bromide
micellar phase, modified by methanol, 2-propanol and n-butanol,
vary in the order Sn-butanol > S2-propanol > Smethanol, which
coincides with the increase in the eluting strength of these
modifiers in RP HPLC. An analogous sequence was obtained by
Rodriguez Delgado et al.65 for 15 PAH in the mobile micellar
phase of sodium dodecyl sulfate modified with the same alco-
hols.65 The higher values of the parameter Shyb for 2-butanol
indicate that it interacts with the micelles more actively, solvates
the sorbates more effectively and can compete better with the
micelles for the interaction with sorbates than does methanol.

Variation of Shyb as a function of surfactant concentration is
also different for different modifiers: as the concentration of
sodium dodecyl sulfate in the mobile phase increases from 0.06
to 0.14 M, the DSm varies by *0.2 for methanol, *0.4 for
2-propanol and*2.0 for n-butanol.65

Less hydrophobic sorbates interact strongly with the micelles
(e.g., anthracene with cetyltrimethylammonium bromide 47 or
naphthalene, acenaphthylene, fluorene and anthracene with
sodium dodecyl sulfate 65). They are less accessible to such polar
solvents as methanol. Consequently, the addition of modifying
alcohols will have a weaker effect on their retention compared to
that in RP HPLC. The interaction of sorbates with the micelles
decreases as the hydrophobicity of alcohols increases. This effect
is particularly well manifested for hydrophobic sorbates (having
large partition coefficients in a water ±micelle system) because of
the competition between this alcohol and the micelles for the
interaction with the sorbate.

The order of the variation ofShyb as a function of the nature of
the alcohol used proved to be the same in the systems with both
cetyltrimethylammonium bromide 47 and sodium dodecyl sul-
fate.65

It should be noted that the proportion of an organic modifier
added to hybrid eluents does not usually exceed 10 vol.%. At
larger contents of organic solvents, the retention mechanism can
be changed to reach eventually that typical of RP HPLC; in this
case, the system will lose all its advantages in selectivity. It was
shown 58, 59 that up to 20 vol.% of 1-propanol could be added to
the micellar eluent without formation of the usual aqueous-
organic system.

Based on the equations deduced for RP HPLC, Madamba-
Tan et al.71 have developed a new approach to the gradient elution
with organic modifiers in MLC. When such gradients are used,
equilibrium is established rapidly owing to a narrow interval of
organic modifier concentrations in the gradient. This results in the
reduction of the analysis time. Practical applications of propanol
and acetonitrile gradients have been described.72 For example,
separation of dansylated and bisdansylated amino acids in the
isocratic regime requires 67 min. A gradient of 2-propanol (from
3 vol.% to 15 vol.%) in 5 min with subsequent isocratic elution
for another 20 min allows separation of these compounds (the
total separation time is 32.5 min, including the time necessary for
the equilibrium onset).

According to Eqn (26), the retention of sorbates in MLC
decreases as the concentration of organic modifier increases. This
holds for the most systems studied in a narrow range of modifier
concentrations (3 vol.%±15 vol.% of 2-propanol).67 However,
the dependence of ln k0 onj is not linear for some amino acids and
alkylbenzenes with mobile phases containing sodium dodecyl
sulfate or cetyltrimethylammonium bromide 47 and for some
benzene and naphthalene derivatives in a sodium dodecyl
sulfate ± n-butanol ±water system. For some other compounds,
the dependence of ln k0 on j was linear only for the mobile phases
supplemented with methanol.72 For this reason, a new model was
proposed 72 for describing the variation of the sorbate retention
time inMLCwith changes in the organic solvent concentration. In
the example of separation of a mixture of catecholamines on a
column packed with Spherisorb ODS-2, the dependences of k0,
1/k0 and log k0 on [M] and j were approximated using different
polynomials up to the second power inclusive using the factor
planning method (the factors planned were the surfactant con-
centration, the micelle concentration [M] (up to 0.15 mol litre71)
and the propanol concentration j (up to 10 vol.%). The depend-
ence of k0 on [M] and j was shown to be a poorly expressed
asymmetric hyperbolic surface with an extremum situated near
the maximum values of [M] and j. The addition of 10 vol.% of
propanol and 0.035 M sodium dodecyl sulfate led to a 58%±78%
decrease in k0, whereas the increase in surfactant concentration in
a purely micellar eluent from 0.035 to 0.15 M resulted in a 81%
reduction of k0. The least approximation error was obtained using
the equation

1/k 0=A[M] + Bj+ C[M]j+ D , (33)

where [M] is the micelle concentration,j is the volume proportion
of the organic modifier and A, B, C and D are constants.
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Equation (33) gives a satisfactory description of the retention
of amino acids, peptides, phenols and some other aromatic
compounds (the coefficient of correlation between the calculated
and experimental k 0 values is above 0.996).

The following equation was also proposed to describe reten-
tion:

1/k 0=A[M] + Bj+ C[M]j+ Dj2 + E, (34)

where A, B, C, D and E are coefficients.
For catecholamines, amino acids and phenols the coefficients

of different members of Eqns (33) and (34) are the same, the
contribution of the term Dj2 to Eqn (34) is insignificant.
Equation (33) gives too low values for the most hydrophobic
surfactants. Equation (34) provides a better description of the
retention.70 The following equation was proposed

k 0 �
"
KSW�1� KSDj�

1� KADj

#,"
1� KAM�1� KMDj�
�1� KADj��M�

#
, (35)

where KAD, KMD and KSD are constants reflecting the relative
variation of the sorbate concentration in the aqueous phase, in the
micelles and in the stationary phase, respectively, in the presence
of a modifier compared to that in the purely micellar solution.
Garcia Alvarez-Coque et al.70 examined separation of nine
sorbates on a column packed with Spherisorb ODS-2 (C18) with
a propanol-containing mobile phase of sodium dodecyl sulfate in
order to assess the applicabilities of Eqns (33), (34) and (35) for
the description of retention. The best results were obtained using
Eqn (35). Thus in the description of retention of pyrene, Eqn (35)
gives a substantially higher (>50%) accuracy than does Eqn (33).
Analogous mean relative deviations of the calculated k0 values
from the experimental ones were obtained for other sorbates. For
the purely micellar eluents, Eqn (33) is transformed into well-
known Eqn (2).

Thus, the simultaneous influence of both the surfactant and
the organic modifier concentrations on the retention time was
again demonstrated. It is these two factors that play the crucial
role in the optimisation of separation conditions in MLC.

Strasters et al.58 have proposed an iterative-regressive strategy
for the choice of optimum conditions for the separation of model
mixtures of ionogenic compounds: 13 amino acids and peptides
with a sodium dodecyl sulfate ± 2-propanol ±water mobile phase
and 15 phenols with a myristyltrimethylammonium bromide ±
2-propanol ±water mobile phase. Prediction of the retention of
sorbates proved to be possible on the basis of only five experi-
ments even when the values of parameters were far apart in the
parametric space. The time of analysis was decreased 3 ± 7-fold
and the selectivity was enhanced.

In order to solve the problems of three-parametric optimisa-
tion in MLC where the variables are the concentrations of a
surfactant, an organic modifier and pH of the mobile phase, a
Turbo-Pascal (version 5.5) programme has been developed.59 In
the proposed model, it is necessary to derive 15 initial chromato-
grams in order to plot the function of response ± criterion of
separation (the resolution of a pair of components which are
most difficult to separate and the total time of analysis are
regarded as the separation criterion). This model is applicable
for optimising the separation of a mixture of 9 amino acids and
peptides using a hybrid eluent containing a phosphate buffer,
sodium dodecyl sulfate and 2-propanol. Rukhadze et al.73 have
established the conditions for the separation of a mixture of five
barbiturates by the three-factor method using the micelles
consisting of sodium dodecyl sulfate and a mixed organic
modifier [pentanol ± heptanol (1 : 3)] at pH 2.5; the separation
time was 40 min.

Potential advantages of the application of artificial neuronal
computational networks instead of classical statistical methods
for simulating the dependence of the retention time on the
concentrations of surfactant and organic modifier have been
demonstrated using a mixture of 27 dihydropyridines 68 or a

mixture of 23 benzene derivatives and PAH.69 The effects of the
network architecture (the binding mode of individual neurons),
the nodal activation function, the number of layers and the mode
of the data processing were studied. The linear activation function
was shown to be optimal. It is necessary to use networks with the
recurrent bonds; the best results were obtained using the loga-
rithms of capacity factors as the output data.69 In the case of
dihydropyridines, 1 ± 3 neurons and recurrent networks were
used.68 Different transmission functions (two sigmoidal, one
logarithmic and one linear) were activated in the node of the
hidden layer; of these the logarithmic function proved to be the
optimum. The optimum number of nodes in the hidden layer was
equal to three. The use of the magnitude reciprocal to the capacity
factor enhances the performance of neuronal networks. It was
shown 68 that there are appreciable differences between the
possibilities of simulation of the retention of dihydropyridines
with the aid of neuronal networks and by means of empirical
equations.

4. Effect of the nature of the surfactant
The selectivity of separation in MLC may be influenced not only
by the variation of the surfactant concentration but also by
changes in the nature of the surfactants (e.g., the alkyl chain
length and charge). Thus amixture of six vanillins was successfully
separated using a mobile phase of 0.02 M sodium dodecyl sulfate
solution (pH 3).74 However, when cetyltrimethylammonium
bromide was used, the retention time of four of six vanillins
proved to be longer than in the case of sodium dodecyl sulfate,
although in the latter case the mobile phase contained an
appreciably larger number of micelles (the CMC of cetyltrimethy-
lammonium bromide at 30 8C and of sodium dodecyl sulfate at
25 8C in distilled water are 0.9 and 8 mmol litre71, respectively).
Thus, the interaction of the vanillins studied with the stationary
phase modified by cetyltrimethylammonium bromide is stronger
than that with the stationary phase modified by sodium dodecyl
sulfate. Analysis of the regression dependences carried out with
the aid of Eqn (2) showed that when sodium dodecyl sulfate is
used, the elution order of the sorbates correlates with the
magnitude of F[Ls]K1, and hence the selectivity is determined
mostly by the stationary phase ± sorbate interactions. It should be
noted that for a number of compounds the retention time also
correlates with K2. A decrease in selectivity with the increased
concentration of sodium dodecyl sulfate, and hence with the
quantity of micelles in the mobile phase, also indicates that the
sorbate ±micelle interaction begins to play a more important role.
For cetyltrimethylammonium bromide, the order of elution
correlates with changes in bothF[Ls]K1 andK2, i.e., the selectivity
of separation is determined by the interactions of sorbates with
both the micelles and the stationary phase.

The observed differences in selectivities are determined, in the
opinion of some investigators,33, 44, 75 by the nature of the
surfactant interaction with the stationary phase and by the
properties of the modified surface. It follows from the models of
surfactant adsorption that in the adsorption of sodium dodecyl
sulfate the hydrophobic alkyl radical is inserted into the stationary
C18 phase, whereas the hydrophilic polar heads are directed
towards the bulk of mobile aqueous phase and form a hydro-
philic layer, which results in a decrease in the stationary phase
polarity. In the case of cetyltrimethylammonium bromide, the
head groups seem to be localised nearer to the surface owing to
additional hydrophobic interactions of the N-methyl groups of
ammonium salts with alkyl radicals of the stationary phase. It is
possible that they are partially incorporated into the grafted
phase. A part of cetyltrimethylammonium bromide can be sorbed
irreversibly; the positively charged head groups of the surfactant
can form strong hydrogen bonds with the residual silanol groups
of the stationary phase and at the sites of defects in the grafted
layer. All this leads to an increase in the stationary phase hydro-
phobicity. Indeed, when aqueous-organic eluents are used before
and after work with the micellar phases, the retention times of
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compounds where sodium dodecyl sulfate is used are decreased,
which points to a decrease in the hydrophobicity of the mobile
phase, but they are increased with the use of cetyltrimethylammo-
nium bromide, which suggests an increase in its hydrophobicity.
Lavine et al.74 presume that the irreversible adsorption of
cetyltrimethylammonium bromide leads to a reduced activity of
the residual silanol groups, which compensates for the increase in
the stationary phase polarity associated with the presence of the
charged head alkylammonium groups on the surface. On the
whole, the stationary phase becomes less polar and more hydro-
phobic. Since compounds under separation (vanillins) are weak
acids (pKa=7.4 ± 8.9), they are characterised by specific inter-
actions (hydrogen bonding) with the negatively charged layer of
the head groups of sodium dodecyl sulfate, which results in higher
selectivity than that in the case of cetyltrimethylammonium
bromide.

Lavine et al.76 have shown that the micelles of cetyltrimethyl-
ammonium bromide possess better selectivity with regard to
compounds containing acidic functional groups. This is explained
by the existence of a secondary chemical equilibrium which
includes proton transfer from the ionogenic compound to the
water molecules in the Stern layer of the surfactant micelle. The
decrease in Ka from 0.5 to 3.0 can lead to the incorporation of the
guest molecule into the cationic micelle.77

The surfactants containing two or more hydrophobic `tails' in
the monomer, e.g., didodecyldimethylammonium bromide or
dihexadecyl phosphate, form vesicles. The selectivity of separa-
tion with the use of vesicles in themobile phase differs from that in
MLC, which is associated with the increase in the number of sites
accessible for solubilisation from five (in a micelle) to nine (in a
vesicle).78

5. Effect of pH
The effect of pH on selectivity is determined by the occurrence of
different secondary equilibria in the mobile phase and the
surfactant-induced shift of the ionisation constants of sorbates.26

The influence of pH on the selectivity of separation of amino acids
(e.g., tryptophan and phenylalanine) was studied in aqueous, ion-
pair and micellar eluents. The maximum selectivity was observed
for the mean pKa value of a pair of sorbates. The optimum
selectivity aopt may be calculated by the equation

aopt � 2SSm � SS
1=2
m �SSmK

�
i � K �j �=�K �i K �j �1=2

2SSm � SS
1=2
m �SSmK

�
j � K �i �=�K �i K �j �1=2

, (36)

where SSm is the mean self-selectivity (the ratio of capacity factors
of two sorbate forms 14), Ki

* and Kj
* are the apparent dissociation

constants of sorbates i and j in aqueous, non-aqueous andmicellar
media.

The selectivity of separation of this pair of amino acids is a
maximum in aqueous medium, ion-pair chromatography and
micellar liquid chromatography at pH 2 ± 2.5, *4 and 5 ± 5.5,
respectively.

It should be noted that the surfactant-induced shifts of pKa

values do not necessary result in enhanced selectivity. For
example, for compounds having different pKa values and hydro-
phobicity (isomeric chlorophenols), the micelles influence both
parameters.79

6. Effect of the nature of the stationary phase
The effect of the nature of the stationary phase is usually
considered in MLC as a variation of the column efficiency due to
different adsorption of surfactants. Alkylated silica gels C1, C8,
C14 and C18 with different densities of grafted alkyl groups and
cyanopropyl phases were studied. Yang and Khaledi 80 have
demonstrated the advantages (higher selectivity and shorter
analysis time) of fluorinated, chemically bound stationary phases
compared to the alkyl ones for the separation of mixtures of
amino acids, peptides, sulfonamides, phenols and alkylphenols

using the mobile phases containing anionic and cationic surfac-
tants.

Model mixtures of vanillins were separated on columns
packed with Apex IC18 and Apex IC8 (5 mm) using the same
mobile phases (0.02 M surfactant solution).74 Both stationary
phases provide effective separation upon elution with sodium
dodecyl sulfate solutions; in this case, the retention is determined
by the interaction of sorbates with the stationary phase. The
retention times of sorbates on the C8 phase are longer than those
on the C18 phase, despite the fact that the latter is more hydro-
phobic and contains 13.3%of carbon (the C8 phase contains 9.0%
of carbon). This may be due to poorer sorption of sodium dodecyl
sulfate on the C18 phase because of the higher density of grafted
groups.81

The use of mobile phases containing the cetyltrimethylammo-
nium bromide micelles also results in a stronger retention on the
C8 phase than on theC18 phase; however, in this case an additional
effect consists in the alteration of the order of elution of some
compounds. The low adsorption level on theC8 phase could be the
cause of the stronger retention than that on the C18 silica gel; this
should not however result in the reversal of the elution order. The
higher activity of the residual silanol groups on the C8 sorbent
compared to that on the C18 sorbent can neither explain the
observed phenomenon since the elution order of sorbates in the
methanol ±water system is the same on both stationary phases.
For this reason, Lavine et al.74 have presumed that small
premicellar aggregates of cetyltrimethylammonium bromide are
formed inside the stationary phase and modify the retention of
sorbates.

To explain the differences in selectivity observed in MLC, the
interaction of sodium dodecyl sulfate and cetyltrimethyl- and
dodecyltrimethylammonium bromides with Apex I C18,82 Apex I
cyanopropyl and Apex I C8

83 was studied using HPLC and
13C NMR. It was shown that the surfactant is adsorbed on the
stationary phase and that this provides for a selective separation
of isomeric vanillins. The use of sodium dodecyl sulfate makes it
possible to achieve better separation of hydrophilic compounds
because it forms a hydrophilic, negatively charged layer on the
stationary phase surface. During adsorption of ammonium
surfactants, the head groups are incorporated, at least partly,
into the grafted phase owing to hydrophobic interactions of their
methyl groups with the C18 radicals of the stationary phase.82 In
the separation of amixture of hydrophilic compounds with the aid
of these cationic surfactants, the best results were obtained at high
concentrations of the surfactant in the mobile phase, when the
sorbate ±micelle interactions are advantageous. The length of the
hydrocarbon chain of the stationary phase is an important factor
in the separation with the use of cetyltrimethyl- and dodecyltri-
methylammonium bromide micelles: the behaviour of hydrophilic
aromatic compounds on the C8 and C18 phases is different.83 It
was noted 83 that when sodium dodecyl sulfate as well as
cetyltrimethylammonium bromide are employed, the retention
times of some ionogenic compounds are increased. This unusual
phenomenon may be explained by strong interactions of the polar
groups of the surfactant and the nitrile groups.

7. Effect of temperature
The effect of temperature is the least studied aspect of MLC. It is
obvious from general speculations that the temperature should be
higher than the Kraft point, which corresponds to the lower
temperature limit for the existence of micelles (23 8C for cetyl-
trimethylammonium bromide 73). Researchers usually operate at
higher temperatures (40 ± 60 8C, most often at 40 8C) mainly
because elevated temperatures enhance the chromatographic
system efficiency and reduce the time of analysis.

The effect of temperature on the retention in MLC was
investigated in thermodynamic terms.63, 84 The retention of
anthracene and its derivatives on C18 in a sodium dodecyl
sulfate ± 1-propanol ± phosphate buffer (pH 2.1) system was
studied in the temperature range 303 ± 353 K.84 The results
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obtained were interpreted using two models. There is no correla-
tion between the enthalpies calculated in both models and the
physicochemical properties of sorbate molecules. In the model
based on the Van't Hoff equation without consideration of
individual equilibria, the values of standard entropies correlate
with the polarity of sorbate molecules.

Villanueva Camanas et al.49 did not succeed in enhancing the
efficiency of separation of some 6-mercaptopurine-based medic-
inal preparations by using sodium dodecyl sulfate and varying the
temperature from 20 to 60 8C. They noted the influence of both
organic modifiers (alcohols, acetonitrile) and temperature on the
resolution owing to changes in selectivity; however, these param-
eters affect little the efficiency and their variation has insignificant
practical application. As the studies devoted to a systematic
investigation of the effect of temperature in MLC are very
scarce, it is impossible to draw any generalising conclusions. It
may only be said that it is advisable to use elevated temperatures in
MLC for decreasing the viscosity of mobile phases. This increases
the column efficiency and stabilises the operation of pumps the
working pressures of which are restricted.

8. Effect of ionic strength
There are no separate studies concerning the investigation of the
effect of ionic strength inMLC. Since the addition of salts leads to
a lower CMC and, consequently, to an increase in the micelle
concentration, the effect of ionic strength on selectivity may be
described as the influence of the increasing concentration of
micelles.

The selectivity of separation in micellar chromatography
differs from that in conventional ion-exchange 85 and ion-pair
chromatography. In MLC, after the column equilibration with
1074 M cetyltrimethylammonium bromide solution, anions are
eluted with 0.025 MNaCl solution in the following sequence: IOÿ3
< NOÿ3 < Br7 < NOÿ3 < I7 (see Ref. 30). The use of eluents
containing high concentrations of an organic modifier (lower
alcohols or acetonitrile) leads to degradation of micelles (in the
presence of> 43.5% ofmethanol nomicelles are formed at all 86),
so that retention is controlled only by the extent of surfactant
adsorption on the stationary phase, and the selectivity becomes
the same as that in ion-exchange or ion-pair chromatography.

On the whole, it should be noted that studies of the effects of
various factors on the selectivity inMLC should consider all three
of the equilibria established in the system. In the first place, there is
an interaction of sorbates with micelles, which is characterised by
the association (binding) coefficient K2, and with the stationary
phase characterised by the partition coefficient PSW; they have
opposite effects on retention.

V. Retention and structure of sorbate molecules

In RP HPLC, three types of simulation of retention parameters
(or their functions of parameters characterising specific features of
the sorbate structure and influencing its chromatographic behav-
iour) are used, viz., simple additive models, a retention ± property
correlation and a retention ± structure correlation.1 However, in
ion-pair chromatography the complexity of the processes occur-
ring prevents construction of models which describe the effect of
structural characteristics of sorbates on retention. Nonetheless,
there are indications 1 that the parameters of retention models
may be related to the contributions from different structural
fragments and to the Gantsch p-constants of hydrophobicity. It
would seem that in MLC where interactions are more numerous
than in RP HPLC and ion-pair chromatography, construction of
such models is not feasible. However, the existence of a clear-cut
dependence of solubilisation on hydrophobic and hydrophilic
properties of sorbates has stimulated the attempts to apply
correlations of the retention ± property type, which relate the
capacity factor and the partition coefficient in a 1-octanol ±
water system (POW).

Thus Khaledi and Breyer 87 have revealed that the values of k0

correlate well with the log POW for 35 related compounds on the
phenyl phase with a cationic surfactant; however, the dependence
of log k0 on logPOW forms a plateau at high values of the partition
coefficient, i.e., for hydrophobic compounds. For aromatic
compounds on the stationary C8 and C18 phases, a better
correlation was obtained for the dependence of log k0 on
logPOW, as in RP HPLC. The existence of a linear correlation
log k0= f(logPOW) was established formonosubstituted benzenes
with sodium dodecyl sulfate, cetyltrimethylammonium bromide
and Brij-35 as the mobile phases,88 for a number of phenols and
other monosubstituted benzenes with alcohol-modified mobile
phases of sodium dodecyl sulfate and cetyltrimethylammonium
bromide 76 and for a series of surfactants with mobile phases
containing sodium dodecyl sulfate, cetyltrimethylammonium
bromide and Brij-35.89 A correlation between the log POW and
the logarithms of the constant of sorbate association with the
micelle was established.76, 87, 90 A linear correlation was found to
exist between the log k0 (the capacity factor in the absence of
micelles) and log POW.87 The dependence of k0 and log k0 on log
POW was studied by MLC for a series of benzene derivatives and
surfactants on a stationary C8 phase.91

Estimates of k0, k0m (k0 at zero micelle concentration) and PMW

were derived for 26 1,4-dihydroxypyridines, and it was shown that
they correspond to the hydrophobicity scale.92 The best hydro-
phobicity scale is the k0 7 log POW correlation for the mobile
phase of 0.031 M sodium dodecyl sulfate containing 3% of
n-propanol; this phase is described by the equation
k0=48=3 logPOW 7 98.49. The differences between the exper-
imental and calculated values of log POW for 20 of the 26
compounds studied were found to be less than 3%.

A linear dependence was shown to exist between the free
energy of transfer of a compound from the aqueous to themicellar
phase in a water ± octanol system for benzene and naphthalene
derivatives in micellar 18 and hybrid 20 eluents, as well as for
substituted phenols.93 The slope of the straight lines is virtually
independent of the nature of the surfactant (sodium dodecyl
sulfate, cetyltrimethylammonium bromide or Brij-35) or of the
presence of an organic modifier.20 This indicates that in all cases
the reactions of sorbates with the micelles are based on hydro-
phobic interactions. For alkyl-substituted phenols, the value of
the free energy of transfer of the aliphatic hydrocarbon groups is
less negative for the sodium dodecyl sulfate micelles than in the
octanol ±water system, whereas for the phenols containing the
OR, COR and COOR substituents the contribution to the hydro-
phobicity is larger in the presence of sodium dodecyl sulfate than
in the octanol ±water system.93 These differences may be due to
the fact that solubilisation of different sorbates can occur in the
micelle at different sites which differ in dielectric constants, local
microviscosity, steric factors and the occurrence of electrostatic
interactions with the ionic head groups of surfactants for charged
sorbates.

The second group of correlations relates retention to the
structure of sorbates described with the aid of various descrip-
tors,1 the simplest of which is the number of the carbon atoms in
the molecule (nC). In the example of n-alkylbenzenes and
alkylphenols in sodium dodecyl sulfate and cetyltrimethylammo-
nium bromide-containing systems, including those with propanol
added,19 it was shown that in contrast to RP HPLC where the
dependence of log k0 on nC is linear, in MLC with both purely
micellar and hybrid eluents only the dependence of k0 on nC is
linear, whereas the dependence of log k0 on nC is better described
by the quadratic function. Analogous dependences were derived
in the studies of the retention of alkylbenzenes in the mobile
phases containing Brij-22 or Brij-35.16 Alkylphenols in the
micellar mobile phases of sodium dodecyl sulfate are an excep-
tion. For this group of compounds the dependence of log k0 on nC
is linear, while the dependence of k0 on nC is quadratic, as in RP
HPLC.19 For phenols and a hybrid sodium dodecyl sulfate mobile
phase, the differences in k0 and log k0 are too small to allow one to
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state with certainty which of the dependences is better approxi-
mated by the straight line. The cause of this phenomenon is not
sufficiently clear. Khaledi et al.19 proposed two possible explan-
ations. The first explanation is based on the difference in the
location of various sorbates in (or on) the micelle since the
heterogeneous nature of the micelles creates a unique situation
where different sorbates in the same mobile phase have micro-
environments differing in polarity. The second explanation relies
on the model of interaction indices,94, 95 according to which the
dependence of log k0 on the number of carbon atoms for aqueous-
organic eluents is described by the equation

log k 0=(log g)n 2
C + (log a)nC + log b , (37)

where log a and log b are constants and log g is expressed by the
Eqn (38)

logk 0g � DVxDIxDCxCMIM
2:3RT

, (38)

where DVx and DIx are the changes in the sorbate volume and in
the interaction index in a homologous series, DCx and CM are the
proportionality constants for the sorbate and themobile phase, IM
is the index of interaction for the mobile phase.

Usually the value of log g for aqueous ± organic eluents is so
small that the first term of Eqn (37) may be neglected. It is
probable that in MLC the product of DVx DIx is somewhat larger
for some homologues and this causes the departure of the
dependence of log k0 on nC from linearity.

Nonetheless, Khaledi et al.19 have succeeded in revealing
linear dependences of the logarithms of sorbate ±micelle associa-
tion (binding) constants (K2) and of partition coefficients of
sorbates between the extramicellar mobile phase and the sta-
tionary phase (PSW) on nC. Analysis of these dependences showed
that the K2 values for homologues are larger in the cetyltrimethy-
lammonium bromide micelles than in the sodium dodecyl sulfate
micelles, which points to a stronger interaction of sorbates with
the cetyltrimethylammonium bromide micelles owing to the
availability of hydrophobic environments. The slope of these
straight lines is the measure of free energy calculated for the
transfer of one methylene group from the bulk of solution into the
micelle (dependence ofK2) or into the stationary phase (PSW), and
this slope is steeper for cetyltrimethylammonium bromide than
for sodium dodecyl sulfate, which is indicative of the higher
affinity of the methylene group of cetyltrimethylammonium
bromide due to its larger hydrophobicity.

Hinze andWeber 96 proposed amore rigorous approach to the
rationalisation of the non-linearity of the dependence of log k0 on
the number of the carbon atoms in the surfactant molecule in
MLC in their paper entitled `Why the relationship between the
logarithm of k0 and homologue number in micellar chromato-
graphy is not linear '. In RP HPLC, it is implied that each CH2

increment in the chain of a homologue makes a constant
contribution to the free energy of sorbate transfer between the
mobile and stationary phases. In MLC, the retention of small-
sized polar sorbates that are well soluble in water and poorly
soluble inmicelles is basically determined by the partition between
the surfactant-modified stationary phase and the non-micellar
mobile phase. In a homologous series, compounds become less
water-soluble as their size increases, and in the extreme case of
total insolubility in water the sorbates are partitioned between the
chemically similar micellar phase and the surfactant-modified
stationary phase. For this process, the free energy of one
methylene group transfer from the mobile to the stationary
phase (DGm) is virtually equal to zero. As in MLC the DGm value
depends on the homologue size, the dependence of ln k0 on the
number of methylene groups in the sorbate (nm) should not be
linear.

1
k 0
�
�
Vm

Vs

�
exp

�
DGfg

WS � nmDGm
WS

RT

�
� (39)

�
�
Vx

Vs

�
exp

�
DGfg

XS � nmDGm
XS

RT

�
where the subscripts `X', `W' and `S' refer to the micellar, aqueous
and stationary phases; V stands for the corresponding volumes of
phases and the superscripts `fg' and `m' refer to the functional and
methylene groups, respectively. The dependence of ln k0 on nm is
described by the equation

ln k 0=7ln [(17Fx)exp(a+ nmb) + Fxexp(c+ nmd)] , (40)

where Fx=Vx/Vm is the ratio of the volumes of micelles and
stationary phase; a, b, c and d are constants. The parameters of a
non-linear regression were calculated, the free energies of the
methylene group transfer from the non-micellar part of themobile
phase (pure water or water containing 5 vol.% of alcohols) into
the surfactant-modified stationary phase [parameter b, Eqn (40)]
and the free energy of themethylene group transfer in themicelle ±
stationary phase system [parameter d, Eqn (40)] were estimated
for alkylbenzenes with the use of sodium dodecyl sulfate ±
1-pentanol ±water and Brij-35 ±water systems and also for
methyl esters of fatty acids with the use of a sodium dodecyl
sulfate ± 1-propanol ±water system.

Recent years witnessed the appearance of more complex
models which relate retention to the sorbate structure and which
are based on the statistical analysis and the method of analysis of
basic components.97, 98 In the example of 17 surfactants with three
different micellar mobile phases (sodium dodecyl sulfate, cetyl-
trimethylammonium bromide, Brij-35) it was shown that reten-
tion can be adequately described using only two of the nine
descriptors: L/B (ratio of the maximum molecule length to its
width) and one of the topological descriptors.97 The contribution
from the topological descriptors is most important in the case of
cationic and anionic surfactants, whereas the electrostatic inter-
actions are particularly substantial in the case of sodium dodecyl
sulfate. Correlation equations of the types log k0= f (F, L/B, c)
and log k0= f (n, L/B, c), where F is the correlation factor, c is the
surfactant concentration in the micellar mobile phase, n is the
number of p-electrons in the molecule, were derived. These
equations are easier to use because the values of the corresponding
descriptors can be calculated directly from the structural formulae
of compounds. Analogous correlations can also be established for
the partition coefficients PSM, PSW or PMW since they can be
calculated from experimental chromatographic data using
Eqn (1) or (2).76 For sodium dodecyl sulfate, correlations of the
type PSM (PSW or PMW)= f(L/B, F) were obtained; however, the
regression is deteriorated in the sequence PSM>PMW> PSW

because of the increased uncertainty of calculations.97

In the hybrid mobile phases which contain sodium dodecyl
sulfate with additions of methanol, 2-propanol or n-butanol the
retention of unsubstituted PAH is described by the equation
considering the size and shape of molecules.

log k 0= aF+ bL/B+ c, (41)

where a, b and c are constants.98

This model does not however describe methyl-substituted
PAH. Therefore, new models were proposed which include
electronic parameters allowing consideration of the distribution
of electronic density in the molecule, viz., dipole moments
(DPMON) and the share of the non-polar unsubstituted surface
area (NUSA/TSA) [Eqn (42)].

log k 0= aF+ bL/B+ cDPMON+ dNUSA/TSA+ e, (42)

where a, b, c, d and e are constants. Equation (42) gives a
satisfactory description of the retention of both unsubstituted
and substituted surfactants upon addition of <20 vol.% of
methanol or 2-propanol or < 6 vol.% of n-butanol.

The influence of molecular structure on the constants of the
sorbate ±micelle and sorbate ± stationary phase binding has been
studied.99, 100 The existence of a clear-cut linear dependence
between the constants of the sorbate ±micelle and sorbate ±
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stationary phase binding was demonstrated.100 Fairly good
quantitative dependences of the constants of sorbate ±micelle
and sorbate ± stationary phase binding on solvatochromic proper-
ties were obtained.99, 100 The correlation between k 0 and solvato-
chromic parameters is better in the presence of
tetradecyltrimethylammonium bromide micelles, whereas the
correlation between log k 0 and solvatochromic properties is
better in the presence of sodium dodecyl sulfate micelles; the
addition of 7% of 2-propanol or 5% of butanol does not modify
the strong correlations revealed for tetradecyltrimethylammo-
nium bromide.99 An important role in the retention of neutral
sorbates is played by both the process of cavity formation and the
hydrogen bonding. The examples considered above indicate that
such models not only allow prediction of the retention of various
sorbates but are also helpful for revealing interactions of sorbates
with stationary and mobile phases.

Guermouche et al.101 studied theoretical aspects of the
retention of 15 aromatic compounds in MLC using the zwitterion
surfactant n-dodecyl 3-(N,N-dimethylamino)propane-1-sulfonate
(DDDMAPS) and calculated the constants of equilibrium parti-
tion of sorbates using Eqn (1). Compared to the cationic and
anionic surfactants in the DDDMAPS-containing mobile phases,
the lowest values of KSW and KMW were obtained, which leads to
larger capacity factors at a constant surfactant concentration.
Sorbates are retained owing to hydrophobic interactions with the
stationary phase and electrostatic interactions with the surfactant
in the micelles as well as in the modified stationary phase.
Molecular interactions were studied using the method of linear
dependences of solvation energy.101 The sorbate size and basicity
were shown to be the dominant factors affecting the retention. The
dipolar environment in the zwitterionic DDDMAPS is larger and
this influences the partition of sorbates: acidic sorbates are more
easily bound to this surfactant.

A correlation between the retention and biological activity
was established using models of the retention ± property type.
Breyer et al.102 revealed a clear-cut correlation between k 0 and
biological activity, measured as log 1/c, where c is the concen-
tration required for a 50% inhibition of growth, for 26 para-
substituted phenols. The advantage of this approach consists in
that it uses a single parameter, viz., retention in MLC, whereas
normally three descriptors are used for estimating biological
activity: logPOW, acid dissociation constant and resonance
parameter. Owing to the unique properties of surfactant micelles
in MLC, both hydrophobic and electronic interactions are
combined in one parameter, viz., k0. The nature and acidity of
the stationary phase influence the correlation between k0 and
log 1/c; the optimum system is cetyltrimethylammonium bromide
supplemented with 10 vol.% of 2-propanol.

Escuder-Gilabert et al.103 studied qualitative and quantitative
correlations between the retention and the anesthetic strength,
equianesthetic concentration, duration of action, toxicity and the
half-life of anesthetics. Clear-cut correlations between k0 and the
anesthetic strength of compounds were established.

Deriving correct correlations requires reliable determination
of the dead time (t0) which is problematic in MLC. In MLC, the
magnitude of t0 is measured with respect to the introduction of
water,93, 104 salt solutions (NaNO3,25, 37 NaI and KI 11, 19) and
acetonitrile.66

Torres Lapasio et al.105 proposed four different criteria for
determining the characteristic time at the beginning of chroma-
tography (the time of the exit of the first peak, first perturbation)
that may be called reference time.

1. Search for the first basic maximum or minimum.
2. Formation of groups reducing noises to a definite scale.
3. Formation of groups for scaling the slopes of the basal line

noises.
4. First-derivative method consisting in the detection of an

important change in the basal line slope upon the occurrence of a
considerable perturbation. The best results are given by the noise-
scaling criterion; in this case it is advisable to measure the

reference times upon addition of standard solutions or micellar
solutions of sorbates. Determination of the reference time using a
large number of different mobile phases has shown that it does not
change noticeably as the mobile phase composition is modified.

VI. Analytical application of micellar liquid
chromatography

The development of the theory of MLC was based on the studies
of different organic compounds: non-ionogenic (substituted
benzenes, phenols, naphthalenes, anthracenes, etc.) as well as
ionogenic (amino acids and peptides), whereas practical uses of
this method lie in the analysis of medicinal preparations (Table 1).
Such an analytical application reflects several advantages of
MLC: selectivity and capacity for simultaneous separation of
ionic and non-ionic components of samples, direct introduction of
biological samples without preliminary precipitation of proteins
or extraction of drugs, as well as the possibility of fluorescence
enhancement or stabilisation. Simplification of the sample prep-
aration for the analysis of biological specimens is achieved owing
to solubilisation of proteins on micellar aggregates since the
protein ±micelle aggregates have a large size and are not retained
by the stationary phase. Low detection limits make it possible to
detect specific compounds not only in pharmaceutical formula-
tions but also in urine.

The possibility of enhancement of sensitivity of determination
of some compounds in the presence of surfactants has been
demonstrated. Thus the oxidation current of acetaminophen is
increased in the presence of sodium dodecyl sulfatemicelles.108 An
electrochemical detector with a cell of the `reflecting wall of the
three-electrode configuration' type with a carbon-fibre micro-
electrode was designed for detecting acetaminophen. The compat-
ibility of the separation byMLCwith amperometric detection was
first demonstrated by Khaledi and Dorsey;126 dopamine was
determined using a glassy-carbon electrode.124

Steroids were determined in urine by the MLC method and
detected using the terbium-sensitised fluorescence.106 Themicellar
environment promotes an efficient Forster energy transition from
donors (steroids) to acceptors [terbium(III) ions]. This method is
highly sensitive and allows determination of as little as 100 pg of
steroids in urine. This detection technique is appreciably more
sensitive than the spectrophotometric detection,114 which is
applicable only for the analysis of initial pharmaceutical prepara-
tions and is unsuitable for the analysis of biological samples.

The luminescence [sensitised by a terbium(III) ± surfactant
complex] in the inverted micelles in non-aqueous solutions (ethyl
acetate or its mixture with hexane) was used for the detection of
theophylline;120 the presence of paraxanthin does not interfere
with this determination due to the low efficiency of energy transfer
to the lanthanide ion. This method minimises the fluorescence
quenching induced by the use of inverted micelles in non-aqueous
solvents.

Examples of the use of micellar mobile phases in the inorganic
analysis are not numerous: separation of inorganic anions;30, 32, 85

cations of transition metals;9, 31 chelates;127 ± 131 heteropoly-
acids;132, 133 different forms of arsenic,77, 134, 135 mercury,77, 135

selenium 77 and tin;77, 136 organic and inorganic compounds
containing heavy metals.137

Thus the separation of five anions on a column (25065 mm)
packed with ODS (5 mm) using 1.3661071 M aqueous cetyltri-
methylammonium chloride as the eluent at a flow rate of 1.5
ml min71 was effected within 10 min.85 Detection was carried out
at 205 nm. The order of elution: IOÿ3 < NOÿ2 < Br7 < NOÿ3 <
I7 is analogous to the selectivity sequence for a typical, strongly
basic anion exchange resin.

The use of micellar exclusion chromatography on a column
packed with the Asahipak GC-310H sorbent, which is a polyvinyl
alcohol gel, proved to be effective for the separation of both
anions 30 and cations.32 In the separation of anions the elution
order varies with the modification of hydrophobicity of the
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surfactant alkyl chain: with 0.06 or 0.01 M cetyltrimethylammo-
nium chloride mobile phase, the anions are eluted in the sequence
IOÿ3 < I7 < Br7 < NOÿ2 < NOÿ3 , whereas in the presence of
dodecyltrimethylammonium chloride this order is IOÿ3 < Br7 <
NOÿ2 < I7 <NOÿ3 (see Ref. 30).

Using micellar exclusion chromatography, Okada 29 sepa-
rated Pb(II), Co(II) and Cu(II) in 0.05 M sodium dodecyl sulfate
containing 0.08mol litre71 ofNaCl (pH 4.0) and also amixture of
cations of rare-earth elements (Yb, Ho, Dy, Tb and Pr) and of
transition metals [Cu(II), Pb(II), Zn(II), Ni(II), Co(II) and Mn(II)]
in the gradient mode of elution with a mixture of 0.025 M sodium
dodecyl sulfate and 0.08 M a-hydroxyisobutyric acid (pH 4.0) or
with 0.025 M sodium dodecyl sulfate and 0.08 M tartaric acid (pH
4.3).31 Separation of 8 transitionmetal cations [Fe(III)<Cu(II)<
Zn(II) < Ni(II) < Pb(II) < Co(II) < Cd(II) < Mn(II)] was
performed in 20 min on a column with Inertsil ODS-2 with an
aqueous mobile phase containing 0.0945 mol litre71 of sodium
dodecyl sulfate and 0.0684mol litre71 of tartaric acid (pH4.02).29

Miura et al.128 determined the distribution constants of 2-(2-
thiazolylazo)-4-methylphenol (TAMP) and 2-(2-thiazolylazo)-5-
dimethylaminophenol (TAAP) in solutions of non-ionic surfac-
tants [poly(oxyethylene)-4-nonylphenyl ether (PONPE),
poly(oxyethylene)oleyl ester (POOE), Triton X-100, POL-10];
these constants were found to decrease as the length of the
oxyethylene chain increased. Rapid elution of TAMP and TAAP
is achieved using surfactants with shorter oxyethylene chains

because the reagents have the higher affinity to the micellar
phase. The retention time is reduced as the number of oxy-
ethylene units in PONPE and POOE decreases.

PONPE-20 was used for the separation of metal chelates with
TAAP.127, 128 Of the nine chelates studied, only the V(V) chelate is
eluted selectively, the peak of Fe(III) chelate overlaps with the
peak of the solvent front, while the reagent itself and other
complexes are strongly retained (and some of them are possibly
degraded) in the column.127 Probably, the use of hybrid eluents
(supplemented with organic modifiers) would yield better results.
Separation of Cu(II), Zn(II), Ni(II) and Co(II) takes 45min using a
mobile phase containing 0.006 mol litre71 of sodium dodecyl
sulfate, 0.002 mol litre71 of 8-hydroxyquinoline-5-sulfonic acid
and pH gradients of 3.5 ? 3.9.131 Determination of aluminium
with a detection limit of 1 ppb in the form of chelates in human
serum with 8-hydroxyquinoline was performed on a column
packed with CAPCELL PAKMF ph-1 with an eluent containing
20 mass%of acetonitrile, 0.01 M sodiumdodecyl sulfate, 1074 M

EDTA, 0.01 M N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid-based buffer (pH 7.0) with fluorescent detection (370 ±
504 nm).130 The contents of Ni(II), Co(II) and Cu(II) in metal
alloys were determined using chelates with sodium diethyldithio-
carbamate and the mobile phase containing 0.03 M cetyltrimethyl-
ammonium bromide, 1074 M sodium diethyldithiocarbamate and
45% of 1-propanol (spectrophotometric detection).129 The detec-

Table 1.Determination of components of medicinal preparations by MLC using sodium dodecyl sulfate.

Components of medicinal preparations Organic Detector Detection Object of analysis Ref.

modifier limit

Steroids acetonitrile FL 100 pg urine 106

Amiphenazole, amiloride, amphetamine, 7 SP 0.07 ± 10.95 mg ml71 " 107

clostebol, ephedrine, phenylpropanolamine,

methanedienone, methoxyphenamine,

nandrolone, spironolactone

Acetaminophen n-propanol EC 0.02 mg ml71 " 108

Clenbuterol n-butanol SP 7 " 109

Diuretics n-propanol SP 1.7 ± 2.9 mg ml71 " 110

Caffeine, theophylline, theobromine " SP 0.36 ± 1.23 mg ml71 " 111

N-(1-Benzo[b]thien-2-yl)ethyl-N-hydroxyurea, " SP 0.08 ± 0.1 mg ml71 " 112

its N-dehydroxylated metabolite

Sulfonamides " 7 7 urine, milk 113

Amiloride, bendroflumethazide, chlorothalidone, n-pentanol 7 7 pharmaceutical 114

spironolactone, triamerene preparations

pills

Diuretics n-propanol SP 0.029 ± 0.55 mg ml71 " 115

Catecholamines " SP 2 ± 16 mg ml71 capsules, pills 48

Anabolic steroids n-pentanol a SP 6.4 ± 860 ng ml71 pills, suspension, 116

gel, solution for

injections

Proteinic amino acids n-propanol SP (1.3 ± 1.5)6 pharmaceutical 117

61077 mol litre71 preparations

Diuretics 7 7 7 the same 118

b-Blockers (atenolol, metoprolol, n-propanol SP 7 pills, capsules 119

oxyprenolol, diuretics (amiloride),

bendroflumethazide, hydralazine

Theophylline " SP 6 mg ml71 pills 120

6-Mercaptopurine, 6-thioguanidine 7 7 7 serum 121

4-Formylaminoantipyrine, 4-aminoantipyrine, n-pentanol SP 10.54 mg ml71 ± plasma 122

4-methylaminoantipyrine ± 17.0 ng ml71

(R)- and (S)-Naproxenes 7 7 7 human liver 123

microsomes

Dopamine 7 EC 7 7 124

Theophylline ethyl acetate, FL 9 ng ml71 7 125

hexane

Note: FL, fluorescent; SP, spectrophotometric; EC, electrochemical (amperometric) detectors, respectively; amicroemulsion.
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tion limits of Ni(II), Co(II) and Cu(II) were 68.1, 67.2 and 35.4 pg,
respectively; the separation time did not exceed 6 min.

Compatibility of MLC with the mass-spectrometric determi-
nation with the use of induction plasma was demonstrated in the
example of determination of arsenic using the cetyltrimethylam-
monium micelles.135 In this case, the detection limits (90 ± 300 pg)
were comparable with that in ion-pair chromatography (0.4 ±
1.2 ng cm73 at a loop volume of 250 mm3 with detection by
atomic-fluorescent spectrometry with preliminary generation of
hydrides 138) but they were inferior to that in ion-exchange
chromatography (20 ± 91 pg 139). This may be due to the larger
volumes of peaks and a complex composition of the mobile phase
and, especially, to the influence of sodium ions from buffer
solution which can suppress ionisation of arsenic.

A series of studies 77, 135, 136 were devoted to the use of vesicles
in MLC. If a micelle is a closed monolayer, then a vesicle is a
closed bilayer. The cavity is filled with the substance which is
contained in the environment.22 To be able to form vesicles the
surfactant molecules should contain two (or more) hydrophobic
hydrocarbon radicals with 16 ± 18 carbon atoms. These require-
ments are met, for example, by didodecyldimethylammonium
bromide 135, 136 and dihexadecyl phosphate.75, 136 These mobile
phases can be used in combination with selective detection
techniques, such as atomic-emission spectrometry with induction
plasma (also after formation of hydrides),mass-spectrometry with
induction plasma, atomic-absorption spectrometry of cold
vapour and atomic-absorption spectrometry with electrothermal
atomisation.

Interesting results were obtained in MLC of heteropoly-
anions:132, 133 a mixture of BW12O

5ÿ
40 , SiW12O

4ÿ
40 and SiMo12O

4ÿ
40

was separated within 10 min and a mixture of SiW11FeO
5ÿ
39 ,

BW12O
5ÿ
40 and SiW11O

8ÿ
39 within 7 min.

However, the results of the application of MLC in inorganic
analysis, even though being interesting per se, are basically inferior
to those achieved in ion-pair or ion-exchange chromatogra-
phy.140 ± 142

VII. Comparison of the possibilities of ion-pair and
micellar liquid chromatography

As the role of micelles is similar to that of organic modifiers owing
to their ability to increase solubility of uncharged sorbates in
water, MLC is usually compared to RP HPLC. Separation of
uncharged and hydrophobic compounds, for which RP HPLC is
widely used, is the field in which MLC is inferior as regards its
efficiency, eluting strength and selectivity. The efficiency of
columns in MLC is appreciably lower than that in RP HPLC
and decreases as hydrophobicity of compounds increases. The
micellar eluents are weak eluents; therefore, the retention times of
hydrophobic sorbates are long. Selectivity is also low because of
the similarity of processes which occur in the mobile and sta-
tionary phases,19, 66 although in a number of instances the reversal
of the elution order is observed.143 ± 145 All of these characteristics
of the chromatographic system can be enhanced by the introduc-
tion of organic modifiers into the eluent; however, MLC will not
all the same be competitive with RP HPLC in the separation of
hydrophobic sorbates.

An advantage of the MLC method is the possibility of
separating mixtures of ionic and non-ionic sorbates. Another
method allowing solution of this problem is ion-pair chromatog-
raphy. These methods have much in common: both use surfac-
tants; electrostatic interactions play a substantial role (though if in
ion-pair chromatography this role is crucial and determines
retention, in MLC it is secondary), while organic modifiers
regulate the eluting strength and selectivity of separation. Also,
there are differences in principle between these two methods.
Micellar solutions are considered in MLC as macroscopically
homogeneous systems composed of two phases: the micelles and
the bulk of aqueous solution. In the ion-pair chromatography, the
mobile phases are homogeneous and consist solely of surfactant

monomers. Furthermore, the amount of surfactant adsorbed on
the stationary phase increases with the concentration of the ion-
pairing agent in the mobile phase. Descriptions of MLC by
different authors are contradictory: some believe that the amount
of adsorbed surfactant is almost constant after it exceeds CMC,
while others argue that the surfactant adsorption remains sub-
stantial at concentrations several tens of times that of CMC.

Thorough comparison of the possibilities of both methods
was carried out in the example of separation of amino acids and
peptides.66, 146 The separation was performed using 2-propanol-
modified sodium dodecyl sulfate-containing mobile phase. Inves-
tigation of the dependence of retention on the alcohol concen-
tration showed that in the case of ion-pair chromatography the
parameter of the solvent strength S correlates well with the
logarithm of capacity factor in a purely aqueous phase (ln k 00).
The selectivity of separation drops with the increasing content of
the organic solvent in themobile phase. Such dependences are also
characteristic of RP HPLC. Totally different regularities were
observed in MLC: variation of S proved to be reciprocal to
changes in ln k00, whereas the separation selectivity of most
sorbate pairs increased as the content of the organic solvent in
the mobile phase increased.

In MLC and ion-pair chromatography, the surfactant con-
centration has different effects on the retention of sorbates. In ion-
pair chromatography the retention time of oppositely charged
sorbates (at pH 2.5, the amino acids and peptides studied have a
partial positive charge) increases with the concentration of the
ion-pairing agent due to the larger amount of surfactant adsorbed
on the stationary phase surface and forms a plateau upon
saturation of the stationary phase. In MLC, the retention time is
decreased as the total surfactant concentration in the system
increases. In ion-pair chromatography there is no clear-cut
dependence of selectivity on the ion-pair reagent concentration;
though it is usually increased with the increase in concentration,
particularly when sorbates differ in their charges. In MLC, the
selectivity is as a rule enhanced as the micelle concentration
increases. In ion-pair chromatography, the eluting strength of
the mobile phase decreases as the ion-pairing agent concentration
increases, whereas in MLC it increases with the concentration of
micelles. Thus, the enhancement of selectivity and eluting strength
occurs in parallel in MLC and antiparallel in ion-pair chromatog-
raphy.

Many investigators noted better reproducibility of the reten-
tion characteristics in MLC compared to that in ion-pair chroma-
tography. In the latter case, one often has to operate in the range
where the retention is strongly dependent on the ion-pairing agent
concentration; therefore, even minor changes in the mobile phase
composition lead to a fairly appreciable variation of retention.
Both methods were shown to have lower column efficiency
compared to that in RP HPLC. Thus a new 25-cm long column
packed with a C18 sorbent had an efficiency of 14 000 theoretical
plates in the elution with an acetonitrile ±water mixture (25 : 75).
In the presence of sodiumdodecyl sulfate, its efficiency dropped to
5500 theoretical plates in both MLC and ion-pair chromatogra-
phy. Nonetheless, the ion-pair chromatography has an advantage
compared toMLC as regards the efficiency owing to the variation
of the hydrophobic nature of the ion-pairing agent.

It should be noted in conclusion that MLC is an interesting
method with the unique possibilities of selectivity variation; its
theory has been well developed. The micellar liquid chromatog-
raphy is an alternative to the RP HPLC method. Analytical
chemists consider this method as the most useful in the analysis
of biological specimens.

References

1. V D Shatts, O V Sakhartova Vysokoeffektivnaya Zhidkostnaya

Khromatografiya (High-Performance Liquid Chromatography)

(Riga: Zinatne, 1988)

998 E M Basova, V M Ivanov, O A Shpigun



2. J G Dorsey Adv. Chromatogr. 27 167 (1987)

3. M G Khaledi Biochromatography 3 20 (1988)

4. M G Khaledi Trends Anal. Chem. 7 293 (1988)

5. D W Armstrong, S J Henry J. Liquid Chromatogr. 3 657 (1980)

6. K Saitoh Kagaku 45 884 (1990); Ref. Zh. Khim. 1 B 2713 (1992)

7. J G Dorsey, W T Cooper, J F Wheeler, H G Barth, J P Foley Anal.

Chem. 66 500R (1994)

8. M J Medina Hernandez, M C Garcia Alvares-Coque Analyst 117

831 ( 1992)

9. M L Marina, M A Garcia J. Liquid Chromatogr. 17 957 (1994)

10. D W Armstrong, F Nome Anal. Chem. 53 1662 (1981)

11. M Arunyanart, L J Cline Love Anal. Chem. 56 1557 (1984)

12. J P Foley Anal. Chim. Acta 231 237 (1990)

13. D W Armstrong Sep. Purif. Methods 14 213 (1985)

14. J P Foley, W E May Anal. Chem. 59 102 (1987)

15. J P Foley, W E May Anal. Chem. 59 110 (1987)

16. M F Borgerding, F H Quina, W L Hinze, J Bowermaster,

H M McNair Anal. Chem. 60 2520 (1988)

17. A Berthod, I Girard, C Gonnet Anal. Chem. 58 1359 (1986)

18. M LMarina, S Vera, A R Rodriguez Chromatographia 28 379 (1989)

19. M G Khaledi, E Peuler, J Ngeh-Ngwainbi Anal. Chem. 59 2738

(1987)

20. M A Garcia, S Vera, M L Marina Chromarographia 32 148 (1991)

21. S B Savvin, R K Chernova, S N Shtykov Poverkhnostno-Aktivnye

Veshchestva (Surfactants) (Moscow: Nauka, 1991)

22. A I Rusanov Mitselloobrazovanie v Rastvorakh Poverkhnostno-

Aktivnykh Veshchestv (Micelle Formation in Surfactant Solutions)

(St.-Petersburg: Khimiya, 1992)

23. W Hu, T Takeuchi, H Haraguchi Chromatographia 33 58 (1992)

24. W Hu, T Takeuchi, H Haraguchi Chromatographia 33 63 (1992)

25. A H Rodgers, J K Strasters, M G Khaledi J. Chromatogr. 636 203

(1993)

26. A H Rodgers, M G Khaledi Anal. Chem. 66 327 (1994)

27. S A Zibas Anal. Chim. Acta 299 17 (1994)

28. G P Carmelo Analyst 120 53 (1995)

29. T Okada Anal. Chem. 64 589 (1992)

30. T Okada Anal. Chem. 60 1551 (1988)

31. T Okada Anal. Chem. 60 2116 (1988)

32. T Okada J. Chromatogr. 538 341 (1991)

33. T Okada, H Shimizu J. Chromatogr. A 706 37 (1995)

34. J H Knox, R A Hartwick J. Chromatogr. 204 3 (1981)

35. A Berthod, M F Borgerding, W L Hinze J. Chromatogr. 556 263

(1991)

36. B Canas-Montalvo, R C Izquierdo-Hornillos J. Liquid

Chromatogr. 17 1464 (1994)

37. M F Borgerding, W L Hinze, L D Stafford, G W Fulp Jr.,

W C Hamlin Jr. Anal. Chem. 61 1353 (1989)

38. W Hu, P R Haddad Anal. Commun. 35 191 (1998)

39. J G Dorsey, M T DeEchegaray, J S Landy Anal. Chem. 55 924

(1983)

40. P Yarmchuk, R Weinberger, R F Hirsch, L J Cline Love

J. Chromatogr. 283 47 (1984)

41. J S Landy, J G Dorsey Anal. Chim. Acta 178 179 (1985)

42. M F Borgerding, R L Williams Jr , W L Hinze, F H Quina

J. Liquid Chromatogr. 12 1367 (1989)

43. M F Borgerding, W L Hinze Anal. Chem. 57 2183 (1985)

44. D W Armstrong, T J Ward, A Berthod Anal. Chem. 58 579 (1986)

45. R Bailey, P M Cassidy Anal. Chem. 64 2277 (1992)

46. A Berthod, A Roussel J. Chromatogr. 449 349 (1988)

47. M G Khaledi, J K Strasters, A H Rogers, E D Breyer Anal. Chem.

62 130 (1990)

48. A J I Ward, J H Han, O Donghue, B K Lavine, in Pittsburgh

Conference and Expo on Analytical Chemistry and Applied Spectro-

scopy (Abstracts of Reports), New York, 1990 p. 111

49. R M Villanueva Camanas, J M Sanchis Mallols, J R Torres

Lapasio, G Ramis-Ramos Analyst 120 1767 (1995)

50. P Menendez Fraga, E Blanco Gonzalez, A Sanz-Medel Anal. Chim.

Acta 212 181 (1988)

51. F Palmisano, A Guerrieri, P G Zambonin, T R I Cataldi Anal.

Chem. 61 946 (1989)

52. B K Lavine, S Hendayana J. Liquid Chromatogr. Relat. Technol. 19

101 (1996)

53. M A Rodriguez Delgado, M J Sanchez, V Gonzalez, F Garcia

Montelongo J. Liquid Chromatogr. Relat. Technol. 19 187 (1996)

54. J P Foley, J G Dorsey Anal. Chem. 55 730 (1983)

55. J M Saz, M L Marina J. Chromatogr. A 687 1 (1994)

56. M A Garcia,M L Marina J. Liquid Chromatogr. Relat. Technol. 19

1757 (1996)

57. L S Madamba-Tan, J K Strasters, M G Khaledi J. Chromatogr. A

683 321(1994)

58. J K Strasters, E D Breyer, A H Rodgers, M G Khaledi

J. Chromatogr. 511 17 (1990)

59. J K Strasters, S T Kim, M G Khaledi J. Chromatogr. 586 221

(1991)

60. A S Kord, M G Khaledi Anal. Chem. 64 1894 (1992)

61. W L Hinze, Z Fu, F S Sadek, inPittsburgh Conference and Expo on

Analytical Chemistry and Applied Spectroscopy (Abstracts of

Reports), Atlantic City, 1987 p. 578

62. M A Garcia, S Vera, M Bombin, M L Marina J. Chromatogr. 646

297 (1993)

63. F P Tomasella, J Fett, L J Cline Love Anal. Chem. 63 474 (1991)

64. M A Rodriguez Delgado, M J Sanchez, V Gonzalez, F Garcia

Montelongo Chromatographia 38 342 (1994)

65. M A Rodriguez Delgado, M J Sanchez, V Gonzalez, F Garcia

Montelongo Anal. Chim. Acta 298 423 (1994)

66. M G Khaledi Anal. Chem. 60 876 (1988)

67. A S Kord, M G Khaledi J. Chromatogr. 631 125 (1993)

68. O Jimenez, I Benito, M L Marina Anal. Chim. Acta 353 367 (1997)

69. O Jimenez,M A Garcia,M L Marina J. Liquid Chromatogr. Relat.

Technol. 20 731 (1997)

70. M C Garcia Alvarez-Coque, J P Torres Lapasio, J J Baeza Baeza

Anal. Chim. Acta 324 163 (1996)

71. L S Madamba-Tan, J K Strasters, M G Khaledi J. Chromatogr. A

683 335 (1994)

72. J R Torres Lapasio, R M Villanueva Camanas, J M Sanchis-

Mallols, M J Medina Hernandez, M C Garcia-Alvarez-Coque

J. Chromatogr. 639 87 (1993)

73. M D Rukhadze, G S Bezarashvili, M V Sebiskeradze, V R Meyer

Anal. Chim. Acta 356 19 (1997)

74. B K Lavine, S Hendayana, J Tetreault Anal. Chem. 66 3458 (1994)

75. B K Lavine, W T Cooper, Y He, S Hendayana, J H Han,

J Tetreault J. Colloid Interface Sci. 165 497 (1994)

76. B K Lavine, A J White, J H Han J. Chromatogr. 542 29 (1991)

77. A L Underwood Anal. Chim. Acta 140 89 (1982)

78. A Sanz-Medel, B Aizpun, J M Marchante, E Segovia,

M L Fernandez, E Blanco J. Chromatogr. A 683 233 (1994)

79. M G Khaledi, J K Strasters, S C SmithAnal. Chem. 63 1820 (1991)

80. S Yang, M G Khaledi, in Pittsburgh Conference on

Analytical Chemistry and Applied Spectroscopy (Abstracts of

Reports), Chicago, 1994 p. 1224

81. A Berthod, I Girard, C Gonnet Anal. Chem. 58 1356 (1986)

82. B K Lavine, S Hendayana, W T Cooper, Y He J. Liquid

Chromatogr. Relat. Technol. 20 351 (1997)

83. B K Lavine, S Hendayana, W T Cooper, Y He J. Liquid

Chromatogr. Relat. Technol. 20 377 (1997)

84. P R Bedard, M L Cotton J. Liquid Chromatogr. 14 1113 (1991)

85. F G P Mullins, G F Kirkbright Analyst 109 1217 (1984)

86. A Berthod, I Girard, C Gonnet Anal. Chem. 58 1362 (1986)

87. M G Khaledi, E D Breyer Anal. Chem. 61 1040 (1989)

88. F Gago, J Alvarez-Builla, J Elguero, J C Diez-Maso Anal. Chem.

59 921 (1987)

89. V Gonzalez, M A Rodriguez Delgado, M J Sanchez, F Garcia-

Montelongo Chromatographia 34 627 (1992)

90. K T Valsaraj, L J Thribodeaux Sep. Sci. Technol. 25 369 (1990)

91. M A Garcia, M LMarina J. Chromatogr. A 687 233 (1994)

92. I Benito, J M Saz, M L Marina J. Liquid Chromatogr. Relat.

Technol. 21 331 (1998)

93. R Graglia, E Pelizzetti Anal. Chim. Acta 212 171 (1988)

94. P Jandera J. Chromatogr. 314 13 (1984)

95. P Jandera Chromatographia 19 101 (1984)

96. W L Hinze, S G Weber Anal. Chem. 63 1808 (1991)

97. M A Rodriguez Delgado, M J Sanchez, V Gonzalez, F Garcia-

Montelongo Fr. J. Anal. Chem. 345 748 (1993)

98. M A Rodriguez Delgado, M J Sanchez, V Gonzalez, F Garcia-

Montelongo J. Chromatogr. A 697 71 (1995)

99. S Yang, M G Khaledi J. Chromatogr. A 692 301 (1995)

100. H Zou, Y Zhang, P Lu Anal. Chim. Acta 310 461 (1995)

Micellar liquid chromatography 999



101. M H Guermouche, D Habel, S Guermouche Fluid Phase Equil. 147

301 (1998)

102. E D Breyer, J K Strasters,M G KhalediAnal. Chem. 63 828 (1991)

103. L Escuder-Gilabert, S Sagrado, R M Villanueva Camanas,

M J Medina Hernandez Anal. Chem. 70 28 (1998)

104. F P Tomasella, L J C Love Anal. Chem. 62 1315 (1990)

105. J P Torres Lapasio, J J Baeza Baeza, M C Garcia Alvares-Coque

J. Liquid Chromatogr. Relat. Technol. 19 1205 (1996)

106. M Amin, K Harrington, R von Wandruszka Anal. Chem. 65 2346

(1993)

107. I Carretero, A Maldonado, J J Laserna, E Bonet Domingo,

G Ramis Ramos Anal. Chim. Acta 259 203 (1992)

108. W Peng, T Li, E Wang Anal. Chim. Acta 298 415 (1994)

109. Y Martin Bioska, J J Baeza Baeza, G Ramis Ramos J. Pharm.

Belg. 50 362 (1995)

110. S Carda Broch, M C Garcia Alvares-Coque, E F Simo Alfonso,

J S Esteve Romero Anal. Chim. Acta 353 215 (1997)

111. I Perez-Martinez, S Sagrado, M J Medina Hernandez Anal. Chim.

Acta 304 195 (1995)

112. S B Thomas, S J Albazi J. Liquid Chromatogr. Relat. Technol. 19

977 (1996)

113. S Yang, M G Khaledi J. Chromatogr. A 692 311 (1995)

114. E Bonet Domingo, M J Medina Hernandez, M C Garcia Alvares-

Coque J. Pharm. Biomed. Anal. 11 711 (1993)

115. E Bonet Domingo, M J Medina Hernandez, G Ramis Ramos,

M C Garcia Alvares-Coque Analyst 117 843 (1992)

116. S Torres Cartas, M C Garcia Alvares-Coque, R M Villanueva

Camanas Anal. Chim. Acta 302 163 (1995)

117. M Catala-Icardo, M J Medina Hernandez, M C Garcia Alvarez-

Coque J. Liquid Chromatogr. 18 2827 (1995)

118. S Carda Broch, J S Esteve-Romero, M C Garcia Alvares-Coque

Analyst 123 301 (1998)

119. I Rapado-Martinez, M C Garcia Alvares-Coque, R M Villanueva

Camanas Analyst 121 1677 (1996)

120. I Perez-Martinez, S Sagrado, M J Medina Hernandez J. Liquid

Chromatogr. Relat. Technol. 19 1957 (1996)

121. J H Aiken, C W Huie, J A Terzian J. Chromatogr. Biomed. Appl.

584 181 (1992)

122. I Carretero, J M Vadillo, J J Laserna Analyst 120 1729 (1995)

123. D Haupt, G Pettersson, D Westerlund J. Biochem. Biophys.

Methods 25 273 (1992)

124. Y Qu, P Hu, P Zhu J. Liquid Chromatogr. 14 2755 (1991)

125. A G Mwalupindi, I M Warner Anal. Chim. Acta 306 49 (1995)

126. M G Khaledi, J G Dorsey Anal. Chem. 57 2190 (1985)

127. J Miura Fr. J. Anal. Chem. 344 294 (1992)

128. J Miura, M Yoshitome, I Goto, Y Nakamura, H Watanabe Anal.

Sci. 9 255 (1993)

129. M P San Andres, S Vera, M L Marina J. Chromatogr. A 685 271

(1994)

130. M Sato, H Yoshimura, H Obi, S-i Hatakeyama, E Kaneko,

H Hoshino, T Yotsuyanagi Chem. Lett. 203 (1996)

131. S Muralidharan, H Ma, H Freiser, in Pittsburgh Conference on

Analytical Chemistry and Applied Spectroscopy (Abstracts of

Reports), New Orleans, 1998 p. 1004

132. N-Q Li, M-H Zhu Acta Chim. Sinica 52 186 (1994); Ref. Zh. Khim.

21 B 2416 (1994)

133. N-Q Li, M-H Zhu Acta Chim. Sinica, 52 12 (1994); Ref. Zh. Khim.

10 B 2336 (1995)

134. H Ding, J Wang, J G Dorsey, J A Caruso J. Chromatogr. A 694

425 (1995)

135. A Sanz-Medel, M R Fernandez de la Campa, M L Fernandez,

R Pereiro, B Fairman ICP Inf. Newslett. 21 419 (1995)

136. E Segova, J M Marchante, J M Gonzalez, M L Fernandez,

J E Sanchez-Uria, A Sanz-Medel ICP Inf. Newslett. 21 724 (1996)

137. M P Dziewatkoski, in Pittsburgh Conference on Analytical Chem-

istry and Appied Spectroscopy (Abstracts of Reports), New Orleans,

1998 p. 1089

138. Z Mester, P Fodor J. Chromatogr. A 756 292 (1996)

139. D T Heitkemper, J Creed, J A Caruso, F L Fricke Annu. Rep.

Anal. At. Spectrosc. 4 279 (1989)

140. I P Alimarin, E M Basova, T A Bol'shova, V M Ivanov Zh. Anal.

Khim. 45 1478 (1990) a

141. E M Basova, T A Bol'shova, O A Shpigun, V M IvanovZh. Anal.

Khim. 48 1094 (1993) a

142. O A Shpigun, Yu A Zolotov Ionnaya Khromatografiya i ee Prime-

nenie v Analize Vod (Ion Chromatography and Its Application for

Analysis of Waters) (Moscow: Moscow State University, 1990)

143. D W Armstrong, G Y Stine Anal. Chem. 55 2317 (1983)

144. M Arunyanart, L J Cline Love J. Chromatogr. 342 293 (1985)

145. J P Berry, W G Weber J. Chromatogr. Sci. 25 307 (1985)

146. M G Khaledi, inPittsburgh Conference on Analytical Chemistry and

Applied Spectroscopy, (Abstracts of Reports), Atlanta, 1993 p. 1000

a Ð Russ. J. Anal. Chem. (Engl. Transl.)

1000 E M Basova, V M Ivanov, O A Shpigun


	䤀渀琀爀漀搀甀挀琀椀漀渀
	刀攀琀攀渀琀椀漀渀 洀漀搀攀氀猀 昀漀爀 洀椀挀攀氀氀愀爀 氀椀焀甀椀搀 挀栀爀漀洀愀琀漀最爀愀瀀栀礀
	䔀昀昀椀挀椀攀渀挀礀 漀昀 洀椀挀攀氀氀愀爀 氀椀焀甀椀搀 挀栀爀漀洀愀琀漀最爀愀瀀栀礀
	匀攀氀攀挀琀椀瘀椀琀礀 漀昀 洀椀挀攀氀氀愀爀 氀椀焀甀椀搀 挀栀爀漀洀愀琀漀最爀愀瀀栀礀
	䔀昀昀攀挀琀 漀昀 猀甀爀昀愀挀琀愀渀琀 挀漀渀挀攀渀琀爀愀琀椀漀渀
	䔀昀昀攀挀琀 漀昀 漀爀最愀渀椀挀 洀漀搀椀昀椀攀爀 挀漀渀挀攀渀琀爀愀琀椀漀渀
	䔀昀昀攀挀琀 漀昀 琀栀攀 渀愀琀甀爀攀 漀昀 琀栀攀 漀爀最愀渀椀挀 洀漀搀椀昀椀攀爀
	䔀昀昀攀挀琀 漀昀 琀栀攀 渀愀琀甀爀攀 漀昀 琀栀攀 猀甀爀昀愀挀琀愀渀琀
	䔀昀昀攀挀琀 漀昀 瀀䠀
	䔀昀昀攀挀琀 漀昀 琀栀攀 渀愀琀甀爀攀 漀昀 琀栀攀 猀琀愀琀椀漀渀愀爀礀 瀀栀愀猀攀
	䔀昀昀攀挀琀 漀昀 琀攀洀瀀攀爀愀琀甀爀攀
	䔀昀昀攀挀琀 漀昀 椀漀渀椀挀 猀琀爀攀渀最琀栀

	刀攀琀攀渀琀椀漀渀 愀渀搀 猀琀爀甀挀琀甀爀攀 漀昀 猀漀爀戀愀琀攀 洀漀氀攀挀甀氀攀猀
	䄀渀愀氀礀琀椀挀愀氀 愀瀀瀀氀椀挀愀琀椀漀渀 漀昀 洀椀挀攀氀氀愀爀 氀椀焀甀椀搀 挀栀爀漀洀愀琀漀最爀愀瀀栀礀
	䌀漀洀瀀愀爀椀猀漀渀 漀昀 琀栀攀 瀀漀猀猀椀戀椀氀椀琀椀攀猀 漀昀 椀漀渀ⴀ瀀愀椀爀 愀渀搀 洀椀挀攀氀氀愀爀 氀椀焀甀椀搀 挀栀爀漀洀愀琀漀最爀愀瀀栀礀
	刀攀昀攀爀攀渀挀攀猀

