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The most required and progressive area of analytical
science is liquid chromatography. The special periodi-
cals in chromatography have the highest values of im-
pact factors and citation indexes among the analytical
peer-reviewed journals all over the world. The most artic-
les devoted to liquid chromatography are published in:
Separation and Purification Reviews, Journal of Chroma-
tography A, Journal of Chromatography B, Chromato-
graphia, Journal of Liquid Chromatography and Related
Technologies, Journal of Separation Science, Journal of
Chromatographic Science. The articles related to liquid
chromatography constitute a high proportion of publica-
tions in journals covering all aspects of analytical scien-
ce: Analytical Chemistry, Analytica Chimica Acta, Ana-
lyst, Trends in Analytical Chemistry, Talanta, Analytical
Communications, Analytical and Bioanalytical Chemistry
etc. (see full list of such journals [1, 2]).

Micellar liquid chromatography (MLC) is one of the
many areas of liquid chromatography, which evolved
from the studies of organized solutions. The solutions of
surfactants above the critical micelle concentration
(CMC) belong to most extensively studied organized
solutions were used as mobile phases in MLC. The
same organized solutions are being studied now as
mobile phases in micellar electrokinetic chromatography.

The starting point of MLC was pioneering by works of
Armstrong more than 25 years ago [3]. The evolution of
MLC is reflected in over 500 articles and reviews. The
importance of MLC is confirmed by occurrence of the

book “Micellar Liquid Chromatography” published by
Berthod and Garcia-Alvarez-Coque [4], chapter in
“Encyclopedia of Separation Science” [5] and a volume
in “Comprehensive Analytical Chemistry” edited by
Pramauro and Pelizzetti [6]. Theory and application of
MLC is being developed by scientific groups in Spain,
France, USA, Japan, Georgia, China, India, Pakistan,
Iran etc. MLC today is extensive field of investigation
that comprehended the problems of analytical chemistry,
pharmacy and medicine, food and agricultural
chemistry, chemometrics and physicochemical studies.

Several excellent reviews have appeared during the
development of theory and practice of MLC [7, 9–21]
Most of them have been published in special issue of
Journal of Chromatography A (1997, Vol. 780) that was
aimed to collect most important achievements in
micelle-mediated separation techniques [14–16, 20, 21].
Good review about all aspects of MLC has been publi-
shed by Basova et al. [10] in Russian. Unfortunately, we
do not know experimental or theoretical works on MLC
that were published by Russian authors. Recently, two
reviews related with optimization of separation in RP-
HPLC have been published by Spanish authors and
most of their results obtained in MLC have been discus-
sed [8, 11]. In 2004 review had been published in
Ukrainian journal [9] in which much attention has been
paid to peculiarities of mobile and stationary phase in
MLC and practical application of this technique in
pharmaceutical analysis.
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Some new approaches for retention modeling, optimi-
zation of selectivity and application of MLC during last
five years were developed by our scientific group [9, 22–
34]. As a result a critical review of current state of MLC
would be presented in this journal by the chief-editor
inviting. We will try to discuss critically all works, which
we were able to obtain. The presented paper is the first
part of review on MLC and gives the basis for Part 2:
“Advantages and analytical applications” and Part 3:
“Retention-structure and retention-activity relationships”.

1. Fundamentals of micellar liquid
chromatography

1.1. Self�organization in surfactant solutions

A surfactant (a contraction of the term “surface-
active agent”) is a substance that, when present at low
concentration in a system, has the property of adsorbing
onto the surfaces or interfaces of the system and of
altering to a marked degree the surface or interfacial free
energies [35].

The main and most interesting property of surfactants
in solutions is the capability for self-organization (self-
association, micellization). This property is an important
consequence of the presence of both hydrophilic and
hydrophobic parts in the molecule of surfactant: the ions
or molecules of surfactant include the polar or ionic group
(head group) and non-polar hydrophobic part such as
hydrocarbon chain (apolar tail). Hydrophobic and electro-
static interactions result in the self-organization of
surfactant monomers above CMC (the surfactant con-
centration at the onset of micellization) resulting in
formation of microaggregates: micelles, vesicles, ordered
layers etc. One of the micelles properties is their ability
to solubilize compounds, which are insoluble or only
sparingly soluble in water; this property is of primary
importance for development of analytical methods.

Micelles are dynamic microaggregates, which are
approximately spherical at surfactant concentration close to
the CMC; this shape is geometrically constrained. The in-
creasing of added salt concentration in solution results in
micellar growth and a change of shape from spherical to
ellipsoidal. Surfactant self-organization is driven by mi-
nimization, but not complete elimination of the hydrocarbon/
water contact and some methylene groups come into
contact with water during a certain fraction of time [36].

The micellar solutions of different surfactants differ in
values of CMC, Kraft point (the temperature, at which the
solubility of an ionic surfactant becomes equal to the
CMC), aggregation number, shape and size of micelles,
viscosity etc. Table 1 presents the properties of most

often used surfactants in MLC: sodium dodecylsulfate
(SDS), cetyltrimethylammonium bromide, Triton X-100,
Brij 35.

Two widely used approaches describe the thermo-
dynamics of micelle formation, the pseudo-phase (phase
separation) model and mass-action model [37]. These
approaches lead to two different theories of retention in
MLC and will be discussed here.

The pseudo-phase model treats micelles as homo-
geneously distributed separate phase and a micellar
solution as a two-phase system. This concept seemed
to be confirmed by the non-variant micellar system
above the CMC and the identity of the Kraft point and the
triple point. However, both proved to be erroneous [38].

The mass-action model treats micelles as product of
original chemical reaction of self-organization of
surfactant molecules or ions. For example, micelle for-
mation of the anionic surfactant sodium dodecylsulfate
(SDS) will be presented as follows:

+ ( )Na DS Na DS s c

c s
c s − − −+ ⎯⎯→←⎯⎯ ,          (1)

where NacDSs
-(s–c) symbolizes an anionic micelle at

s > c; a coefficient s is equal to the aggregation number
(N); the ratio of stoichiometric factors c/s is the degree
of counterion binding (b). When it is applied to one
monomer of surfactant the Eq. (1) takes the form:

(1 )Na DS {Na DS}
m

β

ββ + − − −+ ⎯⎯→←⎯⎯ ,       (2)

where (1 )
{Na DS}

m

β

β

− −  designates the particles related to
micelle.

Combined measurements with ion-selective electrodes
(ISE) responsible to surfactant ions and responsible to
the inorganic counterions (halogen-selective electrode in
solutions of cationic surfactants and sodium glass
electrode in solutions of anionic surfactants) have shown
that the activity of the surfactant ion and the activity of
the counterion in micellar solution are connected with the
equation of mass action law (MAL) type [37–40]. In the
case of the SDS micellar solution the equation takes
the form:

log (DS ) log (Na )a a constβ− ++ = ,        (3)

where a(DS-), a(Na+) – activities of free surfactant ion
and free counterion, respectively.

In dilute solutions Eq. (3) can be submitted to the
concentration expression:

+log[DS ] log[Na ] constβ− + = ,         (4)

where [DS-], [Na+] – equilibrium molar concentrations of
free surfactant ions and counterions, respectively;
[DS-] = CMC.
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1.2. Mobile and stationary phase peculiarities
in MLC

The same stationary phases and equipment are used
in MLC and reversed-phase high performance liquid
chromatography (RP-HPLC). However the separation
conditions in MLC and RP-HPLC are quite differ. A main
peculiarity of the MLC eluent is its microheterogeneity,
as the surfactant monomers are in dynamic equilibrium
with self-assembled surfactant microaggregates
(micelles). The state of stationary phase in MLC is also
peculiar in comparison with RP-HPLC, even if the same
sorbents are used. Stationary phase is dynamically mo-
dified, because sorbent adsorb surfactant monomers
and organic modifier molecules during the contact with
micellar eluent. Adsorption may be accompanied by self-
association of surfactants into surface microaggregates
such as ordered layers, hemimicelles or admicelles. The
more detail description of mobile and stationary phase
peculiarities in MLC can be found in our previous review
[9]. Some new ideas on investigation of C18 stationary
phase modified by SDS have been published recently
by Yakovleva and Loginova [41].

1.3. Advantages of micellar eluents

Several advantages of micellar eluents in comparison
with classical aqueous-organic eluents are presented
below: 1) the possibility of simultaneous separation of
charged and uncharged solutes; 2) direct injection of
physiological fluids due to the capability of some micellar
solutions (anionic or nonionic) to solubilize the protein
matrix of samples; 3) compatibility of mobile phases with
salts and water-insoluble compounds; 4) unique sepa-
ration selectivity that is due to microheterogeneity of
micellar eluents and dynamic modification of stationary
phase; 4) robustness of results that is caused by stabili-

zation of surfactant monomer concentration in the presen-
ce of micelles; 5) rapid gradient capability (shorter equi-
libration times); 6) enhanced luminescent detection that
is due to the solubilization of solutes; 7) low cost of mi-
cellar eluents; 8) safety versus expensive and flammable
solvents of chromatographic grade. As follows from the
Introduction, this Section with proper references will be
introduced in the Second part of this review.

2. Retention modeling

The dependence of solute retention factor on eluent
composition is of interest in RP-HPLC as well as in MLC
for several reasons. Firstly, the retention models are
widely used for optimization of separation by different
interpretive methods. Secondly, retention data are used
to estimate octanol-water partition coefficients and
biological activity by retention-structure, retention-
activity relationships. Thirdly, the study of retention for a
wide range of solutes and separation conditions might
provide insight into the fundamental basis of retention in
different chromatographic modes.

2.1. Classification of models in micellar liquid
chromatography

The three main groups of retention models can be
differentiated: (i) conceptual retention models; (ii) mecha-
nistic retention models; (iii) empirical retention models.
The conceptual retention models have the physicoche-
mical background and can be derived by using main
definitions of chromatographic retention and expressions
that describe the processes in chromatographic column
etc. The parameters of such models have clear physico-
chemical sense and some of them can be verified by
independent experiments and other analytical methods.
As a consequence, the conceptual retention models

Compound Name Abbr. 
CMC, 
mM 

Aggregat. 
number 

Kraft point, 
oC 

Molar volume, 
mol L-1 

C12H25SO4Na Sodium dodecyl sulfate; 
sodium lauryl sulfate 

SDS 8.1 62 16 0.246 

C16H33N(CH3)3Br Cetyltrimethylammonium 
bromide 

CTAB 0.83 90 26 0.364 

C12H25(C2H4O)23OH Polyoxyethylene 23 dodecyl 
ether 

Brij 35 0.06 41 100>** 1.12 

C14H22O(C2H4O)9.5 p-Octylbenzene 
polyoxyethylene 9.5 alcohol 

Triton X-100 0.3 140 67** 0.743 

 

Table 1. Most often used surfactants in MLC and their characteristics*

* Data from ref. [4]; ** Cloud point
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give the basis for more detail investigations of real pro-
cesses in the column during the chromatographic sepa-
ration. The mechanistic retention models include the
parameters which have the physicochemical sense and
even can be verified by non-chromatographic experi-
ments, but their derivation is based on the several empi-
rical limitations and/or assumptions about the pro-
cesses in chromatographic column. The empirical
retention models are used in interpretive optimization
strategies. The aim of application of empirical retention
models is an accurate fitting of retention of compounds
by using minimal number of parameters. However, so-
metimes these equations can give the basis for deriva-
tion of physicochemical or mechanistic retention models
with same functional dependences between variables.

2.2. Conceptual models in micellar liquid
chromatography

More than 25 years only the pseudo-phase concept
of micelle formation was used to explain the chromato-
graphic process in MLC by many authors [42–44]. And
only after works of Loginova et al. [27, 28] the mass-
action model of micelle formation has been utilized for
simulation of retention process in MLC. In this section
these two approaches, which give the basis for further
investigation of modeling and optimization in MLC, are
discussed.

2.2.1. Retention models based on three-phase solute
distribution

Armstrong and Nome’s three�phase conceptual model

Armstrong and Nome’s three-phase conceptual model
[42] explains the chromatographic behavior of a solute in
terms of certain column parameters, certain micelle
characteristics, and three partition coefficients. The main
equation  obtained on the basis of plate theory involves
partial specific volume of the surfactant in the micelle ( v ),
concentration of the surfactant in the micelle (cs) that is
equal to the total surfactant concentration in the mobile
phase with the reduction of CMC, volume of the
stationary phase (Vs), void volume (Vm), elution volume
(Ve), partition coefficient of a solute between the statio-
nary phase and water (PSW), partition coefficient of a
solute between the micelle and water (PMW).

1 1
S

( )
cs MW

e m SW SW

V P

V V P P

υ −
= +

− .           (5)

The third partition coefficient of a solute between the
stationary phase and micelle (PSM) can be easily calcu-
lated from other two coefficients as their ratio:

SW

SM

MW

P
P

P
= .                           (6)

It should be noted that derivation of retention model
is close enough to the model proposed by Herries et al.
for gel filtration chromatography with micellar eluents
more than 40 years ago [45].

Arunyanart and Cline�Love’s retention model

The equation (Eq. (7)) proposed by Arunyanart and
Cline-Love [43] leads to similar hyperbolic dependence
of retention factor on concentration of surfactant in the
micelles, but its derivation is based on the assumption
that retention in MLC can be described by two principal
equilibria, one being a reversible equilibrium (Eq. (8)) of
solute in the bulk solvent mobile phase (Am) with the sta-
tionary phase sites (Ls), second, equilibrium (Eq. (9)) of
solute in the bulk solvent mobile phase with a surfactant
in the micelle in the mobile phase (Mm). A third rever-
sible equilibrium (Eq. (10)) involving direct transfer of a
micelle-solubilized solute (AMm) to the stationary phase
is also possible but it is assumed that the solute binds
independently to the stationary phase and to the micelle.

2

1 1

1 1
S

s s

c
[L ] [L ]

K

k K Kφ φ
= + ,                (7)

1

m s s
A +L AL

K⎯⎯→←⎯⎯ ,                     (8)

2

m m m
A +M AM

K⎯⎯→←⎯⎯ ,                  (9)

3

m s s m
AM L AL +M

K

+ ⎯⎯→←⎯⎯ .            (10)

The constants K1 and K2 in Eq. (7) corresponds to
the same constants of equilibrium in Eqs. (8), (9), φ is
the phase ratio.

Foley’s retention model

The approach that was used by Foley [44] is based
on the common model of retention for separation
process in the presence of secondary chemical equi-
librium. In obtained equation (Eq. (11)) ks is the retention
factor of free solute, i.e. the solute that is not involved
into solute-equilibrant (solute-micelle) “complex”; Ksm is
the solute-micelle association constant.
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1 1
S

csm

s s

K

k k k
= + .                   (11)

Thus, three main equations (Eqs. (5), (7), (11)) are
equivalent one to other and present the hyperbolic de-
pendence of retention factor on concentration of micel-
lized surfactant. The unify equation will be used below to
provide more simple understanding of mechanistic equa-
tions proposed later by Garcia-Alvarez-Coque et al. [46]:

1 1
MW

S

SW SW

c
K

k K K
= + ,                 (12)

where KSW (distribution constant between stationary
phase and bulk aqueous phase, Fig. 1) equals ks in
Eq. (11), and to the product of phase ratio, concentration
of stationary phase binding sites and solute-stationary
phase constant in Eq. (7), and to the product of partition
coefficient of a solute between the stationary phase and
water (PSW) and phase ratio in Eq. (5); KMW is a solute-
micelle association constant, which is equal to 1( )

MW
Pυ −

in Eq. (5), K2 in Eq. (7) and Ksm in Eq. (11). To avoid
confusion it must be noted that to derive Eq. (7) the
phase ratio 

s m
V Vφ =  was used in the work [43], as well

as for all following equations in this work, but IUPAC
recommends to define the phase ratio as inverse value
of φ: “the ratio of the volume of the mobile phase to that
of the stationary phase in a column”.

The proposed earlier Eqs. (5), (7), (11) have conside-
rable physicochemical background and was tested
previously on separation of different families of com-
pounds at zero or fixed concentration of the organic
modifier [44]. However, they can not be used for retention
modeling if the concentrations of surfactant and organic
modifier are varied simultaneously.

Retention model for ionizable compounds

As was mentioned above (Section 1.3) MLC is
capable for separation of ionizable compounds. Rodgers
et al. [47] proposed retention model, which can predict
retention of ionizable compounds as function of micelle
concentration and pH of mobile phase. The derivation of
retention model is based on three-phase distribution of
each protolytic form of compound and equilibriums
between them. The model has been tested on separation
of several zwitterionic solutes (phenylalanine, tryptophan,
methionine, phenylpropionic acid) in SDS micellar mobile
phases. The fitting of experimental data by proposed
equation has allowed calculating an apparent ionization
constant ( a

aK ) at each concentration of SDS. The

micellar-mediated shifts of a

apK  values were in good
agreement with expected for anionic micellar media.
Moreover, the effect of micellar media on  shifts is
strongly depend on compounds structure that increase
selectivity of micellar mobile phase for compounds with
similar protolytic properties in aqueous solutions [48].

2.2.2 Retention model based on mass-action concept of
micelle formation

One of the models describing the effect of the orga-
nic solvent on the retention factor in RP-HPLC has been
proposed by Murakami [49]. According to this model the
act of sorption-desorption is accompanied by change of
the number of the solvent molecules in solvation sphere
of solute. By analogy to Murakami’s model, Loginova et
al. [27, 28] considered how the solute microenvironment
changes when the solute transfer from the micellar
mobile phase to stationary phase surface, covered with
adsorbed species of surfactant and organic solvent-
modifier. The suggested model of the solute micro-
environment changing in MLC is based on the following
assumptions:

1) In the mobile phase the solute (A) is located in hyb-
rid surfactant micelles containing organic modifier.
The microenvironment of the solute in the micellar

Fig. 1. Schematic representation of solute-micelle and solute-
stationary phase interactions according to three-phase
distribution model
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pseudo-phase involves l molecules of the organic
modifier and n monomers of surfactant per one
molecule of solute on average.

2) On the surface of the stationary phase one molecu-
le of the solute is “solvated” by p organic modifier
molecules and q surfactant monomers on average.

3) The organic modifier R is distributed between three
phases: bulk solution, micelles of mobile phase and
surface microaggregates of stationary phase. As
partition coefficients of R distribution between bulk
aqueous phase and surface microaggregates on the
stationary phase are absent, we assume that this
partition coefficient is equal to the partition
coefficient of R between bulk aqueous phase and
micelles in the mobile phase.

The change of the solute microenvironment in trans-
ferring from the mobile phase to the stationary phase is
connected with attaching/detaching of the S and R
species and can be described by the equation (Fig. 2):

R SAR S AR S
l n p qm s

x y+ +⎯⎯→←⎯⎯ ,      (13)

where S, R are symbols of surfactant monomer and
organic modifier; x = l – p; y = n – q; coefficients x and
y can accept both positive and negative sign; m and s
indexes are related to mobile and stationary phases,
respectively.

The equation of MAL for the reaction (13) can be
expressed as:

y[AR S ] [R] [S]

[AR S ]

x

p q s

l n m

K = ,                  (14)

where [S] and [R] are the molar concentrations of free S
and R in mobile phase and the [ARlSn]m and [ARpSq]s

are the molar concentrations of the solvated/solubilized
solute in the mobile and stationary phase respectively; K
is the constant of MAL.

The retention factor of the solute is equal to the pro-
duct of the partition coefficient and ratio of the volume of
the stationary phase and mobile phase (φ):

[AR S ](A)

(A) [AR S ]

p q ss

m l n m

n
k

n
φ= = .              (15)

The ratio of [ARpSq]s and [ARlSn]m can be expressed
from Eq. (14) as:

[AR S ]
[R] [S]

[AR S ]

p q s x y

l n m

K − −= .                  (16)

After the taking into consideration the reaction of
micelle formation, in which surfactant monomers with

counterions are involved (reaction (2)) and distribution of
organic modifier between bulk aqueous phase and
micelles (in the latter case they are the bulk micelles as
well as the surface aggregates) one can obtain main
retention equation:

( )1 1 1

R S

S S

log logc logc

log( ( ) c CMC ) log( ),

k const x y

x P y

β

υ β β

= − + +

+ + − − + −   (17)

where log log logconst y K K φ′= + + ; cR, cS are total
concentrations of organic modifier and surfactant in the
eluent; 

S
υ  is the molar volume of surfactant; P is a

partition coefficient of R between water and micellar
pseudo-phase; K’ is the constant of MAL of micelle
formation [Note: for Eq. (17) and some others in the
present paper as well as for term “logarithm” the base 10
logarithm is used].

The main disadvantage of using of proposed model
(Eq. (17)) for practical optimization of separation
conditions in MLC is an absence of full set of auxiliary
data. However, the high correlation between variables
βlogcS and βlog(1–β) in Eq. (17) was obtained by
Boichenko et al. [29] that allow to propose the following
simple equation as fitting function [33]:

S R
log logc logck a b c= + + .         (18)

Fig. 2. Schematic representation of transferring of solute A
from mobile phase on stationary phase with changing of its
microenvironment in micelle and stationary phase
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2.3 Empirical and mechanistic retention models

2.3.1 Empirical retention models

Among discussed earlier physicochemical retention
models, only conceptual model proposed by Loginova et
al. [27] can be used for hybrid mobile phases. However,
after first work on interpretive optimization in MLC [50] a
number of empirical and mechanistic retention models
have been proposed (Tables 2, 3). Torres-Lapasio et al.
[51] concluded that simple linear relationships that have
been used by Khaledi et al. [52] and Strasters et al. [50]
(Eq. (29)) are not valid for most studied solutes (catechol-
amines, aromatic compounds) and give important errors
in prediction of retention. The much better results can be
obtained by substituting of logarithmic function (Eq. (29))
on hyperbolic (Eq. (42)). Torres-Lapasio et al. [53]
concluded that hyperbolic Eq. (42) can be useful for re-
tention modeling in small ranges of concentration of
surfactant and organic modifier [53], because the re-
sults of separation optimization of thirteen amino acids
and peptides, and catecholamines were identical by
using of method of triangles with Eq. (42) (see
Section 3.7.1) and global data treatment by Eq. (33).
However, the method of triangles is much more compli-
cated [53]. Different experimental designs have been
used for testing 10 equations (Eqs. (29)–(33), Eqs. (42)–
(46)) that relate 1/k or log k with concentrations of
surfactant and organic modifier in micellar eluent [51] in
the whole variable space and the best results for catechol-
amines, amino acids, phenols and other aromatics
compounds were obtained with Eq. (33). Throughout
investigations of retention models some modifications of
Eq. (29) and Eq. (30) have been studied to reduce the
error on prediction of retention of solutes [54]. The reten-
tion data of cathecholamines (noradrenalin, adrenaline,
adrenalone, dopamine, isoprenaline) with mobile phases
containing SDS and 1-propanol at pH 6.8 that were used
previously by Torres-Lapasio et al. [51], have been
applied for testing Eqs.  (34)–(40)  [54]. However,
authors did not observe considerable increasing of
models accuracy and Eq. (30) was chosen by them as
most suitable for retention modeling [54].

2.3.2 Mechanistic retention models

The first model that was proposed to relate retention
factor with micellized surfactant and alcohol concentra-
tion can be considered as extension of Arunyanart and
Cline Love’s model (Eq. (7)) by Jimenez et al. [16, 55].
The two new equilibria were taken into account:

⎯⎯→←⎯⎯
4

K

m S S
R +L RL ,                    (19)

⎯⎯→←⎯⎯
5K

m m m
R +M RM ,                  (20)

where Rm is an alcohol concentration in the mobile pha-
se; RLs, RMm are the “complexes” formed between alco-
hol in the mobile phase and stationary phase sites, and
micelles, respectively. If the four equilibria (Eqs. (8), (9),
(19), (20)) are considered the resulting equation for the
retention factor could be derived (Eq. (49)). Depending
on the parameters values Eq. (49) can be simplified and
some linear equations relating the inverse of retention
factor and concentrations of alcohol and micelles can be
obtained. For instance, Eq. (30) is derived from Eq. (49)
under assumption K5cR<<1; Eq. (32) under assumption
K4K5cR<<1 etc. [16].

The physicochemical meaning of parameters of propo-
sed earlier empirical equations has been grounded also by
Garcia-Alvarez-Coque et al. [46] on the basis of the distri-
bution constants in MLC system (Fig. 1) and three-phase
retention model (Eq. (12)). The shift of solute distribution
in the presence of organic modifiers, taking the pure
micellar solutions as reference, has been introduced into
the Eq. (12) by “conditional” constants:

[ ]
[ ]

[ ] [ ]
[ ] [ ]SW

AM AM AM
K

A AA

′ + ∆
′ = =

+ ∆′ ,            (21)

[ ]
[ ]

[ ] [ ]
[ ] [ ]SW

AS AS AS
K

A AA

′ + ∆
′ = =

+ ∆′ ,           (22)

where [ ]′A , [ ]′AM , [ ]′AS  are the total concentrations of
free solute in bulk aqueous phase, solute associated to
micellar pseudophase, solute associated to modified
stationary phase, correspondingly; [A], [AM], [AS] are the
concentrations of solute in three phases in the pure mi-
cellar solution; ∆[A], ∆[AM], ∆[AS] are the changes in the
concentrations of solute produced by the presence of
organic modifier. Then, the expressions and parameters
that measure the relative variation produced in the con-
centration of solute in bulk water, micelle and stationary
phase in the presence of modifier are introduced into

Eq. (12). For example, if we assume that [ ] [ ] ϕ∆ = ADA A K ;

[ ] [ ] ϕ∆ = MDAM AM K ; [ ] [ ] ϕ∆ = SDAS AS K  the Eq. (52)
can be obtained. Eq. (51) can be expressed in this
approach by assuming the quadratic hyperbolic variation

in ′
MW

K  and ′
SW

K  with φ: [ ] [ ] ϕ ϕ∆ = + 2
AD1 AD2A A K K ;

[ ] [ ] ϕ∆ = MDAM AM K . Eq. (50) is derived with assump-

tion that [ ] [ ] ϕ∆ = ADA A K  and [ ] [ ] ϕ∆ = MDAM AM K .
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Table 3. Mechanistic models proposed for retention description in MLC

Equation  Eq. No. 

φ +=
+ + + + +

1 s 5 R
2

4 5 R 2 S 4 R 4 5 R

[L ](1 c )
1 ( )c c (1 c ) c

K K
k

K K K K K K
 (49) 

( )( )
( ) ( )( )

ϕ
ϕ ϕ
+

=
+ + +

SW AD

MW MD AD S

1 1

1 1 1 c

K K
k

K K K
 (50) 

( )( )
( ) ( )( )

ϕ ϕ

ϕ ϕ ϕ

+ +
=

+ + + +

2
SW AD1 AD2

2
MW MD AD1 AD2 S

1 1

1 1 1 c

K K K
k

K K K K
 (51) 

( ) ( )( )
( ) ( )( )

ϕ ϕ
ϕ ϕ

+ +
=

+ + +
SW SD AD

MW MD AD S

1 1

1 1 1 c

K K K
k

K K K
 (52) 

( ) ( )( )ϕ ϕ ϕ ϕ
=

+ + + + +
SW

2 2
MW MD1 MD2 AD1 AD2 S1 1 1 c

K
k

K K K K K
 (53) 

( )( ) ( )( )
( ) ( )( )( ) ( ) ( )( )( )

ϕ ϕ
ϕ ϕ ϕ ϕ

+ + +
=

+ + + + + + +

+
SW(A) AD SW(HA) HAD H

MW(A) MD AD S MW(HA) HMD HAD S

1 1 1 1 [H ]

1 1 1 c 1 1 1 c

K K K K K
k

K K K K K K
 (54) 

[H+] is a proton concentration; KH is the protonation constant of compound  

Table 2. Empirical models proposed for description of retention in MLC

Relationship Equation ϕS(c , )f  Eq. No. Relationship Equation ϕS(c , )f  Eq. No. 

Hyperbolic ϕ+ +Sca b c  (29) Logarithmic ϕ+ +Sca b c  (42) 

1 ϕ= S(c , )k f  ϕ ϕ+ + +S Sc ca b c d   (30) ϕ= Slog (c , )k f  ϕ ϕ+ + +S Sc ca b c d  (43) 

2ϕ ϕ+ + +Sca b c d  (31)  2ϕ ϕ+ + +Sca b c d  (44) 

2ϕ ϕ ϕ+ + + +S Sc ca b c d g  (32)  2ϕ ϕ ϕ+ + + +S Sc ca b c d g  (45) 

2 2ϕ ϕ+ + + +S Sc ca b c d g  (33)  2 2ϕ ϕ+ + + +S Sc ca b c d g  (46) 

0 5ϕ ϕ+ + + .
S Sc ca b c d  (34)  0 5ϕ ϕ ϕ+ + + + .

S S Sc c ca b c d g  (47) 

ϕ ϕ+ + + 0.5
S Sc ca b c d  (35)  2 2ϕ ϕ ϕ+ + + + +S S Sc c ca b c d g h  (48) 

( )0 5ϕ ϕ+ + + .

S Sc ca b c d  (36)    

0 5ϕ ϕ ϕ+ + + + .
S S Sc c ca b c d g  (37)    

 

ϕ ϕ ϕ+ + + + 0.5
S S Sc c ca b c d g  (38)    

( )0 5ϕ ϕ ϕ+ + + + .

S S Sc c ca b c d g  (39)    

( )0 5ϕ ϕ ϕ+ + + + .

S S Sc c ca b c d g  (40)     

2 2ϕ ϕ ϕ+ + + + +S S Sc c ca b c d g h  (41)    
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The eight mechanistic retention models obtained by
different assumption of changing of solute concentration
in the presence of modifier have been compared by
Lopez-Grio et al. [56] on the retention data of six test
solutes (acebutolol, amiloride, carteolol, orciprenaline,
triamterene, trimethoprim) and mobile phases containing:
SDS and 1-propanol (75–125 mmol L-1; 0–12%); SDS and
1-butanol (50–125 mmol L-1; 0–6%), SDS and 1-pentanol
(75–125 mmol L-1; 0–3%), SDS and acetonitrile (50–
125 mmol L-1; 0–20%); SDS and tetrahydrofurane (50–
125 mmol L-1; 0–20%). Among studied equations Eq. (52)
always gives good results and Eq. (53) gives better
results with acetonitrile and tetrahydrofurane [56].

The good results obtained with one equation (empiri-
cal or mechanistic) for description of retention in MLC
have led to developing of computer program (MICHROM)
for interpretive optimization of separation in MLC [58;
59]. In MICHROM Eqs. (12), (29), (32), (37), (41), (42),
(45), (47), (48), (50)–(53) are programmed for description
of retention in the case of simultaneous varying of
surfactant and organic modifier concentration and pH
(Section 3.4).

It is known, that compounds very often are weak
organic acids or bases and the manipulation of pH can
lead to the resolution of complex mixtures. The retention
model, in which concentration of surfactant, amount of
organic modifier and pH value are simultaneously presen-
ted, has been derived by Torres-Lapasio et al. [60] on the
basis of earlier proposed mechanistic retention models
[46] and dependence of ratio of acidic to basic form of
solute on pH of mobile phase. The proposed Eq. (54) with
nine fitting parameters was tested on the data of
separation of several drugs (benzocaine, bumetanide,
ethacrynic acid, furosemide, sulfanilamide, tyrosine,
xipamide) with mobile phases consisted from SDS and 1-
propanol (50–150 mmol L-1; 0–8% (v/v); pH 3–7) [60].

2.4 Estimation of goodness�of�fit and prediction
capability of retention models

The least squares method is often used for fitting of
retention models. The application of ordinary least
squares method to estimate model parameters based
on a few assumptions: (i) the errors occur only in depen-
dent variable (the errors of independent variables are
negligible); (ii) the errors of dependent variable are
normally distributed; (iii) the variance that concerned with
dependent variable is the same at all values of indepen-
dent variables (homoscedasticity); (iv) the errors of
dependent variable are not systematic, i.e. the mean of
errors equals zero; (vi) the errors of dependent variable
are mutually uncorrelated [29]. Boichenko et al. observed
experimentally that third assumption is not valid for

retention factor in MLC. The retention factor variance is
heteroscedastic and systematically depends on the
solute nature and value of retention factor [29].

There have been some attempts earlier to eliminate
the perturbing effect of linearization for hyperbolic and
logarithmic functions of retention factor including sensiti-
vity weights in calculation procedures by Vivo-Truyols
[61] and Garcia-Alvarez-Coque [46]. It must be mentio-
ned that in this approaches only the influence of function
linearization was taking into account without the experi-
mental study of retention factor variance. Recently the
dependences of uncertainty of retention factor on the va-
lue of retention factor, mobile phase composition, nature
of compound have been studied by Boichenko et al.
[29, 33]. The experimentally observed heteroscedasticity
and perturbations after linearization were taken into
account by using statistical weights obtained on the ba-
sis of errors propagation law and the modeling of reten-
tion by non-weighted and weighted least squares me-
thod. It was concluded that retention factor hetero-
scedasticity is an important for retention modeling as well
as for retention-hydrophobicity relationships [29, 33].

Usually the fitting quality, i.e. how well the equation
fits the data sample, of different models is estimated by
multiple regression coefficients R. However, using of R
or R2 as measures of fit can be misleading, because R
is positively biased estimator of the population
regression coefficient. Therefore, if the data sample is
small and there are a large number of predictors, a
regression equation that predicts well in the sample may
predict poorly in the population. The main aim of
retention modeling for optimization in MLC is the minimi-
zing of used experimental data and maximizing the
goodness-of-fit and prediction capability of retention
models. However, the practice of adding parameters to
models can lead to unreliable results if the goodness-of-
fit is estimated by R, because R always increases when
degrees of freedom decreases.

Thus, the adjusted R (Radj) can provide adequate
comparing between models with different number of
parameters. Radj coefficient is the unbiased estimator of
population regression coefficient that takes into conside-
ration the number of degrees of freedom and can be
calculated by the next equation:

⎡ ⎤
⎢ ⎥⎣ ⎦

-1
= 1- (1- )2 2

adj

N
R R

N - p
,                 (23)

where N is the number of experimental points in data
sample, p is the number of parameters in regression
equation.

Another interest of retention modeling is the predic-
tion of retention. However, both R and Radj may not be
appropriate in this case. It is known that the best way of



Методы и объекты химического анализа, 2007, т. 2, № 2

Micellar liquid chromatography. Part 1. Fundamentals, retention models and optimization of separation

 101

more realistic estimation of prediction capability of the
model is to use a procedure called cross-validation [62].
The cross-validated correlation coefficient (Rcross) is often
computed by leave-one-out method. It is common
practice for relatively small experimental data samples.
In leave-one-out method, a model is constructed after
deleting one observation of the data sample, then this
observation is predicted by a model based on the
remaining data and squared difference between the left-
out observation and its prediction is calculated. This
procedure is repeated for the entire data sample and
Rcross is calculated. The employing of cross-validation is
useful for testing both the prediction capability of the
model and its robustness.

3. Optimization of separation

The main goal of every practicing chromatographer is
the resolution of all solutes of interest in a given probe.
There are a large number of factors that affect separa-
tion in HPLC (e.g. column dimensions, packing charac-
teristics, eluent composition, temperature, kind of buffer,
pH, nature of solute-solvent interactions etc.). This, on
the one hand, gives to analyst the unlimited resources
for analytical methods developing, but, on the other
hand, this means tremendous experimental work, more
costs and delay in method development, because, at
present, liquid chromatographic theory does not permit
precise a priori prediction of how a separation will vary
when the operating conditions are being changed. In
spite of the fact, that trial-and-error method leads to non-
optimal separation conditions, needs considerable
expenses of time and is very tedious, many of analysts
that work in the field of chromatography are somewhat
critical about application of chemometrics in chro-
matography. However, the complication of mixture
composition compels to use mathematical evaluation of
the data for method development and understanding of
the obtained results.

This part of the review is aimed to acquaint analysts
in Ukraine with modern optimization procedures in
HPLC, mainly on the examples of methods development
in MLC. Some of discussed optimization approaches
have been used earlier in HPLC or GC and references
on pioneering works will be provided, others were
proposed by scientists working in MLC during last two
decades. In this section we reviewed articles which are
related with development of optimization methodologies
and their testing. Some of recently published works, in
which authors have used known approaches for optimi-
zation of separation, will be discussed in the second part
of review “Micellar liquid chromatography. Part 2:

Advantages and analytical applications”.
We hope that correct application of chemometrics

methods in chromatography can make the life of analyst’s
easier and intimate contacts between chemometricians
and chromatographers can open new abilities of HPLC.
However, one needs to remember that: “Clever algorithms
are not substitute for good chromatography” [63].

3.1 Resolution through fundamental
chromatographic parameters

The concept of resolution is well established in
chromatography. The peak resolution is defined as the
ratio of retention time difference of two adjacent peaks
over their average baseline width:

−
=

+
2 1

b1 b2

( )

( ) 2
R R

S

t t
R

w w
,                   (24)

where tR1, tR2 are the retention times for pair of neighboring
peaks; wb1, wb2 are the peaks widths at base (Fig. 3),
which can be calculated for Gaussian peaks as 4σ (σ2 is
a variance of the peak).

By using the expression for plate number calculation

( =
b

16( / )
R

N t w ) and equation for retention factor

(
R M

M

t - t
k =

t
, where tM is a retention time of unretained

compound) one can obtain the following expressions for
RS:
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After the multiplying and division on (k1+k2), introdu-
cing of expressions for separation factor (

2 1
α = k k )

and mean of retention factors of two peaks
(

1 2
( ) 2= +k k k ) into Eq. (25) the resolution between

two adjacent peaks can be expressed in terms of
fundamental chromatographic parameters [65]:

1

1 1 2

α
α

−
= × ×

+ +S

k N
R

k
.              (26)

As noted, efficiency, selectivity, and retention terms
are roughly independent of each other and RS may be
maximized by individual optimization of each multiplier
[65–67]. As was shown earlier, the resolution greatly
depends on the selectivity multiplier and increases
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rapidly with increasing of selectivity. Retention multiplier
rapidly increases with increasing of k from 0 to 9 and
then is practically unchanged. Such increasing also
increases analysis time and can not be used as rule for
resolution optimization. The efficiency in this fundamen-
tal equation has the square root, thus, to increase reso-
lution in two times efficiency should be increased in four
times. This is very difficult to do with standard chromato-
graphic equipment. Thus, it should be concluded that
optimization of separation in chromatography could be
successfully achieved only by careful optimization of
mobile phase composition that is most important factor
of selectivity modification.

This point is especially important for MLC, because
both, micelle concentration and amount of organic
modifier influence on selectivity and eluent strength.
Thus, only an investigation of the effects of simultane-
ous variation of these parameters will disclose the full
separation capability of the method, i.e. the commonly
used sequential solvent optimization approach of adjus-
ting the solvent strength first and then improving se-
lectivity in RP-HPLC is inefficient for the case of MLC
with the hybrid eluents [50]. Optimization of two para-
meters (concentration of micelles and organic modifier)
often results in shorter chromatograms with superior
resolution in MLC [68].

3.2 Classification of optimization strategies

One differentiates three types of optimization pro-
cedures, which are most frequently used in RP-HPLC: (i)
non-interpretive strategies, which make no assumptions
on the individual retention behavior of the components
and solely evaluate the quality of the observed chro-
matograms, thus avoiding the need of peak-tracking; (ii)
interpretive optimization strategies, in which the reten-
tion behavior of individual components is simulated; (iii)
optimization strategies, in which the global resolution
surfaces are constructed by the approximation of resolu-
tion criteria for all investigated mobile phases.

In a sequential strategy each set of mobile phases
is designed by taking into account the results obtained
with previous eluents. The sequential simplex algorithm
and its modifications are the most efficient, multidimen-
sial, sequential strategy for locating experimental opti-
mum and have been successfully used in wide variety of
analytical situations. The main disadvantage of all
sequential strategies is the enabling to estimate the qua-
lity of a located optimum. However, the interrelation-
ships between instrumental parameters may be complex
and difficult for establishing, and directed search proce-
dure for adjusting the experimental conditions should
prove useful in developing acceptable separations [69].

In contrast, in an interpretive strategy, the experi-
ments are designed before the optimization process.
This strategy may be much more reliable, but the reten-
tion behavior of each component in a mixture should be
known, e.g. described by a mathematical function. The
reliability of interpretive optimization strategy depends
on several factors [70]. Firstly, the description of the
retention behavior of solutes present in mixture should
be accurate enough. Moreover, the adequate retention
models should provide high goodness-of-fit and prediction
capability in whole variable space. Secondly, the indivi-
dual peak shapes should be also adequately predicted
to consider the variations with mobile phase composi-
tion, which in certain cases can be very important.
Thirdly, the elementary criterion that is used to measure
the resolution of each chromatographic peak should be
sufficiently informative. Fourthly, the global separation of
all chromatographic peaks in chromatogram should be
adequately reduced into a single numerical value.

The third class of optimization strategies is response
surface methodology. In this strategy the quality of se-
paration in each experimental point is judged by global
criterion and then the polynomial approximation is perfor-
med. The advantage of such methodology is a large
number of parameters that can be involved in optimiza-
tion. Moreover, there is no need to know physico-

Figure 3. Peak resolution (RS) of a two theoretical Gaussian
peaks.

Peak 1: ( )⎡ ⎤= − × −⎣ ⎦
2

1( ) 5exp 0.5 ( 2) 0.5h t t

Peak 2: ( )⎡ ⎤= − × −⎣ ⎦
2

2( ) 4exp 0.5 ( 5) 0.55h t t
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chemical background of response surface. The main
disadvantage is a large number of experiments that
should be done to construct reliable response surface.
The extensive review of criteria functions as well as
basic response surface methodology  applied to
analytical scale HPLC separation is available [71].

3.3 Comparing of optimization strategies in
RP�HPLC and MLC

Most approaches in RP-HPLC with respect to a
systematic improvement of the isocratic separation of
more complex mixtures are based on the following
steps: first, the required elution strength is determined,
preferably by means of gradient. Then, the selectivity
of the mobile phase is changed, e.g. by changing the
type of organic modifier, keeping the overall elution
strength constant [50]. Strasters et al. [50] demonstra-
ted that such sequential optimization is not feasible in
MLC and that the complex retention behavior
necessitates a combined examination of the influence
of all involved parameters.

In MLC the contribution of hydrophobic and electro-
static interactions to retention would not be the same for
different compounds and is a function of their structural
properties. Due to different types of interactions and the
competing equilibria in MLC, one can expect any form of
the selectivity behavior (i.e. peak convergence,
divergence, and crossover). However, for a large group
of compounds (especially non-ionics), partition into the
micelles and into the dynamically modified alkyl-bonded
phase is directly related. Thus, it should be noted that
the frequently observed phenomenon of elution order
reversal in MLC because of a change in micelle con-
centration does not necessarily translate into a syste-
matic enhancement [52]. It was previously observed,
that for compounds with large water-micelle partition
coefficients (e.g. hydrophobic compounds) the overall
selectivity value is small and its variation with micelle
concentration is limited [26, 52, 72].

3.4 Software packages available for
optimization of separation

Some of computer-assisted optimization methodo-
logies are implemented in software packages that are
commercially available. Many of programs are written for
home using by several groups of authors. In this section,
only the packages that can be commercially obtained
are briefly discussed.

Most known programs for optimization in RP-HPLC
are PREOPT-W [73–76]; DryLAB [77–79]; OSIRIS [80];
MICHROM [54; 58; 59], ChromSword [81] (Dr. Galushko

Software Entwicklung, http://www.chromsword.de). Among
these programs, only MICHROM has been written for
optimization of separation in MLC. Other discussed
programs can be used in MLC with several limitations.
In our opinion, OSIRIS and DryLab are most often used
for optimization of separation in HPLC and their potential
will be briefly discussed below. More clear description of
all possibilities of programs can be found in several
excellent articles listed above.

OSIRIS is a Datalys product (http://www.datalys.net)
in which the chromatographic behavior (retention factor,
column efficiency, peak asymmetry) of solutes is mode-
led as a function of the separation conditions. Five
optimization processes are available through this soft-
ware package: pH optimization, temperature optimiza-
tion, mobile phase optimization, mobile phase and
temperature optimization, mobile phase and pH optimi-
zation. The information about the calculations proce-
dures is quite restricted and confidential.

DryLab is a registered trademark of Rheodyne LLC
(www.rheodyne.com) that was started in 1986. The main
innovations and theories developed during more than
two decades by internationally known scientist, such as
Snyder, Dolan, Molnar, Melander, Horvath etc. have
been incorporated into this software product [77]. Now
DryLab is most powerful program with variety possibili-
ties of method development in isocratic/gradient rever-
sed phase/normal phase liquid chromatography (LC) by
several processes: fraction of strong solvent for normal
phase LC; fraction of organic component for isocratic
RP-LC; gradient time for LC; pH for LC; ternary mobile
phases composition for isocratic LC; ionic strength for
LC; temperature for isocratic LC; temperature program
for gas-chromatography separations; gradient time and
temperature for RP-LC; fraction of organic component
and temperature for isocratic RP-LC; gradient-time and
pH for RP-LC; fraction of organic component and pH for
isocratic RP-LC; changes in column dimensions, particle
size, flow rate; complex gradients; method robustness.

The group of programs MICHROM for data treatment
was developed by Torres-Lapasio et al. [59] with the aim
of optimization of separation in MLC, but program
package is available and for RP-HPLC. MICHROM can
be received from Marcel Dekker with the book of
Berthod and Garcia-Alvarez-Coque [4]. The program was
written in QuickBasic 4.5 for IBM PC or compatible
computers. MICHROM allows data smoothing, measure-
ment of chromatographic properties (e.g. efficiency,
asymmetry factor, retention factor, peak area), experi-
mental design, modeling of retention of the solutes,
selection of optimization criteria, drawing of the global
response surface, search and definition of each resolu-
tion maximum by application of a simplex method and
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chromatogram simulation. More detail discussion of
retention models available through MICHROM software
has been done in Section 2.3. The optimization criteria
will be discussed below. MICHROM can be used for
optimization of mobile phase composition (e.g. con-
centration of surfactant and volume fraction of organic
modifier) and pH in MLC.

3.5 Peak resolution criteria

The procedure of optimization always requires the
estimation of quality of separation. Obviously, the final
solvent composition depends critically upon the chosen
optimization criterion  and, in turn, this is determined by
the goal of the analysis. If we want to isolate a single
component in the sample, the obvious criterion would be
its resolution from adjacent peaks in the chromatogram.
On the other hand, if we want to separate as many solu-
tes as possible, a more general criterion is needed.

Thus, three main steps can be defined during opti-
mization procedure for interpretive strategies, as well as
for sequential strategies with some differences, which
will be discussed below. First, the individual separation
achieved for each pair of peaks must be calculated.
These are elementary criteria. The second step is
combining the number of elementary resolutions through
a reduction function to obtain the single numerical value.
Another criterion that could be added to the optimization
procedure is the analysis time [82], because the final
decision of optimal separation conditions always depends
on chromatographer experience, quality of separation
obtained under optimization procedure and requested
cost or time-consuming. Third, the resolution maps are
constructed on the basis of calculated global resolution
in each point of variable space involved in optimization
or for each step during the sequential optimization.

One expects that criteria used to measure the resolu-
tion should reduce properly the information included in a
chromatogram to a numerical value, which ideally corre-
lated with chromatographer assessment about the
results of separation. However, very often the chromato-
grapher prejudice or using of inadequate elementary or
global criteria leads to criticism of chemometrics by the
practical chromatographers. The deep understanding of
optimization strategies and close co-operation between
chromatographers and chemometriciants must exclude
such misunderstandings.

3.5.1 Peak modeling

Inclusion of peak size and shape in the optimization
procedure is not only interesting when asymmetrical or
low-efficiency peaks are involved, but also in situation

when symmetrical peaks are very close each to each
other [70]. The accuracy of peak modeling is an
important factor in procedures of peak deconvolution, as
well as for resolution calculation by several criteria that
take into account peak shape. However, only recently
some attention has been given for reviewing and compa-
ring of different peak models.

Good review of peaks models and peak shape
analysis approaches in chromatography one can find out
in book [83]. About ninety empirical functions for the
representation of chromatographic peaks have been
collected and tabulated by Marco and Bombi [84]. The
table, based on almost 200 references, reports for every
function: (1) the most used name; (2) the most con-
venient equation, with the existence intervals for the
adjustable parameters; (3) the applications; (4) the
mathematical properties, in relation to the possible
application. Critical analysis of some functions for peak
representation can be found in recently published work
[85]. Same authors have tried to classify most general
ways of an analytical peak models constructing [86].

In this review, we will briefly discuss only function
proposed by Torres-Lapasio that is used in MICHROM
software. The models used to predict the peak shape,
based on Gaussian distributions have the advantage of
using parameters, which can be directly measured on
the chromatograms (position, height, width) [4]. The
equation describing a Gaussian peak is:
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However, this equation can not be used for skewed
peaks. Torres-Lapasio et al. [87] replaced the constant
value of the standard deviation of the Gaussian peak with
a polynomial function (PMG) for describing of peaks with
different asymmetry:
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where parameters s0, s1 etc. can be easily calculated
from chromatographic data [4].

Extremely tailing peaks were fitted with good accura-
cy by this polynomial-modified Gaussian model with
second- and third-order polynomials. Unfortunately, the
above peak shape function is not unimodal. The beha-
vior of the polynomial modified Gaussian outside the
peak region is rather cumbersome [83].
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3.5.2 Elementary resolution criteria

Elementary resolution criteria estimate the particular
separation of each solute from the others, or between
each pair of consequence peaks. Different measure-
ments with different complexity have been proposed for
this purpose (Table 4). Peak resolution that was discus-
sed in Section 3.1 (Eq. (24)) is most often used in HPLC.
However, a number of more or less complex criteria with
several advantages/drawbacks have been proposed as
elementary resolution criteria.

Valley-to-peak ratio (Eq. (59), Table 4), proposed by
Kaiser [88], was one of the first criteria used for estima-
tion of resolution in chromatography and was intensively
evolved. Valley-to-peak ratio criterion in all cases is rela-
ted with valley (valley point) between two adjacent
peaks. For example, in MICHROM software three sub-
options are programmed for valley-to-peak ratio criterion.
These criteria are presented in Fig. 4. In the first sub-
option, the valley point corresponds to the minimum on
chromatogram between two consecutive peaks, and is
consequently called valley point. In the second

suboption, referred as deeper point, the valley point is
given by the time where the distance from the chromato-
gram to the interpolated height between two peaks
maximums is the largest. Lower point and deeper point
offer somewhat different resolution values, when the
peaks are different in size. Both suboptions follow,
however, to zero when no minimum is observed. The
third suboption called orthogonal avoids this drawback.
In this criterion the valley point is defined as point at the
time giving the largest possible distance measured
orthogonally from the chromatogram to the straight line
obtained joining both peak maximums. If the valley is
orthogonally observed, this point is evident even when a
substantial overlapping between two peaks exists [58].
However, we think that usefulness of orthogonal valley-
to-peak ratio is still questionable and should be carefully
investigated in future works.

The modified peak resolution is especially important
to use when the considered peaks are asymmetrical
[58, 89]. The equations for elementary resolution calcula-
tion are presented in Table 4 for leading peak and for
most retained peaks. The two values are calculated for
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Table 4. Elementary resolution criteria
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intermediate peaks, and the limiting one is taken (that is,
the smaller one of the two RS values that can be defined
for the considered peaks, with respect to the proceeding
and following peaks). In these equations, a and b repre-
sent the time distance from the maximum to the leading
(a) or following (b) edge of peak at 10% of peak height
(Fig. 4). The operator nor2.5 transforms the quotient into
desirability as follows: when the quotient is smaller than
2.5 the result is divided by 2.5, and when it exceeded
2.5, it equals 1. A decision value of 2.5 has been
arbitrary selected for full baseline separation [58].

Peak purity is determined by Eq. (61) (Table 4). In
this equation for peak i: Oi

’ corresponds to the area
under a peak i overlapped by the remaining peaks; Oi
the total area of that peak (Fig. 5).

The first comparing of different elementary resolution
functions for optimization in MLC has been done by
Torres-Lapasio et al. [54] at the beginning of evolution of
interpretive optimization strategy (see Section 3.7). The
separation factor, valley-to-peak ratio and peak purity
has been compared by using normalized by the mean
resolution product as global resolution criterion (Sec-
tion 3.5.3). The authors decided that positional-shape
criteria are more useful in MLC [54] than only positional.
In work [89] the four criteria that measure the elemen-
tary resolution (modified selectivity, modified peak
resolution, peak purity and orthogonal valley-to-peak
ratio) were critically examined on the basis of retention

data obtained with a set of 13 probe compounds and
micellar phases contained SDS and acetonitrile. The
description of peak shape was performed by polynomial
modified Gaussian (PMG, Section 3.5.1). The values of
efficiency and asymmetry factor for each compound in
each predicted mobile phase that are needed to calcu-
late parameters of peak shape, were obtained as the
weighted mean values of data in the three closest
experiments. The elementary resolution values, r, for the
four criteria were next reduced into a single value, R,
describing the global separation in each chromatogram
by unnormalized product (Eq. (65), Table 5). In Table 5
for the peak purity criterion and modified resolution p is
a number of peaks (n), whereas for other criteria p is the
number of peaks pairs (n–1). The authors concluded that
resolution surfaces very critically depends on selected
criterion and can easily lead to wrong decisions. Be-
cause most peaks were highly asymmetric, the position
of plateaus of maximal separation is especially different
for elementary criterion that considered only peak posi-
tions (modified selectivity). Only the peak purity and
orthogonal valley-to-peak ratio lead to similar resolution
maps. The obtained maps are agreed well with experien-
ce of chromatographer. These criteria were defined as
most useful for practical using in MLC [89].

However, such conclusions should be critically used
because of high dependence of peak purity and valley-
to-peak ratio on the quantitative composition of each

Figure 4. Meaning of the parameters for valley-to-peak ratio
and orthogonal valley-to-peak ratio.
Peak 1: h1(t) = 5 exp[-0.5 × ((t – 2)/(0.37 + 0.28 × (t – 2)))2]
 (s0 = 0.37, s1 = 0.28; peak width at 0.1 Hmax equals 2.5)

Peak 2:  h1(t) = 3 exp[–0.5 × ((t – 5)/(0.31 + 0.31 × (t – 5)))2]

(s0 = 0.31, s1 = 0.31; peak width at 0.1 Hmax equals 2.4)

Figure 5. Meaning of the peak purity criterion (overlapped
fractions).
Peak 1: h1(t) = 5 exp[-0.5 × ((t – 2)/(0.37 + 0.28 × (t – 2)))2]
(s0 = 0.37, s1 = 0.28; peak width at 0.1 Hmax equals 2.5)
Peak 2 (i): h1(t) = 4 exp[–0.5 × ((t – 3.5)/0.50)2]
Peak 3:
h1(t) = 4.5 exp[–0.5 × ((t – 4.5)/(0.31 + 0.31 × (t – 5)))2]
(s0 = 0.31, s1 = 0.31; peak width at 0.1 Hmax equals 2.4)
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sample. In addition, the direct dependence between
peak purity and valley-to-peak ratio criteria and number
of theoretical plates is absent [65]. Moreover, the
calculation of these criteria is more laborious and
cannot be provided without special computer programs.

3.5.3 Global criteria (global resolution functions)

The worst elementary value (Eq. (66)) is often used
for representing of the separation achieved in the whole
chromatogram, because of its simplicity for understan-
ding and calculating. Optimization methodologies based

on the use of the least resolved peak pair are much
extended in the chromatographic practice owing to their
simplicity. In other cases, the equations representing the
elementary resolution criteria are combined into a single
value [70]. An optimization based on the separation of
poorest-resolved peak is reasonable, but considers reso-
lution of only one peak pair. However, in many cases for
similar resolution of worst peak pair different resolution
of other peaks is observed. Thus, the global optimum
can be easily omitted.

Several global and elementary resolution optimization
criteria have been compared by Debets et al. [95] as

Table 5. Global resolution criteria

Expression Name Eq. No Ref. 

=

= ∑
1

p

i
i

R r ,
=

= + − − − −∑ M L 0 1
1

( )
p

x
i

i

CRF R L a T T b T T  

TL – retention of last eluted peak; T0 – minimum 
accepted retention time; T1 – retention time of first peak. 

Resolution sum most 
often used as 
Chromatographic 
response function (CRF) 

 

(62) [90] 

+
=

⎡ ⎤
= ⎢ ⎥
⎣ ⎦
∏

1

1,
1

p p

i i
i

R r  

Geometrical mean of 
unnormalized product 

(63)  

+
=

+
=

=
⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

∏

∑

1,
1

1,
1

p

i i
i

p
p

i i
i

r
R

r p

 

Normalized by the mean 
resolution product 

(64) [91] 

=

= ∏
1

p

i i

R r  
Unnormalized product (65) [94] 

= min( )iR r , 1<i<p Worst elementary value (66)  

= 0,id  if −≤ ( )
i iY Y ; 

−

+ −

⎛ ⎞−= ⎜ ⎟−⎝ ⎠

( )

( ) ( ) ,
r

i i
i

i i

Y Y
d

Y Y
if + −<( ) ( )

i<i iY Y Y ; 

= 1,id  if +≥ ( )
i iY Y ; 

−( )
iY  is the minimum acceptable value; 

+( )
iY  is value beyond which improvements would not 

serve further benefit. 

Linear 

Derringer’s desirability 
function  

[96] 

+
+

=
+ − × +, 1

0 , 1 1

1

1 exp( )i i
i i

m
b r b

;

=
+ × +2 3

1
1 exp( )

g
b t b

; = × …CRF f g ; 

+, 1i ir  is a criterion measured the resolution; 

t is a criterion used to measure the analysis time; b0, 
b1, b2, b3 parameters determined by limiting 
conditions for each criterion.  

Exponential Derringer’s 
desirability function 

(67) 

 



Методы и объекты химического анализа, 2007, т. 2, № 2

A.P. Boichenko, L.P. Loginova, A.U. Kulikov

 108

earlier as 1983. Most of global resolution criteria were
based on summarizing of elementary resolution criteria.
The conclusion of authors was unhappy for all investi-
gated functions, because they all give intractable respon-
ses when the elution orders of peaks in a chromatogram
changes. However, all studied criteria could be used in
optimization procedures with several limitations [95].

Carda-Broch et al. [70] compared most often used in
MLC global resolution functions: normalized by the
mean resolution product (Eq. (64)), unnormalized
resolution product (Eq. (65)), geometrical mean of
unnormalized product (Eq. (63)) and worst elementary
resolution value (Eq. (66)). The peak purity (Eq. (66))
has been used as elementary resolution criterion. The
description of peak shape was performed with PMG. The
descriptive capability of the diverse resolution functions
was evaluated using the chromatographic data of separa-
tion of the following mixtures: six thiazide diuretics (elu-
ted with SDS without modifier); three diuretics and five
β-blockers (eluted with SDS, 1-propanol and 0.5% v/v of
triethylamine at pH 3); seven fluorescent diuretics (eluted
with SDS, 1-propanol, pH 3). The retention modeling of
all solutes has been provided by Eq. (33). The authors
concluded that unnormalized product as global criterion
and peak purity as elementary criterion give the best
description of resolution that well agreed with chromato-
grapher judgment for one-dimensional case (surfactant
concentration) as well as for two-dimensional case
(surfactant concentration, volume fraction of 1-propanol).
However, the arguments are not sufficiently impressive,
because the calculated optimal separation conditions
for six thiazide diuretics were similar for all global resolu-
tion criteria, and fine separation of seven fluorescent
diuretics was predicted by all criteria. Some criticism of
normalized by the mean resolution product in work [70]
could be explained by inadequate choice of elementary
resolution criterion for this global resolution criterion. The
normalized by the mean resolution product (Eq. (64))
was proposed to overcome the problem of optimization
criterion increasing when the overall resolution actually
deteriorates by using the normalized peak resolution as
global resolution criterion and peak resolution (Eq. (24))
as elementary criterion [91]. For example, consider three
peaks separated by RS1,2 = RS2,3 = 0.9, so that ПRS =
0.81. Let a change of solvent leave the position of first
peak unchanged, but shift the other two, so that now
RS1,2 = 0.5 and RS2,3 = 2.0. The criterion value now rose
to ПRS = 1.00, so that latter solvent is preferred contrary
to the chromatographer’s judgment. The reason is that
the change in solvent not only changes the peak posi-
tion, but also the total length of chromatogram. Mainly to
this effect, the resolution sum (Eq. (62)), ΣRS, increases
from 1.8 to 2.5. Whereas in the first chromatogram RS

reaches its maximum possible value, in the second one
it could be increased to 1.56 if RS1,2 = RS2,3 = 1.25 [91].
The normalization leads to more reliable results for
criteria, in which the peak width is considered. It should
be noted that in work [91] the equation for normalized by
the mean resolution product (Eq. (64)) is mistakenly
given without partition symbol.

3.5.4 Simultaneous optimization of selectivity and time
of analysis

Simultaneous optimization of resolution and analysis
time is a most important aspect of method development
in liquid chromatography. Often a compromise between
such conflicting goals has to be found. Multi-criteria deci-
sion making (MCDM) is a useful method that must be
applied when more than one optimization criteria must be
taken into account.

The earlier approaches were modifications of Morgan
and Deming’s chromatographic response function (CRF)
[92]. Such response function consists from factors that
are related to the time and separation quality: CRF =
= a” separation” + b” time factor”, where a and b are a
weighting parameters. This approach was intensively
developed by Berridge [90, 93].

A compromise between time and quality of separa-
tion may also be achieved with a threshold approach. In
this approach first, the solutions, in which all interesting
peaks are sufficiently separated, are defined; second,
the analyst selects the conditions with most optimal
separation time from the set of acceptable solutions.

One of the MCDM procedures that can be used to
obtain solution between different chromatographic goals
is the utility function (Ui). For m criteria Yj (Y1….Ym) to be
optimized the utility function for experiment i is formula-

ted as follows: 
1

n

i j ij

j

U WY
=

= ∑ , where the importance of

each criteria is determined by weighting factor Wj.
Another approach that is called Derringer’s

desirability function is based on the transformation of
measured properties to a dimensionless desirability
scale for each criterion to combine properties measured
in different scales. The values of Derringer’s desirability
function change from 0 for the undesirable value to 1 for
the ultimate value of quality beyond further impro-
vements would have no reason. The final chromato-
graphic response function is calculated by multiplying of
desirability values for studied criteria (Eq. (67)).

Pareto-optimality is also the MCDM method. An
experiment is Pareto-optimal if there is no other experi-
ment with a better result on one criterion without a worse
result on another criterion. Different separation criteria in
Pareto-optimality procedure are calculated for whole
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variable space. Then, the MCDM diagram is constructed
to achieve an easy and quantitative weighting of criteria.
At this diagram only the Pareto-optimal points are plotted
and chromatographer can choose  most appropriate
combination of some criteria.

Bourguignon and Massart [96] compared known
MCDM methods and concluded in summary that the
threshold approach, Pareto-optimal approach and the
Derringer approach have their own advantages and
choosing of one of them depends on the chromatogra-
pher experience and chromatographic problem.

3.6 Sequential optimization methods

The sequential simplex method was first proposed in
1962 by Spendley et al. [97]. The great advantage of the
simplex procedure in the optimization of LC separations
is the ability to optimize many interdependent variables
with no prior knowledge about the mode of separation or
the complexity of the sample. Nor does it require any pre-
conceived model of the retention behavior of solutes.
The procedure is therefore relatively efficient, multi-factor
and has an empirical feedback which should permit ra-
pid attainment of the experimental optimum. A simplex is
defined as a geometrical figure having one more points
(vertex) than the number of variables being optimized.
There some modifications of classical fixed-sized simp-
lex to overcome its limitations: constant step size of
simplex does not allow rapid movement to optimum and
the optimum may not be precisely located, additionally
fixed-sized simplex is prone to failure on a response sur-
face ridge, in that will become stranded and not make
progress towards the optimum [98]. The modified by
Nelder and Mead [99] procedure allows the simplexes to
change by expansion and contraction coefficients and
thus accelerate towards the optimum region. There are
other modifications of procedure intended to increase
speed and/or reliability. The basic modified procedure
uses a fixed rate of expansion and contraction (usually 2
and 0.5, respectively), but the super-modified simplex
(SMS) proposed by Routh et al. [100] determines opti-
mum values for the coefficients according to parabolic fit
through the worst vertex, the reflected vertex and mid-
point. The weighted centroid method (WCW) does not
assume that the most rapid progress will be made by
reflection through the centre of the hyperface and
instead carries out a reflection biased towards the best
remaining vertex [93].

Ghorbani et al. [101] used SMS method for optimiza-
tion of separation of five water-soluble vitamins (C, B2,
B3, B9, B12) by MLC. The involved parameters were:
SDS concentration, 1-butanol volume fraction and pH.

The Berridge CRF (Eq.  with x equals 2; a equals 0.5; b
equals 2; TM 12 min; T1 2 min;) was chosen as the global
criterion for the optimization process. The optimal mobile
phase (16 mmol L-1 SDS, 3.5% (v/v) 1-butanol,
20 mmol L-1 phosphate buffer, pH 3.6) with total retention
time 12 min was found after investigation of 14 mobile
phase compositions. However, it is not clear from the text
of article how the calculations were performed: by “SMS
program written in GW-Basic” or “by using worksheets”.

The simplex algorithm has been applied by
Boichenko et al. [30] for separation of dinitrophenyl
derivatives of amino acids by simultaneous varying of
SDS and 1-propanol concentration and pH. The Berridge
CRF (Eq. (62) with x equals 1; a equals 0.1; b equals
0.5; TM 40 min; T1 2 min) was used for estimation of
quality of separation. However, the resolution was poor
for all mobile phases and new modifiers of micellar
mobile phases have been proposed for amino acids
derivatives separation [30, 31]. The modified simplex
algorithm has been applied for optimization of separation
of inorganic anions: nitrite, nitrate, iodide, thiocyanate,
thiosulfate by Srijaranai et al. [102]. The Berridge CRF
has been used for estimation of global resolution during
simplex movement. The accepted analysis time TM

equals 15 min, the minimum specified retention time T0
equals 4 min, parameters x, a, b equal 2 in this work.
The optimal mobile phase, which allows separating all
components of mixture, consists from 38% (v/v)
acetonitrile in 18.2 mmol L-1 phosphate buffer pH 6.0
containing 10 mmol L-1 hexadecyltrimethylammonium
bromide. The concentration of surfactant has been
selected in preliminary investigations and has not been
varied during simplex movement that is somewhat
strange. Moreover, micelle formation at so high content
of acetonitrile is shady [57].

3.7 Interpretive methods

In the two-parameter case, the search for the “opti-
mum” separation can be envisioned in a three-dimen-
sional space: two axes are related to the parameter
under investigation and the third dimension is used to
express the quality of separation by means of criterion
(e.g. minimum resolution) observed in chromatogram.
Within the examined region of the parameter space, a
chromatogram can be simulated at every combination of
the two parameters and consequently a criterion value
can be predicted at a given mobile phase composition.
This result in a three-dimensional plot (like a
mountainous landscape) called the response surface,
where the highest (or lowest) peak will be related to the
parameter values that produced the best chromatogram.
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3.7.1 Method of triangles

The method of triangles related to the two-parameter
case is based on the following steps: (i) retention is
determined in a five mobile phase compositions (four
measurements in the corners of selected parameter
space and five in the centre); (ii) separate linear mo-
dels are determined for each of four subspaces defined
by three from five experiments (i.e. two corner points
and center point); (iii) global resolution surface is
constructed. In order to derive acceptable separation
conditions additional measurements in the area of
interest can be constructed and models must be
refined. For performing the optimization for three or
more parameters, a straightforward extension to a
multiparameter space must be provided. For example,
in three parameter case the initial square of experi-
ments is replaced by cube with a 24 tetrahedra that
requires fifteen chromatograms.

In work [50] the interpretive optimization strategy
based on the method of triangles has been used for
simultaneous optimization of elution strength and
selectivity in MLC for the first time. The mixture of 15
phenols has been used for examination of changes in
selectivity caused by a change in concentration of
surfactant (myristyltrimethylammonium bromide) and
amount of organic modifier (2-propanol) at pH 7. The 13
amino acids and small peptides were separated with
mobile phases consisted from SDS and 2-propanol at pH
2.5. The worst elementary value has been used as
separation criterion in the case of phenols. The normali-
zed resolution product of peak purities has been used
to judge quality of amino acids separation. The main
idea of authors [50] that has been accepted later by all
scientists working in MCL is that the selectivity of
separation in MLC should be optimized by simultaneous
varying of concentration of surfactant and amount of
organic modifier. The authors [50] almost fully separated
phenols and amino acids.

Strasters et al. [68] extended the iterative regression
optimization strategy to multi-parameter optimization.
The three-parameter optimization was applied for optimi-
zation of separation of several amino acids and peptides
by varying SDS and 2-propanol concentration and pH in
narrow diapason (pH from 2.5 to 3.5) to avoid any
sufficient deviations from linear retention models (worst
elementary value was used as criterion of quality of
separation) [68]. The color in each point of experimental
cube has been used by authors to visualize the quality
of chromatograms.

The most important drawback of proposed procedu-
res is the increasing of number of experiments to locate
reliably the optimal separation conditions. In work [68]

the possible solution of this problem by using of high
order models of retention was proposed. However,
authors did not apply this idea.

3.7.2 Optimization through retention modeling by single
function

Procedures based on mechanistic retention models

More useful approach for practical optimization of
separation in MLC, than the method of triangles, was
proposed by Torres-Lapasio et al. [51]. It includes the
retention modeling by single function in whole variable
space. Program MICHROM has been developed on this
basis later by Spain scientific group for optimization of
separation of different compounds.

The possibilities of separation of several steroids with
different hydrophobicity have been studied by Torres-
Cartas et al. [57]. The accuracy and prediction capability
of 7 equations for modeling the retention of boldenone,
methandrostenolone, testosterone, medroxyprogeste-
rone, methyltestosterone, dydrogesterone, medroxy-
progesterone acetate using 12 experimental designs has
been checked by authors and Eq. (30) has been chosen
as most adequate. The application of separation factor
and peak purity as elementary criteria and normalized
by the mean resolution product as global criterion led to
same optimal conditions of steroids separation:
75 mmol L-1 SDS, 0.12% (v/v) acetonitrile [57]. However,
obtained resolution quality could not be considered as
excellent, because high overlapping exist between most
of steroids peaks.

Several diuretics with different efficacy (acetazol-
amide, amiloride, bendroflumethiazide, bumetanide,
chlorthalidone, ethacrynic acid, hydrochlorothiazide,
probenecid, spironolactone, triamterene, xipamide) have
been determined by Boneto-Domingo et al. in urine
samples [103]. Retention of all compounds has been
modeled by Eq. (33), separation factor and normalized
by the mean resolution product has been applied for
judging the separation quality. Under optimal separation
conditions (42 mmol L-1 SDS, 4.0% 1-propanol, pH 4.5)
ten diuretics has been separated with overlapping
between peaks of amiloride and xipamide; triamteren
and spironolactone; peak of bendroflumethiazide over-
lapped with prominent peak of urine. Same optimization
procedure has been applied for separation of theo-
bromine, theophylline and caffeine in urine matrix [104].
Caffeine and its metabolites were separated within 10 min
by using mobile phase containing 75 mmol L-1 SDS, 1.5%
1-propanol at pH 7. Separation of seven fluorescent
diuretics in urine (amiloride, bendroflumethiazide, bu-
metanide, furosemide, hydroflumethiazide, piretanide,
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triamterene) was optimized by Carda-Broch et al. [105] by
using mobile phases containing SDS and 1-propanol.
However, the description of interpretive optimization
procedure is absent. Resolution was very poor and only
mobile phases with concentrations of SDS about
50 mmol L-1 and amount of 1-propanol about 6% (v/v)
allow achieving satisfactory separation at pH 3 [105].

The separation of eight antihypertensive drugs
(atenolol, metoprolol, oxprenolol, hydralazine, amiloride,
bendroflumethiazide, chlorthalidone, hydrochlorothiazide)
has been optimized by Rapado-Martinez et al. [106] by
using mobile phase containing SDS and 1-propanol. The
Eq. (33) has been used for retention modeling, peak
purity and normalized by the mean resolution product
has been used as elementary criterion and global resolu-
tion criterion. The optimal mobile phase (150 mmol L-1

SDS, 7% (v/v) 1-propanol, pH 3) allows separating all
compounds within 20 min.

The diuretics (hydrochlorothiazide, hyfroflumethiazide,
furosemide), which has not been simultaneously and
successfully resolved in urine samples in other works,
have been determined after derivatization by forming of
azodyes with N-1-(naphtyl)ethylenediamine by Carda-
Broch et al. [107]. The same optimization parameters
and retention modeling have been used in works [106]
and [107]. The compounds have been separated within
20 min by following mobile phase: 50 mmol L-1 SDS,
10% 1-propanol, pH 3.

The attempt of isocratic separation of amino acids
using pre-column derivatization by o-phthalaldehyde/N-
acetylcysteine has been done by Lopez-Grio et al. [108].
The Eq. (32) and Eq. (33) has been used for retention
modeling, unnormalized product of peak purities has
been chosen for estimation of separation quality.
However, the separation of amino acids derivatives by
SDS – 1-propanol mobile phases was unsatisfactory.
Same resolution criteria have been applied for three-
factor optimization strategy including pH for optimization
of amino acids separation with post-column derivati-
zation [108]. Chromatogram obtained for the optimal
separation after post-column derivatization allows
separating of 14 free amino acids. However, important
overlapping is observed between several peaks.

The three-factor interpretive optimization strategy
(concentration of SDS, amount of 1-propanol, pH) has
been used by Torres-Lapasio et al. [109] to optimize
separation of 7 drugs on the basis of retention modeling
by mechanistic retention models. It was concluded that
global optimum can be achieved by full three-factor
optimization. Number of required experiments can be
minimized by sequential addition of new mobile phase
compositions according to experimental design. The
proposed methodology requires a number of experiments

varying from 4 to 12–15 (if the three factor optimization
is necessary) [109].

More complex strategy, which consider three factors
simultaneously: pH and concentration of surfactant and
modifier has been reported for optimization of separation
of 15 diuretics (althiazide, amiloride, bendroflumethiazide,
benzthiazide, bumetanide, canrenoic acid, chlorthalidone,
ethacrynic acid, furosemide, piretanide, probenecid,
torasemide, triamterene, trichloromethiazide, xipamide) by
using SDS and 1-propanol [110]. The elution behavior of
diuretics have been described by Eq. (54), the resolu-
tion of peaks on chromatogram was evaluated with peak
purity and unnormalized resolution product. The experi-
mental design consisted from 15 experiments (5 experi-
ments at pH 3, 5 and 7). The optimal separation condi-
tions (50 mmol L-1 SDS, 3.0% 1-propanol at pH 5.3) did
not allow resolving completely 15 diuretics. An interes-
ting approach has been applied by authors in this work
to improve the separation of all compounds called
complementary mobile phases (CMPs). The CMPs are
selected in such way that each one resolves optimally
only some compounds in the mixture, while the remai-
ning compounds which are resolved by the other mobile
phases, can overlap. This approach could be evaluated
only by computer programs because for 15 compounds
two and three CMPs results in 13 283 and 2 375 101
different distributions of the compounds. This methodo-
logy allows separating 11 diuretics with two mobile
phase and 14 with three mobile phases [110].

Multivariate optimization with polynomial retention
models

Multivariate optimization procedures involve
simultaneous alteration of all experimental factors studied
according to experimental design. The experimental
design is planned to obtain the maximum information
about the factors affecting retention of solutes by using
minimal number of experiments.

The multivariate optimization in combination with
MCDM has been used by Safa and Hadjmohammadi
[111, 112] for separation of nine chlorophenols. The SDS
concentration, 1-propanol volume fraction and pH were
considered. The 15 experiments according to face-
centered cube design have been provided for construc-
tion of polynomial retention models that include from 6 to
8 coefficients. Pareto-optimality (see Section 3.5.4) has
been used for simultaneous optimization of resolution by
worst elementary value criterion and total analysis time,
defined as retention time of last eluted peak
(TM < 50 min). The best chromatographic conditions
were found 20 mmol L-1 SDS, 8% 1-propanol, pH 4.1,
total analysis time within 50 min. It is very unpleasant
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that the text and contents of two articles [111, 112] is
practically identical. The Hadjmohammadi and Ebrahimi
[113] used the Pareto-optimality with same elementary
resolution criterion and maximum separation time for
optimization of separation of 8 anticonvulsant agents
(benzodiazepins). The considered factors were the
organic modifier concentration in mobile phase, the
length of alkyl chain of the organic modifier, the
concentration of SDS and Brij 35, pH of mobile phase
and temperature. The optimal separation conditions have
been found on the basis of 34 experimental points:
45 mmol L-1 SDS, 3 mmol L-1 Brij 35, 2.5% (v/v) 1-
pentanol, pH 3.5, 40°C, total analysis time is about
50 min.

3.8 Response surface methodology

The response surface methodology has been utilized
by Ebrahimi and Hadjmohammadi [114] for optimization
of separation of eight coumarins. The effect of six expe-
rimental parameters on quality of separation has been
examined (SDS and Brij 35 concentration, alkyl chain
length of the alcohol used as organic modifier, organic
modifier content, mobile phase pH, temperature). 34
experiments were performed on three levels for each of
six factors, using the face-centered cube experimental

design. A simple CRF value is based on sum resolution

( 1

1

, M L
( )

p

i i

i

CRF a R b T T
+

=

= + −∑ ; a equals 7; b equals 2; TM

equals 30 min; ) has been used for global resolution
estimation. The polynomial function with 10 parameters
has been applied for experimentally obtained CRF values
approximation and searching of optimal separation
conditions (40 mmol L-1 SDS, 0.8 mmol L-1 Brij 35, 7.5%
(v/v) 1-propanol, pH 3, temperature 40°C).

Safa and Hadjmohammadi [115] applied the response
surface methodology for optimization of separation of 9
phenyl thiohydantoin amino acids by MLC. The SDS
concentration, length of alkyl chain of the organic modifier,
volume fraction of organic modifier, pH, and temperature
has been used as optimization factors. The factorial
design with 32 experiments has been applied for res-
ponse surface construction. CRF value in each experi-
mental point has been calculated by sigmoidal Deringer’s
desirability multiplying the desirability value of resolution
and retention time (Eq. (67)). The separation factor
(Eq. (58)) multiplied on efficiency term ( 2N ) was
employed as elementary resolution criterion. The
parameters b0, b1, b2, b3 were calculated by using next
limiting conditions: values 0.5 and 2.5 for separation
factor and 10 and 45 min for desirability value of analy-
sis time. The CRF was approximated by polynomial

model with 10 parameters and optimal separation
conditions of 9 amino acids derivatives within 10 min is
65 mmol L-1 SDS, 9.3 % (v/v) 1-butanol, pH 3.0,
temperature 40°C.

The first order mathematical design has been used
by Rukhadze et al. [116] for investigation of main factors
that affect resolution of six barbiturates. Selectivity and
peak resolution between each pair peaks has been
modeled by polynomial function included three optimi-
zed factors: SDS concentration, amount of organic
modifier (3:1 (v/v) mixture of pentanol – heptanol) and
pH. The region of improved resolution of peaks has
been observed by using of obtained peak resolution and
selectivity. More complex second order mathematical
design with 20 experiments has been applied by
Rukhadze et al. [117] to investigate the response surfa-
ces of seven barbiturates separation. The varied on
three levels parameters were SDS concentration, amo-
unt of organic modifier (3:1 (v/v) mixture of pentanol –
heptanol). The response surface has been build for each
problem peak pair by using the peak resolution or se-
paration factor as elementary criteria. The optimal sepa-
ration conditions has been obtained on the basis of
calculated hyperbolic paraboloids without taking into
account improving/deterioration of separation of other
pair of peaks. Moreover, it seems that proposed metho-
dology is quite difficult for pictorial presentation and
practical use. According to the saying “One picture tells
more than thousands words” [77] this methodology can-
not be recommended for routine use.
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