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Retention modeling and resolution optimization for
a group of N-phenylpyrazole derivatives in micellar
electrokinetic chromatography using empirical and
physicochemical models

The optimization of the separation resolution for a group of N-phenylpyrazole deriva-
tives in micellar electrokinetic chromatography (MEKC) as a function of the separation
buffer composition (surfactant and organic modifier concentration) has been per-
formed. In order to achieve our purpose, the first step has been the prediction of the
migration times of the electroosmotic flow (t0) and micelles (tm), and the retention
factors of solutes (k), as a function of surfactant (sodium dodecyl sulfate) and alcohol
(n-propanol or n-butanol) concentrations, by means of empirical equations. Also, some
physicochemical models have been applied to relate the retention factors to the sur-
factant and the organic modifier concentrations in order to optimize the separation
resolution and to increase our knowledge of the separation process. Finally, a com-
parison of the resolution optimization through the use of the physicochemical and
empirical models selected has been made in order to obtain the optimum separation
buffer composition for the separation of a group of 17 N-phenylpyrazole derivatives
as test solutes.
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1 Introduction

The optimization of the separations performed by micellar
electrokinetic chromatography (MEKC) is a complex task
due to the great number of variables affecting the pro-
cess: pH, type and concentration of buffer, surfactant,
and organic modifiers. In recent years, in order to predict
the optimal separation conditions with the minimum num-
ber of experiments, several strategies in MEKC have been
reported [1, 2]. As an example, it can be cited the over-
lapping resolution mapping (ORM) [3–9], iterative regres-
sion strategies [10], physicochemical approaches [11–
14], empirical equations [15–18], and artificial neural net-
works (ANNs) [19]. In order to carry out these studies,
several designs can be used, e.g., the Plackett-Burman
design [20, 21] and the orthogonal array design (OAD)
[22] which are factorial designs suitable for screening the
influence of many parameters and to monitor possible

interactions among a large number of factors, or the cen-
tral composite design [23, 24] that can provide a response
surface for the prediction of areas of optimum perfor-
mance. From the different strategies cited, the ORM has
been one of the most used [3–9] because it allows the
deduction of the optimal separation conditions from an
overlay of all the graphs obtained plotting the resolution
versus different separation conditions. However, migra-
tion of solutes is not followed. Also, a great number of
experiments is required to carry out the optimization
process.

Physicochemical models describing the migration be-
havior of individual solutes have been reported. Thus,
Khaledi et al. [11–14] introduced physicochemical models
describing the migration behavior of both acidic and
basic solutes as a function of the separation buffer com-
position and physicochemical constants. First, a descrip-
tion of migration in terms of pKa, micelle-water binding
constant, and mobility of the anionic solutes in the ab-
sence of micelles has been performed [11]. A description
of the solute mobility in terms of physical and chemical
constants of each solute, the pH of the buffer, and the
micelle concentration in the buffer has also been reported
[12]. Finally, a model describing the migration of ionizable
(acidic and basic) solutes as a function of the simulta-
neous variation of the pH and micelles concentration has

Correspondence: Dr. Maria Luisa Marina, Departamento de
Química Analítica, Facultad de Química, Universidad de Alcalá,
E-28871 Alcalá de Henares (Madrid), Spain
E-mail: mluisa.marina@uah.es
Fax: 34-91-8854971

Abbreviations: MPRE, mean prediction relative errors; PC, prin-
cipal component

Electrophoresis 2003, 24, 325–335 325

 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0173-0835/03/0302–325 $17.50�.50/0

C
E

an
d

C
E

C

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Biblioteca Digital de la Universidad de Alcalá

https://core.ac.uk/display/58902508?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


326 C. García-Ruiz et al. Electrophoresis 2003, 24, 325–335

been proposed [13]. Recently, our research team has
developed a physicochemical model to predict the reten-
tion of neutral compounds as a function of micellized
surfactant and the organic modifier concentration [14].
Although these models usually require the use of non-
linear fitting software during the process of optimization,
physicochemical migration characteristics of compounds
are obtained. Insight is gained in the mechanism of migra-
tion in MEKC.

On the other hand, empirical equations have been con-
sidered very valuable tools to predict the retention be-
havior of solutes as a function of different variables in
MEKC. Pyell and Bütehorn [15] have proposed linear
first-degree models for the migration time of the electro-
osmotic flow marker, the logarithm of the migration times
of the micelles and the logarithm of the retention factors
of the solutes. They used these models to predict the
resolution between peaks, which were calculated assum-
ing a constant plate number. In practice, the predicted
optimum diverges from the real optimum, indicating that
the underlying linear function is not able to describe the
retention behavior accurately. Later, Bütehorn and Pyell
[16] introduced the interaction between the variables con-
sidered (surfactant and modifier concentrations) to model
the migration time of the electroosmotic flow marker, the
logarithm of the migration times of the micelles and the
retention factors of the solutes, however, the number of
parameters in their empirical equations was equal to
the number of experiments achieved, so their models
appeared to have better descriptive than predictive qual-
ity. Recently, Zomeren et al. [18] studied which response
should be modeled preferently to enable resolution opti-
mization in MEKC (resolution, separation factor, apparent
and effective mobility). Although their results are very
promising too much data were required (14 data to ob-
tain the model parameters).

ANNs can be considered as soft models because they do
not need mathematical equations [19, 25] and have been
usually applied to classification, modeling, association,
and mapping [19, 26]. Havel et al. [19] have examined
the modeling capabilities of the ANN approach in MEKC,
with comparison to hard models and the use of ANNs in
combination with suitable designs to facilitate the opti-
mization and/or prediction of electrophoretic mobilities in
MEKC. Jalali-Heravi and Garkani-Nejad [27] have com-
pared the prediction power of ANNs and multiple linear
regression in capillary electrophoresis, pointing out that
their results were superior with the ANN. Farková et al.
[28] have shown that ANNs can be used to estimate
peak parameters and which experimental design can be
applied for efficient prediction of optimal separation con-
ditions. Srecnik et al. [29] have developed an ANN model,

which can be generalized and used in a variety of applica-
tions for retention modeling in ion chromatography. Aga-
tonovic-Krustin et al. [30] have compared the usefulness
of ANNs for response surface modeling in HPLC optimi-
zation with multiple regression methods. Gao et al. [25]
have carried out the optimization of gas chromatograph-
ic experimental parameters and compared their results
with that obtained by the orthogonal method. Loukas
[31] has examined the behavior of a series of training
algorithms in the behavior of ANNs and the results were
compared from the partial least square (PLS) method.
Zhao et al. [32] have applied an ANN to model the reten-
tion behavior of several solutes in ternary systems in
HPLC and to predict two groups of different liver and
bile diseases. Madden et al. [33] have used ANNs to pre-
dict the retention times of anions when eluted with linear
hydroxide gradients of varying slope. Jiménez et al. [34]
have examined the usefulness of ANNs to model the
retention behavior of organic solutes in micellar liquid
chromatography.

From the results comparison with other empirical and
theoretical models it seems that ANNs are the best choice
but some drawbacks must be clear. The use of ANNs is
not a simple task. Previously, the ANN architecture must
be optimized and it means to optimize the number of
hidden layers, the number of neurons in the hidden
layer(s), the normalization or transformation of the experi-
mental data, the data used to train the network (not only
the representativity but also the number of them), the
momentum and the learning rate, the training algorithm,
the transfer functions for the hidden layer(s) and the out-
put layer, etc. There are no rules of thumb and “trial and
error” must be adopted. Moreover, although the network
structure could be carefully optimized some other prob-
lems must be taken in mind, that is, the effect of overfit-
ting and, what it is more important, there is no guarantee
to find the global minimum. So, recently, Siouffi and Phan-
Tan-Lun [2] in a very interesting review about optimization
methods in chromatography and capillary electrophoresis
have pointed out that the trend is towards the use of
ANNs but they are still in infancy when applied in sepa-
rations. Moreover, if a hard model (empirical or theoret-
ical model) is available and it can predict accurately the
magnitude we are interested in, the use of ANNs is not
justified. So, our aim in this work has been to perform
a global resolution optimization by using empirical and
physicochemical models to predict the retention factors
of 17 N-phenylpyrazole derivatives as a function of the
surfactant and modifier concentrations in the buffer com-
position. Also, it has been considered of great impor-
tance to predict the migration time of the electroosmotic
flow and micelles due to the scarce data found in the
literature.
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2 Materials and methods

2.1 Chromatographic data

Retention data for the group of 17 N-phenylpyrazole
derivatives considered as model solutes (Table 1 shows
their structures and names) when separation buffer
contains 0.08 M of 2-(N-cyclohexylamino)ethanesulfonic
acid (CHES) in alkaline medium (pH 10) with SDS as
surfactant and n-propanol or n-butanol as the organic
modifier have been used in this work [35]. Although
the experimental conditions employed to perform the
separation of these compounds are widely explained
in [35], they are summarized below: an Applied Bio-
systems capillary electrophoresis instrument 279A-HT
model (Norwalk, CT, USA), with UV detection at 238 mn
and temperature controlled at 30�C was used to obtain
the electropherograms of the compounds under study.
The dimensions of the fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA) used were 75 cm of
total length and 50 cm of effective length with 25 �m
of inner diameter and 375 mm of outer diameter. The
applied voltage was 15 kV.

Table 1. Identification numbers, names and structures of
N-phenylpyrazole derivatives studied

No. Name R3 R4 R5 R2’

1 DNPP H H H NO2

2 3-Methyl DNPP Me H H NO2

3 4-Methyl DNPP H Me H NO2

4 4,5-Dimethyl DNPP H Me Me NO2

5 3-Ethyl DNPP Et H H NO2

6 4,5-Dimethyl pNPP H Me Me H
7 3,4,5-Trimethyl DNPP Me Me Me NO2

8 4-Methyl pNPP H Me H H
9 3-Methyl-4-nitro-5-

cloro DNPP
Me NO2 Cl NO2

10 3,5-Dimethyl pNPP Me H Me H
11 4-Bromo pNPP H Br H H
12 3-Bromo-4-methyl DNPP Br Me H NO2

13 3,5-Dimethyl-4-bromo
DNPP

Me Br Me NO2

14 5-Methyl-4-bromo pNPP H Br Me H
15 3-tert-Butyl pNPP t-Bu H H H
16 3,4-Dibromo DNPP Br Br H NO2

17 3-Ethyl-4-bromo DNPP Et Br H NO2

DNPP, dinitrophenylpyrazole; pNPP,
paranitrophenylpyrazole

2.2 Data treatment

Data have been divided into two sets, the model and the
prediction data sets following the factorial design plotted
in Fig. 1. Model data set (crosses) permits the calculation
of the parameters of the different equations and the test
data set (circles) have been used to evaluate the predic-
tion capability of the empirical and physicochemical
equations used in this work. It should be mentioned that
when the buffer consisted of 0.03 M SDS and 0.03 as
the volume fraction of n-butanol, results obtained have
proved to be outliers and were not used to build any of

Figure 1. Composition of the MEKC systems using a
0.08 M CHES (pH 10) buffer. Circle data means the pre-
diction data set and crosses the model data set.
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the models. The evaluation of empirical equations has
been made using box plots performed by the Sigma Plot
software [36]. Data treatment was made using Micro-
soft Excel [37]. Multiple regression analysis and tests
performed in this work to compare the error averages
obtained in different experimental conditions were carried
out using the Statgraphics Plus software [38]. Nonlinear
regressions were performed by using the Sigma Plot soft-
ware [36]. The performance of equations considered in
this work has been evaluated comparing the relative
errors defined as follows:

PRE �� � � kcal � kexp
�� ��

kexp
100 (1)

MPRE �� � �
�i�N

i�1

PREi

N
(2)

where kcal is the calculated retention factor by the equa-
tion that is being testing, kexp is the experimental reten-
tion factor, N is the number of different separation buffers
(with different concentrations of surfactant and alcohol).

3 Results and discussion

As mentioned, the optimization of separations performed
by MEKC is complex and difficult due to the high number
of parameters affecting the separation process. Thus,
resolution of two closely adjacent peaks (Rs), in MEKC, is
dependent on the selectivity factor, the mean retention
factor and the ratio of the migration time of the electro-
osmotic flow to the migration time of the micelles accord-
ing to the following equation proposed by Terabe and
Cheng [39]:

RS �
����
N
�

4
�� 1
�

k
k � 1

1� t0

tm

1� t0

tm
k

(3)

where N is the theoretical plate number; k is the mean
retention factor of the two peaks considered; � is the
selectivity factor (kj/ki being kj� ki), and t0 and tm are the
migration times of the electroosmotic flow and micelles,
respectively. According to Eq. (3), resolution optimiza-
tion requires the knowledge of t0, tm, k, and N values. In
the following calculations, the efficiency of the chroma-
tographic system (N) has been considered independent
of the electrolyte composition [15, 16]. However, the
values of t0, tm, k, and � are dependent on the electrolyte
composition. In this study, the prediction of these param-
eters has been performed by means of empirical and
physicochemical equations in order to optimize the reso-
lution.

3.1 Use of empirical equations for the prediction
of electroosmotic flow and micelles
migration times

Pyell and Bütehorn [15] first stated the importance of pre-
dicting the migration times of the electroosmotic flow (t0)
and micelles (tm) as a function of the buffer composition.
However, although they have proposed the use of differ-
ent equations [15, 16] no validity studies have been per-
formed. So, in this work a systematic study on equations
relating migration times of the electroosmotic flow and
micelles with the surfactant concentration and the volume
fraction of the organic modifier (� and �, respectively) has
been performed (Table 2). It must be mentioned that two
of them have been used previously by Pyell and Bütehorn
[15], Eq. (22), and by Bütehorn and Pyell [16], Eq. (4). In
order to evaluate the empirical equations (Eqs. 4–33) that
best predict the migration times of the electroosmotic
flow and micelles, multiple regression analysis has been
performed by using the model data set shown in Fig. 1.
Once the parameters have been calculated, the predic-
tion has been performed in the conditions shown for the
test data set (Fig. 1).

Table 2. Empirical equations used for the prediction of
electroosmotic flow (t0) and micelles (tm) migra-
tion times

Basic
equation

z value Equa-
tion No.

z value Equa-
tion No.

z = A � B� � C�
� D� �

t0

1/t0

lg t0

4
6
8

tm

1/tm

lg tm

5
7
9

z = A � B� � t0 10 tm 11
1/t0 12 1/tm 13
lg t0 14 lg tm 15

z = A � B� � C� � t0 16 tm 17
1/t0 18 1/tm 19
lg t0 20 lg tm 21

z = A � B� � C� t0 22 tm 23
1/t0 24 1/tm 25
lg t0 26 lg tm 27

z = A � B� � C� � t0 28 tm 29
1/t0 30 1/tm 31
lg t0 32 lg tm 33

In order to establish the validity of the tested equations,
different criteria have been taken into account. That is,
the most simple equation for which the lowest mean pre-
diction relative errors are obtained is our objective. Never-
theless, we must take in mind that all the terms must be
statistically significant. In this respect, for the prediction of
t0 when n-propanol is used, the lowest mean prediction
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relative errors are obtained for Eqs. 4, 6, 8, 16, 22, 24, and
26 (no statistically significant differences, P�0.05) as can
be observed in Fig. 2a. From these equations, we have
chosen Eq. (4) because all the terms are statistically sig-
nificant (indicating that it is not possible to simplify it to

Figure 2. MPRE for electroosmotic flow (t0) and micelle
(tm) migration times by using empirical equation in a
MEKC system with (a) n-propanol or (b) n-butanol as
the organic modifier. These plots are defined in terms of
percentiles and take a quick look at the median and
spread of the data, as well as the mean, minimun, and
the maximum values for the variable studied. Outliers of
percentiles are also represented by circles. The lengths
of the upper and lower lines associated to each box
show how stretches the tails of the distribution are.

obtain Eqs. 16, 22, 24, or 26) and due to it is the simplest
one compared with Eqs. (6) and (8). Following the same
reasoning exposed previously, we have chosen Eq. (4) to
predict t0 (Fig. 2b) when n-butanol is considered as the
organic modifier and Eqs. (23) and (7) (Figs. 2a and b) to
predict tm when n-propanol and n-butanol are considered
as the organic modifier, respectively. It can be noted that
the equation that best predicts the migration time of the
separation buffer is the same when the organic modifier
used is n-propanol and n-butanol (Eq. 4), but that the
equations differ when the prediction of the migration time
of the micelle is achieved. This fact is in agreement with
Van Hove et al. [40] that considers these two alcohols
belonging to different categories.

3.2 Use of empirical equations for retention
prediction

In order to predict the retention of the compounds under
study, four empirical equations (Eqs. 34–37) proposed by
Jiménez et al. [17] and another one empirical equation
(Eq. 38) proposed by Pyell and Bütehorn [15] relating
retention factors with the total surfactant concentration
and the volume fraction of the alcohol (� and �, respec-
tively) have been employed:

1
k
� A� B

�
� C� (34)

1
k
� A� B

�
� C

�
�

(35)

1
k
� A� B

�
� C

�2

�
(36)

1
k
� A� B

�
� C

�
�
� D�2 (37)

lnk � A� B ln�� C� (38)

Multiple regression analysis has been performed to obtain
the equation parameters (Eqs. 34–38) by using the model
data set shown in Fig. 1. Then, retention factors for the
prediction data set (Fig. 1) were calculated.

From the comparison of the mean prediction relative errors
it can be observed (Figs. 3a and b) that when n-propanol
was used, the lowest errors were obtained by means
of Eqs. (35–38) (no statistically significant differences
observed, P�0.05). When n-butanol is considered, the
lowest errors were obtained by means of Eq. (37) and
(38) (no statistically significant differences observed,
P� 0.05). However, the multiple regression analysis
shows that Eq. (37) contains a nonsignificant term, reason
for which Eq. (38) was selected as the most appro-
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Figure 3. MPRE for the retention factors by using empiri-
cal equations in a MEKC system with (a) n-propanol or
(b) n-butanol as the organic modifier.

priate to predict the retention of the solutes considered
(prediction errors 3.9–11.5% for n-propanol and 5.4–
15.1% for n-butanol).

Nevertheless, Jiménez et al. [17] found that Eq. (35) was
the most appropriate to predict the retention behavior of a
group of dihydropyridines in similar MEKC systems using
the same five empirical equations employed in this work.
These results could be explained by the different charac-
teristics of each group of compounds. As an example, the

literature shows that the group of the N-phenylpyrazole
derivatives studied in this work are less hydrophobic
(with values of the logarithm of the octanol-water distribu-
tion coefficient, log Pow, ranging from 2.08 to 2.60 [41])
than the group of dihydropyridines (with values of the log
Pow ranging from 2.43 to 4.31 [42]).

3.3 Use of physicochemical models for
retention prediction

The retention prediction through the use of a physico-
chemical model relating the retention factor with the
micellized surfactant (SDS) and the organic modifier (n-
propanol and n-butanol) concentrations has been per-
formed. The physicochemical model [14] considers differ-
ent interactions among the species present in the system
according to several equilibria. Relating these equilibria
with the solute retention obtained by MEKC the following
equation can be obtained:

k � fK1 1� K3 Aaq
� �� �

Mm� �
1� K2 Aaq

� �� K2K4 Aaq
� �2 (39)

where, k is the retention factor, f is the phase ratio, [Aaq]
and [Mm] are the alcohol and the micellized surfactant
concentrations (molar concentrations), respectively, and
K1, K2, K3, and K4 are equilibrium constants. These con-
stants take into account the association of the solute with
the micelle to form a complex in the micellar pseudo-
phase (K1), the enhancement of solubility of solute in the
separation buffer modified by alcohols (K2), the formation
of complexes among the solute, the alcohol and the
micelle in the micellar pseudophase (K3), and the complex
formation between the solute-alcohol complex and
other molecules of alcohol (K4), as it is shown in the fol-
lowing equilibria:

Saq �Mm 	
K1 SMm

Saq � Aaq 	
K2 SAaq

SMm � Aaq 	
K3 SAMm

SAaq � Aaq 	
K4 SA2� aq

Nevertheless, some simplifications to this equation can
be done, according to the following approximations [14]:

(i) If 1 �� K3 [Aaq] the simplified expression is:

k � fK1 Mm� �
1� K2 Aaq

� �� K2K4 Aaq
� �2 (40)

(ii) If 1 �� K3 [Aaq] the simplified expression is:

k � fK1K3 Aaq
� �

Mm� �
1� K2 Aaq

� �� K2K4 Aaq
� �2 (41)
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(iii) If 1 �� K4 [Aaq] the simplified expression is:

k � fK1 1� K3 Aaq
� �� �

Mm� �
1� K2 Aaq

� � (42)

In order to check the validity of this model, the retention
data for a group of test solutes (17 N-phenylpyrazole deri-
vatives) have been used. First of all, nonlinear regressions
were achieved to obtain the equilibrium constant values
from Eqs. (39)–(42) in order to predict the retention fac-
tors. These values were used to calculate the mean pre-
diction relative errors according to the four physicochem-
ical equations described. Mean relative errors for the four
equations considered in MEKC systems with n-propanol
(5.7, 20.2, 31.4, 5.8 for Eqs. 39, 40, 41, and 42, respec-
tively) and n-butanol (4.8, 5.4, 30.1, and 6.9 for Eqs. 39,
40, 41, and 42, respectively) have been compared with a
multiple comparison procedure [38] to establish the equa-
tion that best model the experimental retention behavior.
The results from the comparison indicate that Eqs. (39)
and (42) are not statistically different when n-propanol is
used as the organic modifier and Eqs. (39), (40) and (42)
are not statistically different when n-butanol is employed
as the organic modifier. Although for the two systems
considered (n-propanol and n-butanol), Eqs. (39) and
(42) do not differ significantly, the mean error values are
lower when Eq. (39) is used, so it can be considered that
Eq. (39) is the best equation, although the use of non-
linear regression is necessary. From the results exposed
in the two preceding sections we can conclude that
Eqs. (38) and (39) are, respectively, the best equations
to predict retention factors by means of empirical and
physicochemical models. Moreover, from the comparison
of mean prediction errors obtained, the statistical test
indicates that the physicochemical model is the best to
explain the retention behavior of the solutes under study
(confidence level of 95%).

3.4 Resolution optimization through the use of
physicochemical and empirical models

The evaluation of all these equations has permitted to
choose the best equations for the prediction of k, t0, and
tm with the aim of optimizing the resolution (Rs) between
two consecutive peaks using Eq. (3). In this equation it
has been considered an N value constant and equal to
150 000 [43]. The mean retention factor of the two peaks
considered has been calculated according to the empiri-
cal Eq. (38) or the physicochemical Eq. (39); and t0 and tm

have been obtained, respectively, from empirical Eqs. (4)
and (23) for n-propanol, and from Eqs. (4) and (7) for
n-butanol. The resolution has been optimized according
to the criterion of global resolution given in [44]. This opti-

mizing criterion is based on the normalized product, r,
of different properties, Xi, i�1, associated to pairs of con-
secutive peaks.

r �
�n�1

i�1

X i� i�1

	n�1

i�1
X i� i�1 n� 1� �


 �n�1 (43)

In this work, X is the resolution predicted with the above-
mentioned equations and n is the number of solutes.

Figure 4 shows the response surfaces obtained for sys-
tems containing SDS as the surfactant and n-propanol
or n-butanol as the organic modifier. The equations used
for the prediction of retention factors are Eqs. (38) (Figs. 4a
and b) and (39) (Figs. 4c and d), respectively. In both
cases, the prediction of t0 and tm was achieved by
empirical Eqs. (4) and (23) when n-propanol was used
and Eqs. (4) and (7) when n-butanol was employed. It
can be observed that the maximum resolution to separate
the group of N-phenylpyrazole derivatives studied using
empirical equations corresponds to a 0.08 M CHES buffer
(pH 10) with 0.02 M in SDS and 0.03 volume fraction of
n-propanol (Fig. 4a). On the other hand, the maximum
resolution obtained for the model solutes studied using
the empirical equations selected correspond to 0.08 M

CHES buffer (pH 10) with 0.05 M SDS and 0.03 volume
fraction of n-butanol (1), or with 0.01 M SDS without
n-butanol (2) (Fig. 4b). When the physicochemical model
(Eq. 39) has been used, the response surface for n-propa-
nol shows two maxima which correspond to 0.08 M CHES
buffer (pH 10) with 0.05 M SDS and a 0.05 volume fraction
of n-propanol (1) or with 0.02 M SDS and a 0.01 volume
fraction of n-propanol (2) (Fig. 4c). The best resolution
is obtained for maximum 2. On the other hand, when
n-butanol is used as organic modifier only a maximum is
obtained, corresponding to 0.08 M CHES buffer (pH 10)
with 0.02 M SDS and a 0.03 volume fraction of n-butanol
(Fig. 4d).

Figure 5 shows the experimental electropherograms for
a selected mixture of solutes and for the best condi-
tions chosen from the response surfaces shown in Fig. 4.
From the experimental electropherograms shown in Fig. 5
some conclusions can be drawn: (i) As expected, Eq. (39)
leads to the best optimal conditions for the separation of
the solutes considered in this study if we compare with
the results obtained by means of Eq. (38). For example, if
n-propanol is considered (Figs. 5a and c) solutes 5 and 6
are resolved (although not completely) but when Eq. (38)
is used in the retention prediction these peaks coelute.
Moreover, when butanol is used as the organic modifier
(Figs. 5b and d), and Eq. (39) is used, solutes 15 and 16
are resolved (although not completely) but when Eq. (38)
is used these two solutes coelute. (ii) It is interesting to
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Figure 4. Response surfaces
obtained for the group of
N-phenylpyrazole derivatives
studied in the MEKC system
with SDS as surfactant and
n-propanol or n-butanol as the
organic modifier using the pre-
dicted retention factors with
(a, b) the empirical Eq. (38) or
(c, d) the physicochemical Eq.
(39). Conditions of maximum
resolution: (a) 0.08 M CHES
buffer (pH 10) with 0.02 M SDS
and 3% n-propanol; (b) 0.08 M

CHES buffer (pH 10) with 0.05 M

SDS and 3% n-butanol (1)
or with 0.01 M SDS without
n-butanol (2); (c) 0.08 M CHES
buffer (pH 10) with 0.05 M SDS
and 5% n-propanol (1) or with
0.02 M SDS and 1% n-propanol
(2); (d) 0.08 M CHES buffer
(pH 10) with 0.02 M SDS and
3% n-butanol.

Figure 5. Electropherograms corresponding to the injec-
tion of a mixture of 15 N-phenylpyrazole derivatives in the
optimal resolution conditions obtained in Fig. 4. DMF:
dimethylformamide; BaP, benzo[a]pyrene.

note that n-propanol (Fig. 5c) better separates the first-
migrating compounds in the electropherograms while
n-butanol better separates the last-migrating compounds
as has been reported previously in [35]. So, these two
alcohols work complementarily and the most adequate
one would depend on the solutes we are interested in.

3.5 Mechanistical approaches through the
physicochemical model

The values of the physicochemical constants obtained
from Eq. (39) are shown in Table 3. These results clearly
show that the constant values depend not only on the
solute nature but also on the alcohol nature. From the fK1

values obtained, we can conclude that although the
hydrophobicity is the main driving force affecting the
chromatograhic behavior, it is not the only one. Thus, a
plot of the fK1 values versus log Pow shows a moderately
strong relationship between the variables (correlation
coefficient, r, 0.8297). A better correlation is obtained
when the logarithm values of fK1 are plotted versus the
log Pow (r = 0.9564), but solutes with the same hydro-
phobicity differ in fK1 values, probably due to electrostatic
interactions (i.e., solutes 2 and 4, both with log Pow 2.16,
solutes 11 and 16, both with log Pow 2.43, and solutes 8
and 12, both with log Pow 2.41).
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Table 3. Equilibrium constants obtained from physicochemical model considered (Eq. 39)

Solute
No.

n-Propanol n-Butanol

fK1 K2 K3 K4 fK1 K2 K3 K4

1 38 2.52 0.89 38 3.06 0.27
2 67 2.67 0.87 67 3.43 0.19
3 96 5.15 2.11 67 3.06 0.03
4 109 3.46 0.94 109 4.18
5 162 2.16 0.36 161 3.43 0.44
6 188 6.11 1.98 188 4.04 2.83 2.49
7 196 4.75 1.71 196 4.29 0.05
8 233 4.35 1.70 232 3.81 0.09
9 236 17.50 8.28 236 3.53

10 268 4.85 1.46 267 5.63 0.06
11 363 2.13 0.48 357 2.75 0.70
12 470 1.61 0.45 403 1.78 1.22
13 493 4.19 1.48 757 4.41
14 757 6.15 2.69 753 3.86 0.41
15 795 1.12 0.38 784 7.95 7.71 3.91
16 740 1.59 0.99 1.18 736 2.28 24.70
17 1550 5.01 5.50 1550 0.44 18.70

The values of K2 and K3 for the solute number nine are
significantly higher than those for the other solutes when
n-propanol is considered, indicating that favorable inter-
actions between the alcohol and the nitrogen atom in the
pyrazole ring of this compound are possible, both in the
micellar phase and in the electrophoretic buffer. This fact
leads to contrary effects to the retention, first the forma-
tion of complexes in the micellar pseudophase increases
the retention in this phase and, second, the formation of
complexes in the electrophoretic buffer drifts the reten-
tion towards the hydro-organic phase. When n-butanol is
considered, the complex formation between the alcohol,
the solute and the micelle is negligible. This alcohol is
more hydrophobic than n-propanol, so the aqueous phase
polarity and the micelle surface charge density of the
micelle diminish [45]. As a consequence, the electrostatic
interactions are diminished, fact that can be viewed by
the lower value of K2 and the negligible value of K3 con-
stants. Generally, K3 values are lower for n-butanol than
for n-propanol with two exceptions (solutes 6 and 15).
These solutes have a very voluminous substituent in
the R3 position (see Table 1), so perhaps steric impedi-
ments can be expected. n-Butanol could enhance the
retention of this compound (K3 value higher in n-butanol
than in n-propanol) due to the expansion of the micelle
or to the better solubilization power of this solvent in-
side the core of the micelle. The highest values of K4 (solute
16 for systems containing n-propanol and solutes 16 and
17 for systems containing n-butanol) can be attributed to
interactions between the alcohol head group and the posi-
tive charge density of the two nitrogen atoms (in the pyra-

zole ring). For the other compounds, the K4 values are low
or negligible, so in these cases the retention could be
explained by means of a more simplistic model (Eq. 42).

In order to clarify the relationship among the retention
behavior and the structural properties of the solutes, prin-
cipal component (PC) and cluster analysis have been
achieved. Massart et al. [46] highly recommended that a
clustering method is combined with a PC output. So, in
this work the four constant values have been reduced to
a lower number of variables by means of the PC analysis
(two and three components have been extracted when
n-propanol and n-butanol are considered, respectively).

The PCs extracted were: (i) for n-propanol:
PC1 = 0.999998fK1 � 0.000781284K2 � 0.00159507K3

� 0.000170362K4;
PC2 = � 0.0000369037fK1 � 0.888103K2 � 0.459474K3

� 0.0125016K4.
(ii) For n-butanol:
PC1 = 0.999924fK1 � 0.000893064K2 � 0.000838577K3

� 0.0122405K4;
PC2 = � 0.0121667fK1 � 0.127968K2 � 0.0691081K3

� 0.989293K4;
PC3 = � 0.00177059fK1 � 0.563511K2 � 0.815836K3

� 0.129861K4.

Then, the cluster analysis has been applied to the compo-
nents extracted in every case. In this way, we can classify
the compounds with the same retention behavior. In Fig. 6,
the cluster scatterplots for systems containing n-propa-
nol and n-butanol are shown (PC 2 vs. PC 1).
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Figure 6. Cluster scatterplots of the PC2 versus the PC1
for MEKC systems containing n-propanol and n-butanol,
respectively.

The cluster analysis indicated that compounds 9, 13, 14,
15, 16, and 17 for n-propanol and compounds 6, 13, 14,
15, 16, and 17 for n-butanol are out of the homogeneous
group that form the other compounds. Considering this,
several observations can be made. Thus, fK1 values,
that are representative of solute-micelle association con-
stants, are not statistically different for a 95% of signifi-
cance level to n-propanol and n-butanol. This observation
is in agreement with results shown in [24] except for
the buffer containing 5% n-butanol. In this case, if the
phase ratio is considered f(butanol)�f(propanol) results
would show that association constants for n-butanol
are lesser than for n-propanol. In addition, fK1 values in-
crease with the solute number according to their hydro-
phobicity as they have been ordered. On the other hand,
the K2 and K3 values, that represent the equilibrium con-
stants of solute-alcohol complex and of solute-micelle-
alcohol complex, respectively, have little values in all
cases considered. Finally, K4, that represents the equili-
brium constants between the solute-alcohol complex
and other alcohol molecules is negligible for all solutes
considered (except for 16) for n-propanol while it has big-
ger values for n-butanol. These results indicate that the
enhancement of solubility for n-butanol is bigger than for

n-propanol, probably because this alcohol can react with
the solute-micelle complex more easily than n-propanol,
which is in agreement with the structure of n-butanol
(which has a hydrocarbon chain longer than n-propanol
and so it can form a more stable complex with the
micelle). The information obtained by means of the physi-
cochemical model used can help us to classify the solutes
with respect to the retention behavior, so we will be able
to apply different equations to model it.

4 Concluding remarks

From the different empirical models used to predict the
retention of the group of N-phenylpyrazole derivatives
studied in this work as a function of the surfactant and
alcohol concentration in a MEKC system with SDS as sur-
factant and n-propanol or n-butanol as organic modifier,
Eq. (38) leads to the lowest mean relative prediction
errors. In addition, for these compounds, the empirical
equations which enable the best prediction of the migra-
tion times of the electroosmotic flow and micelles are
Eqs. (4) and (23) for n-propanol and Eqs. (4) and (7) for
n-butanol. A physicochemical model has also been em-
ployed to predict the retention of the group of N-phenyl-
pyrazole derivatives observing that the best results corre-
spond to the unsimplified model (Eq. 39). This model has
also enabled to obtain interesting physicochemical infor-
mation since physicochemical constants values depend
on the solute and alcohol nature.

A comparison of the resolution optimization through the
use of the equations selected for physicochemical and
empirical models has been made for the solutes studied
(N-phenylpyrazole derivatives) under the conditions used
in this work (SDS as surfactant and n-propanol or n-buta-
nol as organic modifier), obtaining as the optimum sepa-
ration buffer compositions: 0.02 M SDS with 0.01 or 0.03
volume fractions of n-propanol or 0.03 volume fraction
of n-butanol as well as 0.05 M SDS with a 0.03 volume
fraction of n-butanol. The experimental electrophero-
grams obtained under these optimal conditions enabled
to observe that (i) the use of the physicochemical equation
selected leads to the best optimal conditions and (ii) the
use of n-propanol in the separation buffer enabled a better
separation of the first-migration compounds while n-buta-
nol enabled a better separation of the last-migrating com-
pounds as it has been reported previously [35].
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