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1. Introduction

Organic solvents are traditionally added to micellar mobile phases to achieve adequate retention times
and peak profiles, in a chromatographic mode which has been called micellar liquid chromatography
(MLC). The organic solvent content is limited to preserve the formation of micelles. However, at increas-
ing organic solvent contents, the transition to a situation where micelles do not exist is gradual. Also,
there is no reason to neglect the potentiality of mobile phases containing only surfactant monomers
instead of micelles (high submicellar chromatography, HSC). This is demonstrated here for the analysis
of B-blockers. The performance of four organic solvents (methanol, ethanol, 1-propanol, and acetonitrile)
was compared in mobile phases containing the anionic surfactant sodium dodecyl sulphate in the MLC
and HSC modes. The association of the organic solvent molecules with micelles gives rise to a signifi-
cant loss in the elution strength of the organic solvent; whereas upon disruption of micelles, it tends
to that observed in the hydro-organic mode. The elution behaviour of the (3-blockers was modelled to
predict the retention times. This allowed the detailed exploration of the selectivity and resolution of the
chromatographic systems in relatively wide ranges of concentration of surfactant and organic solvent.
The best performance in terms of resolution and analysis time was achieved using HSC with acetonitrile,
being able to base-line resolve a mixture of eight 3-blockers. Ethanol also provided a good separation
performance, significantly improved with respect to methanol and 1-propanol. In contrast, the hydro-
organic mode using acetonitrile or any of the short-chain alcohols could not succeed with the separation
of the (3-blockers, owing to the poorer selectivity and wider peaks.

© 2010 Elsevier B.V. All rights reserved.

[3-7], which is the solvent of choice in hydro-organic RPLC, and
to our knowledge there is only one reported analytical method

The addition of a surfactant above the critical micellar concen-
tration (CMC) in water to a reversed-phase liquid chromatographic
(RPLC) system gives rise to significant modifications in its perfor-
mance (i.e. retention, selectivity and peak shape), especially for
charged solutes eluted with mobile phases containing an ionic
surfactant bearing an opposite charge. This mode has been called
micellar liquid chromatography (MLC) [1]. The presence of surfac-
tant in the mobile phase allows the use of organic solvents scarcely
miscible with water, reaching concentrations which are useful
in RPLC. In spite of the wide range of compatible solvents, only
three are routinely used to develop analytical methods: 1-propanol,
1-butanol and 1-pentanol, being the former the mostcommon[1,2].
Surprisingly, there are only few reports in MLC using acetonitrile
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using ethanol [8], in spite that this solvent is attracting consid-
erable attention in recent time owing to its low toxicity (green
chemistry).

In the field of MLC, a particularly interesting case is the separa-
tion of basic drugs, such as 3-blockers and tricyclic antidepressants,
using an alkyl-bonded phase and mobile phases containing sodium
dodecyl sulphate (SDS) [9-13]. In such systems, the surfactant
monomers cover the stationary phase, their hydrophobic tail asso-
ciated to the alkyl-chains bonded to the silica support, and the polar
head group, to which basic drugs are strongly attracted, oriented
away from the surface [14]. This is revealed by the higher reten-
tion and improved peak profile of the basic drugs (i.e. narrower and
more symmetric peaks), with regard to conventional hydro-organic
RPLC [13,15]. The excess surfactant is dissolved in the mobile phase
as monomers, associated in small clusters or forming micelles.
These entities and the organic solvent molecules are responsible
of the elution of the drugs. Different solutes experience the inter-
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actions with the components of the stationary and mobile phases
in different degree, giving rise to diverse selectivity.

There is an extensive literature on the use of mobile phases con-
taining micelles [1,2,16]. Only a few references deal with the use of
pure micellar mobile phases, owing to the high retention and poor
efficiency for most solutes. An organic solvent is usually needed to
achieve adequate retention times and peak profiles. There is also
an extensive discussion on the association of solutes with micelles.
However, there is little information about the effect of micelles or
surfactant monomers on the elution behaviour of organic solvents
used as modifiers. Short-chain alcohols (i.e. methanol to propanol)
have a small penetration capability into SDS micelles. The binding
constants (mole fraction ratio of alcohol between bulk solvent and
micellar pseudo-phase) are: 0.4, 1.1, and 3.5 for methanol, ethanol,
and 1-propanol, respectively, at 25°C [17,18]. These values corre-
late with the logarithm of the octanol-water partition coefficient of
the solvents (log Py, =0.18,0.48, 2.2, respectively [19]). Log Py, for
acetonitrile is similar to that for ethanol (0.46). However, the effect
of acetonitrile on the CMC of SDS is similar to that of methanol (i.e.
the CMC increases at increasing concentration of the organic sol-
vent), and opposite to the effect of ethanol and 1-propanol (i.e. the
CMC decreases) [20].

Beyond a certain concentration of organic solvent, micelles dis-
aggregate (with SDS: 40, 30, 22 and 30% (v/v) for methanol, ethanol,
1-propanol and acetonitrile, respectively [12,21]). However, there
is no sudden breakdown of micelles when the concentration of
organic solvent is increased, but a progressive reduction in the
aggregation number [22]. It is, thus, not surprising that some
authors supposedly working with MLC were not aware of the non-
existence of micelles in the mobile phase [23-30]. More recently, a
chromatographic mode containing a relatively large amount of sur-
factant (above its CMC in water) together with an amount of organic
solvent that prevents the formation of micelles has been described,
which has been called “high submicellar chromatography” (HSC)
[12,13,31,32].

In previous work, the chromatographic behaviour of several
[3-blockers was examined using a Kromasil C18 column and mobile
phases containing SDS and acetonitrile [12,13]. Depending on the
concentration of both modifiers, different separation environments
with particular behaviours were yielded:

(i) Hydro-organic (conventional RPLC in the absence of SDS).

(ii) Low submicellar, with concentrations of SDS and acetonitrile
below the CMC in water and above 30%, respectively, which
corresponds to ion-pair chromatography (IPC).

(iii) Micellar (MLC), with stable micelles in the hydro-organic
medium.

(iv) High submicellar (HSC), with high concentrations of both sur-
factant and organic solvent (above the CMC in water and above
30%, respectively), where no micelles exist in the mobile phase.

Among the four modes, HSC was the most promising, as it
allowed full resolution of the 3-blockers in practical times.

The main objective of modifying the stationary and mobile
phases is the selectivity improvement. This depends on the relative
interactions of solutes with both phases. In this work, the potential-
ity of MLC and HSC with SDS for the separation of [3-blockers using
the Kromasil C18 column, and methanol, ethanol and 1-propanol
as modifiers, was examined and compared with acetonitrile. The
performance of the conventional hydro-organic mode with each
solvent was also checked. The exploration of the selectivity and
resolution was performed based on a detailed description of the
elution behaviour.

2. Experimental
2.1. Reagents

A set of eight 3-blockers was used: acebutolol, atenolol, meto-
prolol, pindolol, timolol (Sigma, St. Louis, MO, USA), celiprolol
(Rhone-Poulenc Rorer, Alcorcén, Spain), esmolol (Du Pont-De
Nemours, Le Grand Saconnex, Switzerland), and oxprenolol (Ciba-
Geigy, Barcelona, Spain). The drugs were dissolved in a small
amount of the organic solvent used as modifier in the mobile phase,
and diluted with water. The concentration of the injected solutions
was 20 pg/mL.

The mobile phases contained methanol, ethanol, 1-propanol or
acetonitrile (Scharlab, Barcelona). Sodium dodecyl sulphate (99%
purity, Merck, Darmstadt, Germany) was added to switch the sys-
tem to the assayed surfactant-mediated modes (MLC and HSC). The
mobile phases were buffered at pH 3 with 0.01 M citric acid mono-
hydrate and sodium hydroxide (Panreac, Barcelona). Nanopure
water (Barnstead, Sybron, Boston, MA, USA) was used through-
out. The drug solutions and mobile phases were filtered through
0.45 pm nylon membranes (Micron Separations, Westboro, MA,
USA).

2.2. Apparatus and column

The liquid chromatograph (Agilent, Waldbronn, Germany) was
equipped with anisocratic pump (Series 1200), an autosampler and
a UV-visible detector (Series 1100) set at 225 nm. Data acquisi-
tion was carried out with an HPChemStation (Agilent, B.02.01), and
the mathematical treatment performed in MATLAB 6.5 (The Math-
works, Natick, MA, USA). The operating pump pressure was below
400 bar.

A Kromasil C18 column (Analisis Vinicos, Ciudad Real, Spain)
was used, with the following characteristics: 150 mm x 4.6 mmi.d.,
5wm particle size, 19% carbon load, 320 m2/g surface area, and
110 A pore diameter. The column was connected to a similar 30 mm
guard column. The flow-rate was set at 1 mL/min. Duplicate injec-
tions were made using an injection volume of 20 L.

2.3. Experimental designs

The minimal concentrations of the alcohols in the mobile phase
were selected to attain a measurable retention for the most retained
solutes. In spite of the high retention achieved for <10% (v/v) ace-
tonitrile in the presence of surfactant, mobile phases containing
5-10% were also tested to assure micellar conditions. On the other
hand, the maximal concentration of organic solvent was limited
by the system pressure (case of alcohols), or the reduction of the
retention to excessively small values.

In the surfactant-mediated modes, a two-factor space of con-
centrations of SDS and organic solvent was investigated. The weak
elution strength of methanol, ethanol and acetonitrile forced the
use of concentrations of SDS > 0.075 M. A high volume fraction of
methanol was needed, owing to its extremely low elution strength
in the presence of surfactant. The concentrations of the surfactant
and organic solvent in the experimental designs were the follow-
ing (SDS molar concentration/% (v/v) organic solvent are given):
methanol (0.075 M/50 and 60%; 0.1125 M/55%; 0.15 M/50 and 60%),
ethanol (0.075M/5, 15, 25 and 40%; 0.1125M/10, 20 and 30%; and
0.15M/5, 15, 25 and 40%), 1-propanol (0.04 M/5, 15, 25 and 35%;
0.075M/5, 15, 25 and 35%; 0.1125M/10, 20 and 30%; and 0.15 M/5,
15, 25 and 35%), and acetonitrile (0.075 M/5, 15, 20, 30, 40 and 50%;
0.1125M/10, 17.5, 25, 35 and 45%; and 0.15 M/5, 15, 20, 30, 40 and
50%).

In the hydro-organic mode, experimental designs consisting
in four mobile phases were used to study the elution behaviour.



7092 M.J. Ruiz-Angel et al. / J. Chromatogr. A 1217 (2010) 7090-7099

The organic solvent contents in the aqueous mobile phases were:
methanol (20, 30, 40 and 50%), ethanol (10, 15, 20 and 25%),
1-propanol (5, 7.5, 10 and 15%), and acetonitrile (15, 20, 25 and
30%).

3. Results and discussion

Several authors have carried out comparison studies on the per-
formance of different organic solvents added to micellar mobile
phases [33-37]. Most reports deal exclusively with the changes in
the chromatographic behaviour in the micellar mode; they do not
include a comparison with conventional hydro-organic RPLC. Also,
the behaviour using selected mobile phases is often discussed, and
trial-and-error optimization strategies applied.

Along the last decade, we have carried out in our laboratories
a systematic research on the application of MLC to the analysis of
drugs [2,38]. With optimization purposes, we have developed an
interpretive strategy based on the reliable description of the reten-
tion behaviour of the analytes using mathematical models [39-41].
This strategy has the advantage of allowing a comprehensive exam-
ination of the changes in the chromatograms of individual solutes,
or mixtures of two or more solutes. This facilitates the selection of
the optimal mobile phase for a given separation, offering the max-
imal resolution, or at least, satisfactory resolution in an adequate
analysis time, or with a smaller amount of modifier in the mobile
phase.

In order to compare the performance of the short-chain alcohols
methanol, ethanol and 1-propanol versus acetonitrile, for the sep-
aration of a set of eight [3-blockers in the surfactant-mediated and
hydro-organic modes, we first built several models to enable the
prediction of retention times. These models facilitated the detailed
exploration of the selectivity and resolution of the chromatographic
systems. Our final aim was finding out the potentiality of each
modifier for the separation of 3-blockers.

3.1. Elution behaviour

The development of a model aimed to describe the elution
behaviour of a solute in a surfactant-mediated system requires the
measurement of the retention times, using a set of mobile phases
containing variable concentrations of surfactant and organic sol-
vent. We obtained this information for eight 3-blockers eluted with
SDS and the alcohols methanol, ethanol and 1-propanol, or acetoni-
trile (see Section 2.3). Concentrations of SDS below 0.04 M were
avoided, since surfactant desorption from the stationary phase
was significant at moderate organic solvent contents. However,
among the alcohols, only 1-propanol allowed the inspection of a
wide range of experimental conditions. The feasible experimental
domain was narrower for ethanol and methanol, especially for the
latter, owing to the smaller elution strength giving rise to excessive
retention. We were also especially interested on 1-propanol, since
this is the most usual organic solvent in MLC to elute moderately
polar compounds.

3.1.1. Changes in elution strength

The elution strength (traditionally measured as the slope of the
plot of the logarithm of the retention factor versus the concentra-
tion of modifier) changes with the concentration of the modifier,
except in relatively narrow concentration ranges, which holds for
the organic solvent (in the absence and presence of a surfactant)
and the surfactant itself. The elution strength in a ternary system
(as is the case of the surfactant-mediated modes) depends also
on the concentration of the accompanying modifier. We have also
observed that in the analysis of 3-blockers, the elution strength for
the surfactant (SDS) is significantly larger than that of the short-
chain alcohols and acetonitrile.

In the presence of SDS, the organic solvent molecules can be
found free in the bulk mobile phase, associated to micelles or to
surfactant monomers. The association with the organized structure
(the micelle) in the mobile phase is stronger, giving rise to a loss
in elution strength for the organic solvent. In previous work car-
ried out with 3-blockers, a drastic increase in the elution strength
of acetonitrile (at constant surfactant concentration) was observed
at increasing organic solvent contents, with a transition region in
the range 20-30% acetonitrile [12,13]. In this region, two effects
are happening that affect the retention: the micelles disaggre-
gate and the organic solvent desorbs significantly the surfactant
monomers covering the stationary phase. The disruption of the sur-
factant organized structures is translated into an increase in the
elution strength of the organic solvent, which becomes similar to
that observed in an acetonitrile-water mobile phase.

In this work, the retention of the [3-blockers in mobile phases
comprising the micellar and high submicellar regions was mea-
sured for ethanol and 1-propanol, but the transition region (around
20-25% for ethanol and 15-20% for 1-propanol) was far less evident
in comparison to acetonitrile (i.e. the change in elution strength
was more gradual). On the other hand, the small elution strength
of methanol in the presence of surfactant forced the use of mobile
phases containing a large amount of this solvent, where micelles
cannot be formed (i.e. HSC mode). All the observed effects should
be gathered by the models describing the retention behaviour.

3.1.2. Retention models

In hydro-organic RPLC, the elution behaviour is classically mod-
elled using a quadratic relationship between the logarithm of the
retention factor, k, and the volume fraction of organic solvent in the
aqueous-organic mobile phase, ¢:

logk = log™ =% — co-+ c19 -+ c11¢? (1)
where tg and ty are the retention time and dead time, respectively,
and cg, c1 and cq1, regression coefficients with characteristic values
for a given solute and column/solvent system.

For MLC and HSC, mechanistic models have been developed [13],
which can be rewritten as quadratic polinomia. For MLC:

MLC

£ = o1+ Koo)+ A1+ Kog) ]

= Co +C1¢ + C2[M] + cr29[M] (2)
and for HSC:
1 1 Ky ,  KHSC
= @(1 +Kapy) + @(1 + Kap@)p® + ﬁ(l + Kmp@)I[S]

= co+ 19+ c11¢? + 1@ + 2[S] + c129[S] 3)
which can be simplified to:
o)+ 1+ S Kt

= Co+ €19 + c11¢” + ©2[S] + €129[S] (4)

where [M] is the concentration of surfactant monomers involved
in micelle formation and [S] the concentration of surfactant
monomers in the submicellar mode (where no micelles are
formed); Kps describes the partition of the solute between bulk
water and the surfactant-modified stationary phase, and K};"NL[C
and KII°C the partition between bulk water and the surfactant
monomers forming micelles (MLC) or the free monomers (HSC);
Kap and Kyp are constants that account for the displacement of the
partitioning equilibria produced by the addition of the organic sol-
vent. Finally, the ratio K, to Kjs is a regression coefficient similar to
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Table 1
Correlation between predicted and experimental retention factors for the eight B-blockers eluted in the surfactant-mediated modes with SDS.
Organic solvent SDS range (M) Solvent range (%, v/v) Retention model Correlation equation R n?
Micellar mode
Acetonitrile 0.075-0.15 5-15 Eq.(2) Kpred =0.11+0.9985kex) 0.99993 40
Methanol Non-available?
Ethanol 0.075-0.15 5-15 Eq.(2) Kpred =0.03 +0.9994kex,, 0.99998 40
1-Propanol 0.04-0.15 5-15 Eq.(2) Kpred =0.05 +0.9999kex), 0.99997 56
High submicellar mode
Acetonitrile 0.075-0.15 30-50 Eq. (4) Kpred =0.04 +0.999%kex), 0.9998 64
Methanol 0.075-0.15 50-60 Eq.(2) Kpred =0.08 +0.9964kex), 0.9994 40
Ethanol 0.075-0.15 20-40 Eq. (4) kprea =0.04+0.9983kexp 0.9998 47
1-Propanol 0.04-0.15 20-35 Eq. (4) kpred =0.012 +0.998kexp, 0.9997 64

2 Number of points.

b Data for methanol in the micellar mode were not available due to the high retention.

c11 in Eq. (1). The quadratic and cubic terms in ¢ for the HSC mod-
els account for the larger role of the organic solvent in the mobile
phase [12,15].

In MLC, hyperbolic relationships have been demonstrated to be
more appropriate than the logarithmic ones for alcohols [42]. We
checked, therefore, also the performance of a hyperbolic model for
conventional hydro-organic RPLC:

1
E=Co+f1<ﬂ+c11<ﬂ2 (5)
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3.1.3. Accuracy of the retention models

The performance of the models given in Egs. (1)-(5), fitted with
the retention data of each 3-blocker eluted with the mobile phases
described in Section 2.3, was measured using the correlation coef-
ficient (R), and the mean relative prediction error calculated as:

n
Zi:1 lkexp — Kpreal «

RE = -
nkexp

100 (6)

where kexp and kpeq are the experimental and predicted reten-
tion factors, respectively, for each individual compound eluted with
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Fig. 1. Similarities in selectivity between the surfactant-mediated and hydro-organic modes, expressed as the R coefficient for the correlation of the retention times of the
eight B-blockers separated in both modes with the Kromasil C18 column, at varying mobile phase composition. The concentration of SDS in the surfactant-mediated modes

was fixed at 0.075M in all cases.
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each mobile phase, and kexp is the mean experimental retention both HSC and the transition region. The predictions were highly
factor considering all compounds and mobile phases. satisfactory. For MLC, n=40, R=0.9999 and RE =0.51%; and for HSC,

For acetonitrile, the retention in MLC (<15% acetonitrile), HSC n=64, R=0.9998 and RE = 1.08% for the quadratic model (without
(>30%), and the transition region (15-30%) was modelled using significant improvement with the cubic model: R=0.99992 and
three different equations: Eq. (2) for MLC, and Eq. (3) or (4) for RE = 0.78%). However, when the whole search space is considered
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Fig. 2. Left: Similarities in selectivity between the short-chain alcohols and acetonitrile in the surfactant-mediated modes, expressed as the R coefficient for the correlation of
the retention times of the eight 3-blockers separated with the Kromasil C18 column, at varying mobile phase composition. The concentration of SDS was fixed at 0.075M in
all cases. The predictions for the micellar region were made with Eq. (2), and those for the transition and high submicellar regions with Eq. (4), except for methanol for which
Eq. (2) was used. Right: Correlation plots corresponding to the marked points in the regions of maximal selectivity. Compounds: (1) atenolol, (2) pindolol, (3) acebutolol,
(4) celiprolol, (5) esmolol, (6) metoprolol, (7) timolol, and (8) oxprenolol. The order of elution was the same for the four solvents, except for esmolol and metoprolol, which
reversed their elution for methanol.
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Fig. 3. Mean values of efficiency (a and b) and asymmetry factor (c and d) considering the eight 3-blockers, eluted in the surfactant-mediated modes (a and c¢) and hydro-
organic mode (b and d). Organic solvents: acetonitrile (®), methanol (2), ethanol (O), and 1-propanol (¢). The efficiencies were calculated according to Foley and Dorsey [48],
and the asymmetry factors as the right to left half-widths ratio at 10% peak height. The concentration of SDS in the surfactant-mediated modes was 0.075 M.

(e.g. 5-50% acetonitrile in this work), the use of specific models
for different regions of the factor space complicates the search of
the optimal experimental conditions. For this reason, we sought
also a model that fitted satisfactorily the elution behaviour in the
whole domain (5-50%). The best description was achieved with
the cubic equation (Eq. (3)), with n=136, R=0.9992 and RE =2.8%,
against R=0.988 and RE=8.7% for the quadratic model (Eq. (2)).
As expected, the quality of the predictions was enhanced when
the domain was divided in regions described by specific mod-
els.

With methanol, only the HSC separation could be examined,
owing to the high retention in MLC, but for ethanol and 1-propanol,
both MLC and HSC mobile phases were assayed. As commented,
for methanol, we assayed only five mobile phases covering a rel-
atively narrow factor space. In this case, we preferred to model
the retention with Eq. (2), which allowed one degree of freedom
(n=40, R=0.9994 and RE=1.85%). For ethanol in the MLC mode:
n=40, R=0.9999 and RE=0.25%; and in HSC, n=47, R=0.9998
and RE=0.91% for the quadratic model. For 1-propanol in the
MLC mode: n=56, R=0.9999 and RE=0.48%; and in HSC, n=64,
R=0.9997 and RE=1.07% for the quadratic model. The excellent
descriptions obtained for acetonitrile and the alcohols can be also
appraised in Table 1.

For ethanol and 1-propanol, the use of a single model to pre-
dict the retention factors in the whole range of organic solvent
concentrations was also considered. For these solvents, the transi-
tion between MLC and HSC was rather smooth, but again the cubic

model offered the best accuracy (for ethanol: n=87, R=0.9998 and
RE =1.33%, against R=0.9990 and RE = 2.9% for the quadratic model;
and for 1-propanol: n=120, R=0.99994 and RE=1.10%, against
R=0.9997 and RE=2.25%).

For comparison purposes, models describing the retention in
the hydro-organic mode were also obtained. We assayed both
logarithmic and hyperbolic relationships (Egs. (1) and (5)). For ace-
tonitrile, methanol and ethanol, the predictions were similar for
the logarithmic and hyperbolic models, with RE <1.0%. However,
for 1-propanol, these were improved with the hyperbolic model:
R=0.999990 and RE = 0.43%, against R=0.9993 and RE = 3.8% for the
logarithmic.

3.2. Comparison of the selectivity in the different systems

The resolution capability of a chromatographic system depends
on its selectivity and peak performance (i.e. peak broadening and
skewness). The selectivity is traditionally measured through the
ratio of the retention factors (relative retention) for the peaks of
two compounds, which is called the “selectivity factor”. This pair-
wise comparison is usually extended to two or more peaks [43].
The selectivity factor is also applied to column characterization,
using selected pairs of probe compounds, eluted under specific
conditions. These compounds are assumed to measure different
properties, such as column hydrophobicity, silanol activity, steric
hindrance, hydrogen bonding capacity and ion-exchange capabil-
ity, for which several test compounds have been proposed [44].
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Fig. 4. Contour maps showing the peak purities in a two-factor space of concentrations of surfactant and organic solvent, for a set of seven [3-blockers (without esmolol),

eluted in the surfactant-mediated modes.

However, although the conclusions about the hydrophobicity gen-
erally agree between the tests, those for other properties differ.
Also, it should be noted that the selectivity changes with mobile
phase composition. It is, thus, possible that two columns or systems
show similar for a given composition region and differ extremely
for another [45].

The addition of a surfactant to an RPLC system gives rise to
a fundamental change in the stationary phase nature that affects
its selectivity. Also, in the surfactant-mediated systems, differ-
ent organic solvents may give rise to different behaviours. In
order to obtain a comprehensive description of the selectivity,
we decided to compare the relative retention for all probe com-
pounds in each system (MLC, HSC or hydro-organic) considering
the incidental variations with mobile phase composition. Note
that this study comprises the information given by selected pairs
of compounds. For this purpose, the retention times of the set
of B-blockers, separated with two different modes or solvents,
were regressed each other at varying mobile phase composition.
The retention times in each case were predicted using the mod-
els described in Section 3.1.2 and the dead time values, for a
number of mobile phase compositions distributed in the solvent
content range. The correlation coefficient (R) was used as a descrip-
tor of the similarity between the peak distribution (selectivity) of

the systems. Such approach was previously applied to the com-
parison of different columns using acetonitrile-water mixtures
[45].

Fig. 1 depicts contour maps showing the R coefficients for
the correlations between the retention times for the surfactant-
mediated and hydro-organic modes, for each organic solvent. For
the surfactant-mediated modes, the concentration of SDS was arbi-
trarily fixed at 0.075 M. As observed, the addition of surfactant gives
rise to important changes in the selectivity. However, the similar-
ities increase at increasing concentration of the organic solvent,
especially for ethanol and 1-propanol, with maximal R-values of
0.90 and 0.95.

The similarities among the four organic solvents in the
surfactant-mediated systems were also checked. The contour maps
in Fig. 2 compare each alcohol with acetonitrile. The diagrams were
obtained using the best retention models for acetonitrile in each
region (MLC, transition and HSC, which are marked). In each case,
a narrow region of high similarity (R>0.975) between systems is
achieved (the plots at the right of each figure depict the best cor-
relations, corresponding to the marked points). Similar diagrams
were built to compare the alcohols. These revealed that methanol
and ethanol were similar in selectivity, in a wide composition
range.
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Fig. 5. Selected chromatograms for a mixture of seven [3-blockers, eluted with: (a) 0.15M SDS/42.7% acetonitrile (P=0.976), (b) 0.075 M SDS/50.0% methanol (P=0.972), (c)

0.10 M SDS/40.0% ethanol (P=0.972), and (d) 0.078 M/7.8% 1-propanol (P=0.921).

3.3. Changes in peak width and asymmetry

In hydro-organic RPLC, protonated basic drugs interact with free
silanols on the stationary phase in a slow process, which implies
tailing peaks and low efficiencies affecting the chromatographic
resolution [46]. SDS is an effective silanol-blocking agent for the
analysis of B-blockers [47], with implications in the resolution.
Fig. 3 shows the changes in the mean efficiency and asymmetry
factor for the set of eight B-blockers in the surfactant-mediated
and hydro-organic modes, using acetonitrile and the three alcohols
as modifiers. In all cases, the presence of SDS in the mobile phase
yielded a significant improved peak shape (i.e. larger efficiencies
and smaller asymmetry factors). Also, in the surfactant-mediated
modes, the peaks were enhanced at increasing solvent content, up
to reach a maximal value of efficiency, which is more evident for
acetonitrile and 1-propanol. Note that the maximum is found in
the region where micelles are being disrupted (~30% acetonitrile
and ~20% 1-propanol). At this concentration, surfactant desorp-
tion from the stationary phase should be significant. The best peaks
were obtained in the SDS/acetonitrile systems. Note that the peaks
for methanol correspond only to the HSC mode, where no micelles
are formed (as commented, the retention in the MLC mode was

excessive to be measured). However, it seems that methanol yields
also better efficiencies than ethanol and 1-propanol.

3.4. Resolution performance

The reduction of the information related to the chromatographic
resolution was performed using the peak purity concept (peak area
fraction free of interferences), which is a normalized measurement
ranging from zero for full overlapping to one for full resolution
[39,40]. The global resolution (P) was assessed as the product of
elementary peak purities (p;). The measurement of peak purities
was proposed in the 80s [49], but its use was not possible until
the development of fast computers, and more practical and reli-
able peak models. The most important features of the peak purity
concept are its straightforward meaning, and the capability of eval-
uating the separation degree of a given peak, without linking it to
the identity of the interferences or being affected by changes in the
elution order. It also gives information about the expectancies of
resolution (i.e. limiting resolutions) for a single compound, a group
of compounds, or for the whole mixture [50].

The elution order of the (3-blockers in the surfactant-mediated
modes was the same for the four organic solvents, except for
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Fig. 6. Optimal chromatograms for a mixture of the eight 3-blockers, eluted with:
(a) 0.15M SDS/41.1% acetonitrile (P=0.965), and (b) 16.35% acetonitrile (P=0.586).

esmolol and metoprolol which constitutes the critical pair in
the mixture (these compounds eluted closely and reversed their
retention at certain compositions). The global resolution was thus
affected by the overlapping of a single pair. Therefore, in order
to appraise the resolution behaviour of the different (3-blockers,
we obtained first the peak purity contour maps for a mixture of
seven [3-blockers (without esmolol, which belonged to the critical
pair) (Fig. 4), and considered further the overlapping of the critical
pair. As observed, for acetonitrile and ethanol, there is a wide com-
position range where satisfactory resolution is achieved. Instead,
the region of acceptable resolution for methanol and 1-propanol
is rather narrow. The optima were found at 0.0915M SDS/14%
acetonitrile (P=0.99999), 0.075M SDS/50% methanol (P=0.972),
0.075M SDS/25% ethanol (P=0.996), and 0.04M SDS/7.7%
1-propanol (P=0.995). At these compositions, the analysis time
was however too long, but it could be decreased to acceptable val-
ues maintaining good resolution, by increasing the concentration
of organic solvent (and eventually, SDS). Fig. 5 shows the chro-
matograms for four selected conditions, which corresponded to
the HSC mode for acetonitrile, methanol and ethanol, and MLC for

1-propanol. The analysis time could not be further decreased for
methanol and 1-propanol, owing to the overlapping of the peaks of
pindolol, acebutolol and celiproplol.

The limiting peak purities for esmolol and metoprolol (the criti-
cal pair) were pji, =0.998 and 0.990 for acetonitrile, 0.649 and 0.649
for methanol, 0.791 and 0.787 for ethanol, and 0.751 and 0.652 for
1-propanol, respectively. This means that only acetonitrile was able
to resolve the critical pair. Acetonitrile also succeeded in the res-
olution of the mixture of the eight [3-blockers, with optimal peak
purity at 0.124 M SDS/39.2% acetonitrile (P=0.977), and an analysis
time of 30 min, which can be decreased to 21 min with still good
resolution at 0.15 M SDS/41.1% acetonitrile (Fig. 6a).

The most outstanding differences between the surfactant-
mediated and hydro-organic modes are the different elution order
(see Fig. 6 for acetonitrile), the multiple peak reversals in the hydro-
organic mode, and the improved efficiencies in the presence of
surfactant. For the hydro-organic mode, the critical peaks corre-
sponded to acebutolol and timolol for acetonitrile, metoprolol and
timolol for methanol and ethanol, and acebutolol, metoprolol and
timolol for 1-propanol; meanwhile, esmolol was well resolved in a
wide range of compositions for all solvents.

In all cases, the resolution was poorer in the hydro-organic
mode, but again acetonitrile and ethanol offered the best perfor-
mance. For 1-propanol and methanol, several peaks overlapped
in the optimal separations, at relatively low concentrations of the
organic solvents (20% for methanol and 5.5% for 1-propanol), with
long analysis times (50-100 min). Thus, these solvents cannot be
recommended in the analysis of the mixture of [3-blockers with
or without surfactant in the mobile phase, using the Kromasil C18
column. The analysis times for acetonitrile and ethanol were appre-
ciably shorter in the hydro-organic mode. With these solvents, it
was possible to resolve a mixture of seven (3-blockers (without tim-
olol) in 22 min using 16.65% acetonitrile (P=0.97), and in 10 min
using 21.7% ethanol (P=0.998). However, only the SDS/acetonitrile
RPLC system could resolve the mixture of eight 3-blockers (Fig. 6).

4. Conclusions

Analysts working with mobile phases containing a surfactant
at relatively high concentration (i.e. above the CMC in water)
have been concerned with the preservation of micelles. However,
as commented, there is no sudden transition between MLC and
HSC. Also, some authors using high organic solvent concentrations
claimed to be working in MLC conditions, without being aware
that no micelles were formed. However, in fact, there is no reason
to neglect the potentiality of mobile phases containing surfactant
monomers instead of micelles. This has been demonstrated for the
analysis of 3-blockers.

Another common topic in the MLC literature is the role of
micelles in the chromatographic behaviour. Certainly, micelles
increase the solubility of analytes, and contribute to their des-
orption from the stationary phase, with an elution strength often
larger than that of the organic solvent. Thus, the organic solvent is
seen as a secondary modifier, which can affect the micelle nature
and displace the analyte partition equilibrium towards the bulk
mobile phase. However, in fact, the role of the organic solvent is
similar to that in an aqueous-organic mixture. The loss of pro-
tagonism of the organic solvent in a surfactant-mediated mobile
phase can be explained by its association with the micelles or sur-
factant monomers, which decreases its capability to interact with
analytes. Since the stabilization with an organized structure (as the
micelles) is stronger, the disruption of micelles at high concentra-
tion of the organic solvent gives rise to a significant increase in
elution strength, which cannot solely be explained by the increase
in the concentration of the organic solvent. In these conditions, the
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elution strength of the organic solvent tends to that in a hydro-
organic medium (in the absence of surfactant).

Among the RPLC systems investigated in this work to analyse
a mixture of B-blockers, using four organic solvents (acetonitrile,
methanol, ethanol and 1-propanol), the best in terms of resolution
and analysis time was HSC with acetonitrile. The anionic surfac-
tant adsorbed on the stationary phase increases the retention and
improves the peak properties. This extends the separation space,
giving rise to high resolution in wide concentration ranges of both
surfactant and organic solvent. Acetonitrile consumption is rel-
atively high, but its evaporation is decreased in the presence of
surfactant, which facilitates mobile phase recycling. On the other
hand, the hydro-organic mode did not succeed with the separation
of the eight [3-blockers.

Ethanol, which has not attracted attention in the MLC litera-
ture, showed better performance than methanol and 1-propanol.
Ethanol and acetonitrile have the same polarity, and give rise to
similar elution strength, with some differences in the selectivity
and wider peaks for ethanol (see Fig. 5).
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