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Abstract

Micellar liquid chromatography permits the elution of solutes of diverse polarity. One of the most outstanding advantages
of the technique is its capability of predicting the retention with high accuracy, as a function of different experimental
variables. The separation of a group of compounds is usually optimized by varying the concentrations of surfactant and
modifier in the mobile phase. The pH is, however, for many solutes, a variable that should be considered in the description of
their elution behaviour. A global model that takes into account, simultaneously, the concentrations of surfactant and
modifier, and the pH as chromatographic variables, is proposed for ionizable solutes. The mean relative errors obtained in the
prediction of the retention of seven compounds eluted with 81 mobile phases of sodium dodecyl sulphate (SDS) and
1-propanol, using equations fitted with the experimental data measured in 9 to 12 mobile phases was, usually, lower than 6%.
The ranges of the variables considered were 0.05-0.15 M SDS, 0-0.08 (v/v) 1-propanol and pH 3-7.

Keywords: Retention behaviour; Surfactants; Modifiers; Mobile phase composition; Micelles; Sodium dodecyl sulfate;

Propanol

1. Introduction

Many interesting examples have appeared in the
literature on the use of a secondary chemical equilib-
rium involving micelles in reversed-phase liquid
chromatography [1-7]. Selection of the optimal
mobile phase pH is often extremely important owing
to the side protonation reactions of many solutes. In
fact, the manipulation of the pH can lead to the
resolution of complex mixtures [8,9]. In the optimi-
zation of the separation of weak organic acids and
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bases with micellar mobile phases, it is usual to fix
the pH and only optimize the concentration of
surfactant and modifier. The best pH for the sepa-
ration is selected after examining the retention in a
reduced number of mobile phases, at two or three pH
values. However, to achieve the full separation
potential, the pH should be simultaneously optimized
with the concentrations of surfactant and modifier,
since the protonation constants suffer shifts depend-
ing on the composition of the micellar mobile phase.
This is caused by the different partitioning of the
acidic and basic species of a solute in the micellar
pseudophase.
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It has been demonstrated that, in micellar media
containing a constant concentration of modifier at a
given pH, the capacity factor, k', is related to the
concentration of surfactant forming micelles, [M],
through a very simple equation [10-12]:

¢
KAS

koot
1+ K%, [M]

()
K%s=¢ P% being the phase ratio multiplied by the
partition coefficient between stationary phase and
water, and K%,, the solute-micelle association con-
stant. The superscript ¢ makes reference to the
conditional character of these constants with respect
to the concentration of modifier.

The equation describing the retention is more
complex when the influence of surfactant and modi-
fier are simultaneously considered, in a hybrid
micellar mobile phase [13,14]. Assuming that the
relative change in the concentration of solute in bulk
water and micelles is proportional to the concen-
tration of modifier, the constants K¢ and K%, will
be given by:
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where ¢ is the concentration of modifier, A and AM
are the concentrations of free solute in bulk water
and solute associated to the micelle in a pure
micellar solution (without modifier), and AA and
AAM are the changes in the concentrations produced
by the modifier. The constants K, and K, , measure
the relative variation in the concentration of solute in
bulk water and micelle, respectively, in the presence
of modifier, taking the pure micellar solution as
reference. Thus, the equation of retention will be:
K 1
AS
Y= 1+K,,¢ @
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This model is valid for polar or moderately hydro-
phobic solutes. For highly hydrophobic solutes, the
change in the concentration of solute associated to
the stationary phase, due to the presence of the

modifier, should also be considered [14]. Eq. (4) can
be modified to take this effect into account by
substitution of (1 + K, ¢)/(1+K,, ¢) by the 1/(1+
K., ¢) factor of K,;. This behaviour has been
checked with mobile phases containing the surfac-
tants sodium dodecyl sulphate (SDS) and cetyltri-
methylammonium bromide (CTAB), and the modi-
fiers propanol, butanol, pentanol and acetonitrile
[6,15-17].

Arunyanart and Cline-Love [18], and Rodgers et
al. [19,20], proposed a mathematical model to de-
scribe the retention of solutes as a function of the
concentration of surfactant and pH. Strasters et al.
[8] also considered the concentration of modifier, but
proposed an approximate model to predict the re-
tention: the method of triangles adapted to three
dimensions, and linear log £’ vs. pH, surfactant and
modifier functions. In this strategy, the procedure
begins with a design of fifteen points located in a
three-dimensional space, which is divided in 24
tetrahedra. Therefore, 24 different equations of re-
tention should be fitted. The retention in other
mobile phases is calculated by a simple linear
interpolation inside each tetrahedron. When the ex-
perimental and predicted retention data coincide, a
confirmation of the assumed linearity is obtained.
However, when strong deviations of the linear model
are observed, subsequent measurements should be
used to refine the prediction by a further subdivision
of the parameter space into smaller tetrahedra. This
method needs narrow variable ranges to avoid devia-
tions from linearity, and may require a large number
of measurements.

The range of pH values examined by Strasters et
al. [8], for the prediction of the retention of several
amino acids and peptides, was intentionally reduced
to pH 2.5-3.5 to prevent deviations from linearity in
their retention behaviour. For larger ranges, a sig-
moidal retention vs. pH curve was observed. This is,
obviously, a great limitation of the procedure. Also,
the retention behaviour of solutes should be prefer-
ably described by a single equation, valid for the
whole variable space.

In this work, a mathematical model is reported
which extends the description made with Eq. (4), to
take into account the influence of pH on retention.
The model was applied to the prediction of the
retention behaviour of solutes inside the working



J.R. Torres-Lapasio et al. | J. Chromatogr. A 769 (1997) 155-168 157

range of a C,; column (pH 3-7), and for the
concentration ranges of SDS and propanol, 0.05-
0.15 M, and 0-0.08 (v/v), respectively. The model
has proved to be adequate in the whole variable
space.

2. Theory

2.1. Influence of pH and concentration of
surfactant on the retention in micellar liquid
chromatography

The retention in a reversed-phase system of sol-
utes that exhibit an acid—base behaviour, depends on
the pH of the mobile phase. For a monoprotic system
showing a protonation equilibrium in water:

A+HzHA K - [FA] 5

& H™ [A]h (5)
where s is the proton concentration and K, is the
protonation constant, the capacity factor will be
given as follows:

[AS] + [HAS]
¢ [A] + [HA] + [AM] + [HAM] ©)

k' =

[AS] and [A] being the concentrations of the non-
protonated species present in the stationary phase
and bulk water, respectively, and [HAS] and [HA]
the concentrations of the respective acidic species.
Finally, [AM] and [HAM] refer to the concentrations
of the basic and acidic species associated to the
micelle, respectively. Inside the column and with
mobile phases without an organic modifier, several
partitioning equilibria will take place:

(1) Association of the basic species to the micelle:

A+M=AM K, = LAM]
A B T A @

(ii) Association of the basic species to the station-
ary phase:

azas py =23 g
e AS T [A] ( )
(ii1) Association of the acidic species to the

micelle:

_ [HAM]

HA + M=HAM  Kyxu = THAIM] )

(iv) Association of the acidic species to the
stationary phase:

[HAS]
HA=HAS Pyrs = [as

(10

By substitution of Eqgs. (5,7-10) in Eq. (6), and
making K, =¢ P, and K,;, = ¢ Pyas, the follow-
ing is obtained:

— KAS + KHASKHh
1+ Kyt + Ky [M] + Ky Kh[M]

k' (11)
Rewriting this expression, an equation similar to Eq.
(1) is obtained:

KAS + KHASKHh
I+ K,h
KAM + KHAMKHh

=TTk M

H
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I+ K, u[M]
where K and K, are conditional constants with
respect to proton concentration, that show a sigmoi-
dal dependence with pH. Eq. (11) may also be
rewritten as follows:

k' =
KAS KHAS 1+ KHAM[M]K h
1+ K, uM] 1+ K M) 1+K,[M]H
1+K, M
Ly 1 KM
1+K,,[M]

(13)

A similar equation was reported previously [18,19}.
Eq. (13) indicates that the retention varies with pH,
following a sigmoidal behaviour between the re-
tention of the acidic species and the retention of the
basic species. Eq. (13) is also valid for mobile
phases having the same concentration of organic
modifier, and may easily be extended to solutes
exhibiting several protonation equilibria in the pH
working range.
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2.2. Simultaneous influence of pH, surfactant and
modifier on the retention

Most micellar liquid-chromatographic analytical
procedures reported in the literature make use of
hybrid micellar eluents. The modifier shortens the
elution times of the solutes, especially important for
the most non-polar solutes, and often improves the
shape of the chromatographic peaks. The effect of
the modifier on the description of the retention can
be considered by substitution of Egs. (2,3), and other
similar for the protonated species, in Eq. (13). In this
way, the following is obtained:

KAS KHAS
1+ Kpe 1+ Kyan?
K, h
1+ Koo 1+ Kypp M
1+ Ky I+K::¢[M] ]+KHAMT':::¢
k=
1+ kKyh
(14)
where:
1+ Kymp®
1+ Koo — M
= HAMl"-KHADG"[ :
1 +Kype
1+ K, 1 +KAD¢’[M]
Eq. (14) may be rewritten as:
,_ Ktk Ky h (1s)

1+KN*%h

where k;, and k;, are the capacity factors of the
basic and acidic species, respectively, and K x“’ is the
conditional protonation constant that depends on the
concentration of surfactant and modifier, and on the
association capability of both acid-base species with
the micelle.

Eq. (14) contains nine constants (K, K,y Kap»
Kyup: Kuas: Kuam» Kuaps Kump and K,,), and
describes the change in the capacity factors of acid—
base solutes at any concentration of surfactant,
modifier and pH, in the mobile phase. The modi-
fication of the protonation constant, K, in a water-
modifier bulk solvent with the concentration of
modifier, has not been considered, because this
would complicate excessively the model by the
introduction of a new constant. It was checked that

the inclusion of this constant did not improve
significantly the description of the retention, since
the large number of parameters of the model pro-
vides a high flexibility to the fitting, absorbing the
deviations produced by this simplification.

The mean relative errors in the predicted capacity
factors were calculated as:

e = %100 (16)

since this expression avoids achievement of relative
errors dependent on the capacity factors, owing to
the wide range of k' values.

3. Experimental

3.1. Apparatus

A Hewlett—Packard HP 1050 (Palo Alto, CA,
USA) liquid chromatograph with an isocratic pump,
and automatic injector, a UV-visible detector and an
HP 3396A integrator were used. The injection vol-
ume was 20 ul, and the detection was performed at
254 nm. The mobile phase flow-rate was 1 ml min "',
The dead volume in each one of the 81 mobile
phases was determined by injection of water, taking
the first deviation from the base-line. A Spherisorb
ODS-2 column (5 pm particle size, 125 mmX4.6
mm [.D.) and precolumn (35 mmX4.6 mm LD)
from Scharlau (Barcelona, Spain) were used. The
mobile phase and the solutions to be injected were
vacuum filtered through 0.45-pm and 0.22-pm nylon
membranes, respectively (Micron Separations, West-
boro, MA, USA).

Data acquisition was made through the pEAK-96
software from Hewlett—~Packard (Avondale, PA,
USA), and data treatment was performed with MICH-
ROM, a package of programs developed in our
laboratory [21]. micHROM takes part in all the stages
of the analytical process. It allows the determination
of the dead time, smoothing of chromatograms,
measurement of peak parameters and fitting of



J.R. Torres-Lapasio et al. | J. Chromatogr. A 769 (1997) 155- 168 159

Table |

Capacity factors in several mobile phases of SDS and propanol at increasing pH

Compound SDS (M) 0.05 0.05 0.05 0.10 0.10 0.10 0.15 0.15 0.15
Propanol (v/v) 0.00 0.04 0.08 0.00 0.04 0.08 0.00 0.04 0.08
pH

Benzocaine 30 77.3 32.0 18.4 354 16.1 9.11 233 9.61 6.77
35 64.8 245 14.2 31.6 132 7.55 214 8.40 5.30
4.0 51.5 17.5 10.1 26.0 9.76 5.84 16.5 6.45 427
4.5 40.0 13.5 8.09 21.2 7.80 5.06 13.7 5.35 3.94
5.0 348 11.9 7.86 8.9 7.18 4.87 12.5 5.07 3.72
5.5 33.1 11.4 7.70 18.0 6.97 4.79 11.7 5.01 3.73
6.0 326 11.3 7.57 17.8 6.96 4.75 11.6 498 3.63
6.5 325 111 7.53 17.6 6.93 4.75 11.6 4.96 3.61
7.0 312 11.1 7.26 17.5 6.92 475 11.6 4.96 3.61

Bumetanide 3.0 304 14.6 10.9 14.5 7.82 5.86 10.1 5.11 3.97
35 303 14.6 10.7 143 7.79 5.68 10.1 5.30 3.90
4.0 303 14.6 10.2 14.2 7.77 5.47 10.0 5.03 3.87
45 289 12.6 8.15 13.5 7.26 4.87 9.76 4.81 3.69
5.0 255 9.70 5.76 12.3 5.99 3.63 8.99 3.95 294
5.5 18.8 6.16 3.47 9.86 4.25 2.37 7.26 2.88 1.93
6.0 10.3 3.11 2.00 6.39 2.37 1.51 5.00 1.88 1.24
6.5 5.14 1.96 1.36 3.52 1.58 1.11 2.99 1.26 0.84
70 3.28 1.54 1.17 2.26 1.26 0.92 1.86 1.02 0.72

Ethacrynic acid 3.0 45.0 20.2 14.2 22.8 10.9 7.46 15.2 7.17 5.38
3.5 40.5 17.7 11.7 216 10.2 6.49 14.8 6.73 4.88
4.0 320 133 7.83 18.2 8.45 4.77 12.7 5.39 3.79
4.5 212 8.09 481 13.0 5.27 3.14 8.71 3.58 2.68
5.0 11.9 448 3.03 7.59 3.39 223 5.15 243 1.75
5.5 7.41 3.20 2.31 4.60 2.53 1.76 3.62 1.95 1.38
6.0 5.59 2.76 2.11 3.53 2.22 1.58 291 1.69 1.25
6.5 4.60 2.64 2.00 3.13 2.11 1.55 2.67 1.62 1.26
7.0 4.39 2.66 1.98 3.13 2.05 1.51 2.57 1.61 1.27

Furosemide 3.0 15.9 8.09 5.64 7.94 4.74 3.31 5.75 3.24 2.47
35 15.5 7.73 5.18 7.86 461 3.16 5.63 3.15 2.39
4.0 14.1 6.88 4.06 7.44 4.18 2.70 5.37 2.85 2.17
4.5 109 4.56 2.61 6.19 3.15 1.95 4.72 2.32 1.71
5.0 6.27 2.35 1.49 4.25 1.83 1.22 3.32 1.48 1.14
5.5 3.25 1.27 0.91 243 1.20 0.81 2.16 1.01 0.76
6.0 1.69 0.82 0.63 1.43 0.80 0.61 1.36 0.73 0.59
6.5 1.15 0.69 0.56 1.08 0.67 0.53 0.97 0.64 0.51
70 0.96 0.64 0.53 091 0.62 0.51 0.87 0.61 0.48

Sulfanilamide 3.0 4.10 2.07 1.20 2.53 141 1.03 1.88 1.08 0.93
35 2.32 1.28 0.85 1.64 0.98 0.76 1.38 0.82 0.71
4.0 1.59 0.86 0.66 1.24 0.76 0.63 1.11 0.69 0.59
45 1.26 0.74 0.61 1.10 0.69 0.59 1.03 0.66 0.55
5.0 1.17 0.70 0.59 1.04 0.66 0.57 0.98 0.64 0.53
5.5 1.15 0.68 0.58 1.02 0.65 0.56 0.95 0.63 0.53
6.0 1.14 0.68 0.58 1.02 0.65 0.56 0.95 0.63 0.53
6.5 1.13 0.68 0.58 1.01 0.65 0.56 0.95 0.63 0.52
7.0 1.13 0.68 0.58 1.01 0.65 0.56 095 0.63 0.52
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Table 1. Continued

Compound SDS (M) 0.05 0.05 0.05 0.10 0.10 0.10 0.15 0.15 0.15
Propanol (v/v) 0.00 0.04 0.08 0.00 0.04 0.08 0.00 0.04 0.08
pH

Tyrosine 3.0 19.5 9.37 4.46 947 5.39 2.96 6.77 3.39 2.41
35 14.6 5.50 2.66 7.23 3.36 1.75 5.88 2.16 1.32
40 8.07 2.64 1.51 4.61 1.79 0.97 343 1.28 0.69
45 3.83 1.45 1.10 2.49 1.00 0.67 1.81 0.72 0.48
5.0 1.67 1.07 0.88 1.32 0.72 0.57 0.98 0.45 0.40
5.5 1.04 0.84 0.81 0.88 0.62 053 0.70 0.49 0.36
6.0 0.88 0.81 0.77 0.73 0.58 0.52 0.56 042 0.34
6.5 0.85 0.79 0.77 0.68 0.58 0.51 0.54 0.44 0.36
7.0 0.84 0.77 0.76 0.68 0.57 0.50 0.52 042 0.35

Xipamide 3.0 36.9 16.4 11.6 18.4 9.12 6.40 12.6 6.14 4.59
35 36.8 16.6 11.6 184 9.19 6.29 12.6 6.13 4.60
40 36.5 16.4 11.2 184 9.13 6.21 12.5 6.10 4.59
4.5 36.0 15.6 10.2 17.9 9.00 595 12.4 5.97 4.56
5.0 34.1 13.6 8.30 17.1 8.53 5.11 12.2 5.60 4.14
5.5 28.3 9.32 5.45 15.6 6.81 371 11.0 4.69 3.27
6.0 18.2 4.89 2.76 11.6 4.22 221 9.08 3.23 1.94
6.5 9.15 2.35 1.38 6.70 2.20 1.13 5.88 1.86 1.10
7.0 4.17 1.28 0.78 322 1.23 0.74 3.01 1.03 0.64

skewed peaks. Tools for the experimental design,
optimization of the mobile phase composition to
resolve a mixture of analytes, and simulation of
chromatograms in several experimental conditions,
are implemented. Routines for the graphical repre-
sentation of chromatograms, resolution surfaces,
contour maps, management of data series, optimi-
zation and regression analysis, are also included.

3.2. Reagents

The following compounds were used: benzocaine
(Fluka, Buchs, Switzerland), bumetanide (Boehrin-
ger Ingelheim, Barcelona, Spain), ethacrynic acid
(Merck, Sharp and Dohme, Madrid, Spain),
furosemide (Lasa, Barcelona), sulfanilamide (Sigma,
St. Louis, MO, USA), tyrosine (Scharlau), and
xipamide (Lacer, Barcelona). The diuretics ben-
zocaine, bumetanide, ethacrynic acid, furosemide,
and xipamide, were kindly donated by the Spanish
pharmaceutical industries. The micellar mobile
phases were prepared with sodium dodecyl sulphate
(Merck, Darmstadt, Germany) and 1-propanol (Pan-
reac, Barcelona, Spain). The solutes were eluted at
different pH values, which were adjusted with 0.01

M citrate buffer, after the addition of the alcohol.
The buffer was prepared with citric acid monohy-
drate and sodium hydroxide (Panreac).

The capacity factors of the seven compounds,
eluted with mobile phases containing varying con-
centrations of SDS and propanol, at the pH values:
3.0, 3.5, 4.0, 45, 5.0, 5.5, 6.0, 6.5, and 7.0, are
shown in Table 1. The number of mobile phases
studied was 81. The spatial distribution of the mobile
phases is shown in Fig. 1.

7Q
pH
5@
&0
3Q= Q- &0 .00 V/V
005 0.10 0.15 1—propanol

SDS, M

Fig. 1. Spatial distribution of the mobile phases used in this work.
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4. Results and discussion

The models proposed above were validated with
the retention data of seven solutes that present an
acid—-base behaviour in the 3-7 pH range. The
protonation constants of the solutes (log X;) in water
are: benzocaine, 2.5; bumetanide, 10.0 and 5.2;
ethacrynic acid, 3.5; furosemide, 3.9; sulfanilamide,
10.4 and 2.3; tyrosine, 9.2 and 2.2, and xipamide,
10.0 and 4.8 [22,23]. For the diprotic solutes, only
the protonation equilibrium in acid medium was
considered.

Fig. 2 shows the modification of the capacity
factors with pH for several compounds, in eluents

containing 0.05 M SDS/0.08 (v/v) propanol and
0.15 M SDS without propanol. The same sigmoidal
behaviour was observed for mobile phases with other
concentrations of SDS and propanol. The capacity
factors of the basic and acidic species, and the
conditional protonation constants for the seven com-
pounds studied, for diverse concentrations of surfac-
tant and modifier, are indicated in Table 2. The
parameters were obtained by fitting to Eq. (15) the
experimental data obtained in mobile phases of SDS
and propanol, at increasing pH (nine values). The
concentration of micelles was calculated by subtrac-
tion of the critical micellar concentration (cmc) in
micellar solutions without alcohol (8.15¢ 107 M). In

pH

I ! 1 i

L I
3 4 5 6

1
7
pH

Fig. 2. Modification of the capacity factors with pH for: benzocaine (), ethacrynic acid ({J), xipamide (@), bumetanide (¢), furosemide
(M), tyrosine (A) and sulfanilamide (A), for 0.05 M SDS/0.08 (v/v) propanol (a,b), and 0.15 M SDS (c.d) mobile phases.



162 J.R. Torres-Lapasio et al. | J. Chromatogr. A 769 (1997) 155168

Table 2
Estimated capacity factors of the acidic and basic species and conditional protonation constants, in hybrid mobile phases of SDS and
propanol at increasing pH, using Eq. (15)

Compound SDS (M) Propanol (v/v) kia k log K}* € r
Benzocaine 0.05 0.00 85.2 323 3.73 0.6 0.9997
0.05 0.04 39.0 11.1 3.47 0.2 1.0000
0.05 0.08 23.8 7.42 3.32 1.6 0.9988
0.10 0.00 38.0 17.6 3.84 0.1 1.0000
0.10 0.04 19.1 6.85 3.51 1.0 0.9994
0.10 0.08 11.0 471 3.39 0.9 0.9990
0.15 0.00 25.5 11.5 3.80 1.2 0.9981
0.15 0.04 10.9 4.90 3.60 1.4 0.9981
0.15 0.08 8.97 3.65 3.15 0.7 0.9993
Bumetanide 0.05 0.00 30.7 1.80 5.64 1.0 0.9998
0.05 0.04 149 1.28 522 1.6 0.9994
0.05 0.08 11.0 1.16 4.94 1.6 0.9995
0.10 0.00 144 1.59 5.76 0.9 0.9997
0.10 0.04 792 1.04 5.42 1.3 0.9996
0.10 0.08 5.84 0.91 5.11 1.0 0.9998
0.15 0.00 10.1 1.36 5.84 0.6 0.9998
0.15 0.04 522 0.95 5.41 1.6 0.9991
0.15 0.08 4.01 0.63 5.33 1.3 0.9993
Ethacrynic 0.05 0.00 46.6 4.65 4.30 1.8 0.9997
acid 0.05 0.04 21.5 2.51 4.11 1.0 0.9999
0.05 0.08 15.8 2.01 3.88 0.8 0.9999
0.10 0.00 235 2.96 4.47 0.6 0.9999
0.10 0.04 1.5 2.00 4.27 1.9 0.9992
0.10 0.08 8.03 1.54 4.0t 0.8 0.9999
0.15 0.00 159 2.49 4.45 2.0 0.9993
0.15 0.04 7.59 1.60 422 1.3 0.9996
0.15 0.08 5.67 1.22 4.15 1.3 0.9997
Furosemide 0.05 0.00 16.3 0.86 4.76 0.8 0.9999
0.05 0.04 8.44 0.56 4.52 23 0.9993
0.05 0.08 5.89 0.55 4.30 1.2 0.9999
0.10 0.00 8.09 0.85 4.95 0.6 0.9999
0.10 0.04 4.88 0.61 4.65 1.5 0.9995
0.10 0.08 3.40 0.52 4.50 08 0.9999
0.15 0.00 5.79 0.84 5.03 1.1 0.9997
0.15 0.04 3.29 0.60 4.72 0.9 0.9997
0.15 0.08 2.51 0.48 4.68 04 1.0000
Sulfanilamide 0.05 0.00 10.2 1.14 2.68 0.5 0.9999
0.05 0.04 4.39 0.67 2.78 0.6 0.9998
0.05 0.08 228 0.58 275 04 0.9997
0.10 0.00 5.34 1.01 2.73 0.2 1.0000
0.10 0.04 2.55 0.65 2.83 0.2 1.0000
0.10 0.08 1.80 0.56 2.78 04 0.9998
0.15 0.00 2.96 0.96 2.93 0.5 0.9997
0.15 0.04 1.82 0.63 2.78 0.3 0.9998

0.15 0.08 1.47 0.53 2.88 0.3 0.9998
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Table 2. Continued
Compound SDS (M) Propanol (v/v) kiia ki log K x‘ € r
Tyrosine 0.05 0.00 233 0.75 3.69 1.3 0.9999
0.05 0.04 14.8 0.79 3.20 1.0 0.9999
0.05 0.08 7.33 0.78 3.1 1.2 0.9998
0.10 0.00 10.8 0.70 3.80 2.0 0.9997
0.10 0.04 7.80 0.57 3.30 0.3 1.0000
0.10 0.08 5.02 0.51 3.08 0.7 0.9999
0.15 0.00 7.79 0.50 3.86 35 0.9986
0.15 0.04 4.65 0.42 3.36 2.7 0.9993
0.15 0.08 4.75 0.35 2.94 1.0 0.9999
Xipamide 0.05 0.00 37.1 0.88 5.98 038 0.9998
0.05 0.04 16.7 0.61 5.58 1.1 0.9997
0.05 0.08 11.6 0.58 5.38 1.0 0.9998
0.10 0.00 18.4 0.82 6.20 0.6 0.9998
0.10 0.04 9.28 0.51 5.89 1.5 0.9992
0.10 0.08 6.37 0.53 5.58 0.7 0.9999
0.15 0.00 12.6 0.78 6.37 0.5 0.9998
0.15 0.04 6.15 0.59 5.96 0.3 1.0000
0.15 0.08 4.67 0.37 5.80 1.5 0.9993

previous work, it was checked that the subtraction of
this value of cmc decreases the uncertainty in the
regression process [14].

The correlation coefficients in Table 2 indicate the
reliability of the proposed model. It may be observed
that the modifier decreases the conditional protona-
tion constant, log X r*", whereas this constant slightly
increases with the concentration of surfactant (see
also Figs. 3 and 4). The shift in the conditional
protonation constants upon variation of the modifier
concentration is caused by both the modification of
the thermodynamic constants in the water—modifier
bulk solvent, and the displacement of the acid—base
equilibria, because of the modification of the inter-
action of the solute with the micelles, in the presence
of the modifier.

The results of the fitting to Eq. (4) of the k, and
k;,, values shown in Table 2 are given in Table 3.
This mathematical treatment is equivalent to the
fitting of the experimental data to Eq. (14) in the pH
regions where the basic and acidic species predomi-
nate. The poor results obtained with the protonated
tyrosine are due to the limited extension of the
protonation in the studied pH range (see Fig. 2). A
poor fitting was also usually achieved for the k,
values, due to the scarce retention of the basic
species, which makes the fitting very sensitive to the
experimental error.

The retention data at pH 3.0 and 7.0, and diverse
concentrations of surfactant and modifier (nine val-
ues), for each solute, were also fitted to Eq. (4),
giving the physicochemical constants for the acidic
species (Kyas. Kyam> Kyap, and Kyyp), and basic
species (K,5, K . K.p» and K;), shown in Table
4. At pH 3.0, an acceptable agreement was observed
between these values and those given in Table 3,
except for benzocaine, sulfanilamide and tyrosine,
owing to their incomplete protonation (Fig. 2). The
high retention of benzocaine in acid medium
produces inaccurate extrapolations at concentrations
of surfactant close to the cmc, that lead to abnormal-
ly high constants. The fitting, however, is good and
allows an excellent prediction of the retention be-
haviour in the studied range. At pH 7.0, the agree-
ment between the results in Tables 3 and 4 was
satisfactory, considering the difficulty in the fitting of
low capacity factors. The worst values corresponded
to bumetanide and xipamide, whose basic species did
not predominate completely at pH=7.

The 81 experimental data obtained for each solute,
at several concentrations of surfactant and modifier
and varying pH, were all fitted to Eq. (14) by using
the non-linear method of Powell [24]. The results are
given in Table 5. The fitting errors and correlation
coefficients indicate that the proposed model
adequately describes the experimental behaviour.
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Fig. 3. Normalized capacity factors as a function of pH for the
following mobile phases: 0.05 M (>), 0.10 M (#) and 0.15 M
(C1) SDS, without propanol, for (a) benzocaine and (b)
bumetanide.

Also, the values of log K|, agreed acceptably with
the data found in the literature, although the effect of
the modifier on the aqueous acid—base equilibria was
not considered.

The parameters of the model should be obtained
using an experimental design with data allocated in
the most significant regions of the variable space,
ie., the experimental data should belong to the
regions where the acidic or basic species predomi-
nate, but also some data should be taken in an

1.0
KK, -

0.8 +

02 T ' T I’ T ‘r R ]
3.0 4.0 5.0 6.0 7.0

k',

max

0.0 T ~T T T T T T 1
3.0 4.0 5.0 6.0 7.0
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Fig. 4. Normalized capacity factors as a function of pH for the
following mobile phases: 0 (), 0.04 (#), and 0.08 (O) (v/v)
propanol, containing 0.05 M SDS, for (a) benzocaine and (b)
bumetanide.

intermediate pH region to achieve information on the
protonation constant. A partial fitting of the data can
be made to obtain initial values that facilitate the
rapid and reliable convergence towards the correct
solution, and avoid the achievement of local minima.
Thus, the capacity factors in four mobile phases at
sufficiently acid medium could be used to calculate
the four constants of the protonated species (Eq. (4)).
The parameters of the non-protonated species could
be obtained similarly at pH 7, whereas the estimation
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Table 3
Fitting to Eq. (4) of the capacity factors given in Table 2
Compound Acidic species

KHAS KHAM KHAD KHMD Er r
Benzocaine : ! ¢ 26.3 2.7 0.9993
Bumetanide 330 234 99.4 16.7 29 0.9988
Ethacrynic acid 247 103 40.6 23.7 2.1 0.9991
Furosemide 82.7 97.8 62.9 12.7 1.5 0.9996
Sulfanilamide 86.9 178 244 9.39 49 0.9966
Tyrosine 346 327 216 5.65 78 0.987
Xipamide 228 123 76.3 19.8 1.7 0.9996

Basic species

K,s Kun Ko Kup €, r
Benzocaine 119 64.2 102 24.7 25 0.9994
Bumetanide 2.02 3.28 4.51 31.0 39 0.989
Ethacrynic acid 7.62 15.8 274 4.15 35 0.9946
Furosemide 0.844 0.051 8.19 157 35 0.975
Sulfanilamide 1.21 2.05 15.0 -3.36 4.0 0.988
Tyrosine 0.946 5.25 —4.85 21.0 34 0.984
Xipamide 0.881 0.864 5.18 62.0 6.4 0.952

* Very high values of the parameters were obtained because of an inaccurate extrapolation.

of the protonation constant requires additional mo-
bile phases at intermediate pH values. With the initial
parameters, the global non-linear fitting of the com-
plete set of experimental data can be made.

The retention equation should be fitted using the

data obtained in a reduced number of mobile phases
to facilitate the experimental work. Eq. (14) requires
the use of experimental data from at least nine
mobile phases, but extra data can be used to improve
the reliability of the predictions. The quality of the

Table 4
Fitting to Eq. (4) of the experimental data taken at pH 3.0 and 7.0
Compound Acidic species (pH 3.0)

Kias Kyam Kyap Kyuup € r
Benzocaine 4011 1216 405 29.8 2.0 0.9996
Bumetanide 264 184 81.7 17.4 3.0 0.9987
Ethacrynic acid 249 108 53.7 23.8 1.7 0.9995
Furosemide 759 90.4 64.3 12.6 1.7 0.9994
Sulfanilamide 8.42 25.2 49.8 5.32 3.0 0.9977
Tyrosine 120 123 113 16.2 53 0.9952
Xipamide 212 114 71.6 20.4 2.0 0.9994

Basic species (pH 7.0)

KAS KAM KAD KMD er r
Benzocaine 116 62.4 103 23.8 2.1 0.9996
Bumetanide 4.89 12.1 32.1 10.6 2.7 0.9978
Ethacrynic acid 6.32 10.7 18.2 9.46 1.4 0.9991
Furosemide 0.995 1.02 11.1 4.90 1.7 0.9963
Sulfanilamide 1.21 2.09 14.8 -239 39 0.990
Tyrosine 1.09 7.12 —2.67 149 2.1 0.9962
Xipamide 499 5.13 61.3 17.1 32 0.9980
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Table 5
Fitting to Eq. (14) of the experimental data obtained in 81 mobile phases of SDS and propanol at increasing pH
Compound K,s Kym K, Kuo Kyas Kyiam Kyao Kymp log Ky € r
Benzocaine 120 65.2 94.0 27.3 3916 1080 157 28.7 2.64 2.3 0.9995
Bumetanide 2.89 109 14.6 4.09 413 297 135 15.9 4.66 2.8 09992
Ethacrynic acid 7.04 13.2 17.2 15.3 285 121 65.2 21.1 3.70 2.7 0.9995
Furosemide 1.06 3.27 11.0 2.57 89.6 107 69.4 12.5 4.06 2.6  0.9995
Sulfanilamide 1.27 3.09 16.2 -6.37 92.0 260 47.8 13.6 1.85 4.2  0.9955
Tyrosine 1.22 12.7 -7.37 9.90 267 251 68.9 8.06 2.81 5.1 0.9985
Xipamide 0.957 1.54 9.66 30.0 267 147 104 17.8 5.13 22 0.999%
I predictions performed with several experimental
—~ designs was studied. Fig. 5 shows four of the designs

%7

Fig. 5. Experimental designs.

considered, which were selected according to the
quality of the information given by the experimental
data, and using our previous experience [16]. The
equations fitted according to these designs were used
to predict the retention in the experimental mobile
phases not employed in the fitting (see Table 1). The
mean relative errors and correlation coefficients
obtained are given in Table 6. The errors corre-
sponding to the prediction of the retention of each
one of the 81 mobile phases, using the remaining 80
experimental data in the fitting process, are indicated
in the same table. In this case, the mean relative
errors were only slightly larger than the errors
obtained in the global fitting of the 81 mobile phases
(Table 5), and can be considered as the best results
attainable in the prediction of the retention.

As expected, the designs with 9 points yielded

Table 6
Prediction errors for the retention of diverse solutes in mobile phases of SDS and propanol at increasing pH
Compound Experimental designs® Reference
fitting®

I II 111 v

€ r € r €, r € r € r
Benzocaine 33 0.9989 6.3 0.9950 4.0 0.9971 6.1 0.9942 2.7 0.9993
Bumetanide 4.6 0.9978 5.0 0.9970 7.4 0.988 5.6 0.9958 32 0.9990
Ethacrynic acid 44 0.9984 4.1 0.9975 43 0.9981 6.8 0.9956 29 0.9994
Furosemide 3.7 0.9988 3.8 0.9984 53 0.9942 38 0.9981 28 0.9994
Sulfanilamide 5.9 0.980 9.6 0.964 57 0.982 10.9 0.932 4.8 0.9931
Tyrosine 11.3 0.986 7.7 0.9952 10.6 0.987 13.8 0.976 6.1 0.9981
Xipamide 44 0.9980 37 0.9986 5.0 0.9962 15.6 0.962 24 0.9994

* The roman numbers correspond to the experimental designs in Fig. 5.
* The data in 80 mobile phases were used to predict the retention in the 81st mobile phase. The process was repeated for each mobile phase.
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errors somewhat larger than did the designs with 12
points, although design III gave fairly acceptable
results. The smallest errors were achieved with
design I, where the experimental data are located in
the extreme of the variable space. In previous work,
it was demonstrated that in a space of two variables
(SDS and modifier), the best design contained four
points in the corners of the variable space, although a
fifth point was added to check the accuracy of the
model [13,16].

5. Conclusions

The model given by Eq. (14) accurately describes
the retention of solutes eluted in a C,; column with
hybrid mobile phases of SDS and alcohol, at any pH.
The errors obtained in the prediction of the retention
of diverse solutes were lower than 6%, except for
tyrosine, due to its peculiar behaviour. The predictive
capability of micellar liquid chromatography (MLC)
will allow the reliable and relatively rapid optimi-
zation of the composition of the mobile phase for the
separation of a mixture of compounds, by using an
interpretive method and a reduced number of mobile
phases (at least nine).

The model gives a quantitative description of the
equilibrium properties of the solutes in MLC. How-
ever, the accurate determination of the physicochem-
ical parameters of the model requires the use of the
cmc corresponding to each concentration of modifier.
Also, experimental data taken in mobile phases with
a concentration of surfactant close to the cmc are
necessary to achieve an accurate extrapolation of the
retention in non-micellar mobile phases, in order to
obtain good values of the equilibrium constants of
the solutes between the stationary phase and water.
Errors in these constants will propagate to the
calculation of other constants describing the reten-
tion.

The accurate prediction of the retention of each
compound in a given mixture is more important with
micellar mobile phases than with the conventional
aqueous--organic eluents, owing to the usual low
efficiencies in the former case. The many interac-
tions that the solutes experience in a micellar chro-
matographic system enhances the differences among
them. The possibility of using simultaneously the

three most significant variables that affect the re-
tention, e.g., surfactant and modifier concentrations,
and pH, will improve the capability of resolution of
complex mixtures of ionic and non-ionic compounds.

The number of reports on analytical applications
in MLC have been increasing along this decade. The
development of more applications needs that the
resolution of complex mixtures be made and opti-
mized in a short time, with a low waste of reagents.
The results in this work may contribute for this

purpose.
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