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Using elution chromatography, we studied the adsorption mechanism of the Naproxen enantiomers
on the chiral stationary phase (S,S)-Whelk-01, from buffered methanol-water solutions. We propose
an adsorption mechanism that assumes monolayer adsorption of the more retained enantiomer and the
associative adsorption of the less retained one. The effects of the mobile phase composition on the adsorp-

tion of Naproxen are discussed. The combination of an elevated column temperature and of the use of an
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of the column.

acidic mobile phase led to the degradation of the column and caused a major loss of its separation ability.
The use of a moderately acidic mobile phase at temperature slightly above ambient did not produce rapid
severe damages but, nevertheless, hampered the experiments and caused a slow gradual deterioration

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The resolution of the Naproxen enantiomers on a Whelk-O1
chiral stationary phase (CSP) (see Fig. 1) has become a classical
example of direct chromatographic enantio-separation [1,2]. This
CSP was the first Pirkle-type phase to be commercialized. It has
been distributed for more than 20 years. Therefore, it is surpris-
ing that there is still little information on the macroscopic, let
alone the microscopic retention mechanisms of the adsorption
and separation of the Naproxen enantiomers on this adsorbent.
Until now, the efforts of most analysts were focused on uncovering
the nature of the enantio-recognition process taking place during
the chromatographic analyses made with the chiral selector [3-9]
and on studying the influence of the mobile phase composition
on the retention and chiral resolution [10-13]. Although helpful
for analytical purposes, this information contributes little to our
understanding of the mechanism of adsorption beyond the linear
part of the adsorption isotherm. Yet, knowledge of this mechanism
would be of great importance for the development of preparative
separations.

Most applications of Whelk-01 include the enantio-separations
of Naproxen and of a few other 2-arylpropionic acids. They were
developed for normal-phase chromatography [1,14-18]. However,
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the reversed-phase mode of chromatography is more desirable
for preparative separations of ionizable compounds because these
have a higher solubility in aqueous solutions of organic solvents.
Several examples of the use of this CSP with water-containing
mobile phases are reported [17,19,20]. The retention of several
chiral analytes in reversed-phase liquid chromatography (RPLC)
and in the so-called polar organic mode were studied by the lin-
ear chromatography method [10,21,22]. In this report, we extend
these investigations of the RPLC of Naproxen on Whelk-O1 by using
the more informative nonlinear chromatography method that con-
sists in measuring adsorption isotherms and analyzing the shape of
overloaded bands [23].

2. Theory

2.1. The concepts of excess adsorption and of adsorption in
finite-thickness layers

Adsorption in liquid/solid systems changes the concentrations
of the solution components in the thin layer of liquid phase adja-
cent to the solid surface (if the solid is impermeable) that is affected
by the adsorption force field. This change can be either positive
(withrespect to the bulk equilibrium concentration) when the pref-
erentially adsorbed solutes concentrate near the solid surface or
negative when the solution components are displaced from the
surface region into the bulk phase. Since there is no experimen-
tal method to measure the distribution of a solute in the direction
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Fig. 1. Structure of the (5,5)-Whelk-O1 chiral selector.

perpendicular to the adsorbent surface nor to determine the thick-
ness of the adsorbed layer, the determination of the composition
of this adsorbed layer requires the selection of a model of the
adsorbed phase. In contrast, it is easy to measure the differences of
the concentrations before and after the equilibrium is established.
This observation suggests the concept of excess adsorption which
originates in the work of Gibbs [24].

In this approach, the adsorbed amount is considered to be the
excess of solute contained in the real adsorption system compared
with that in a hypothetical system in which the solute concentra-
tions are uniform throughout the whole volume of the bulk mobile
phase and equal to the equilibrium concentrations in the bulk phase
of the real system. Defined in this way, this quantity can be experi-
mentally measured, which requires no prior knowledge of the size,
structure, and properties of the actual adsorbed phase. The opera-
tional definition of the excess adsorption for binary mixtures that
is adopted in chromatography [25] is based on the condition of
constancy of the volume of the liquid phase in the system, Vj:

(co,i — Ce,i)Vo
Va
where ¢y ; and ¢, ; are the concentrations of the component i before

and after the equilibrium is established and V; is the stationary
phase volume. The isochoric restriction implies two assumptions:

- (1)

(1) The molar volumes of the solution components are the same in
both phases.

(2) No volume change takes place due to bulk mixing, i.e., the par-
tial molar volumes of the solution components are equal to their
molar volumes and do not depend on their concentrations.

The first assumption demands that the adsorbate molecules
have the same volume both in the bulk solution and near the solid
surface, where they are under the influence of the surface forces.
This is a reasonable approximation for mesoporous adsorbents like
Whelk-O1 and it has little influence on the accuracy of the calcu-
lations made with Eq. (1). The second assumption mandates the
validity of the additivity rule when applied to the volume of the
liquid phase. To a degree, it is a simplification because, in non-ideal
solutions, the volumes corresponding to different concentrations
(e.g., g and c¢) can be different.

In adsorption studies, another definition of adsorption that con-
siders the total amount of solute in a layer of finite thickness
frequently appears to be convenient. This definition, which was
developed by Guggenheim [26], supposes the existence of a hypo-
thetical plane parallel to the adsorbent surface, at a distance 7 from
it. Above this plane, the component concentrations are supposed

to be equal to the equilibrium concentrations. The total adsorbed
amount of component i in the volume between this plane and the
adsorbent surface per unit of adsorbent volume is

_&
" Va
where g is the mass of adsorbent and S its specific surface area.
Since there are no experimental methods to determine the analyte
distribution in the direction normal to the surface, the assignment
of 7 relies on a conceptual model of the structure of the adsorbed
phase and is frequently arbitrary.

gi Ce,iT + Ii(ce i) (2)

2.2. Total adsorption isotherm models

In studies of the adsorption of mixtures of two infinitely mis-
cible liquids, the equilibrium concentrations continuously varies
through the whole range of solution composition, from zero to
the concentration of a pure solute. In this case, there is always a
region of high concentrations in which the product c, ;7 is measur-
able compared to the excess adsorption and therefore cannot be
neglected. On the contrary, the solute concentration in solutions of
solids is restricted by the solubility of the solid, which is generally
low enough to allow the assumption that the excess adsorption is
equal to the total adsorbed amount. This allows the application of
the stoichiometric method to the analysis of adsorption data. In the
framework of this approach, adsorption equilibrium is described
in terms of equilibrium quasichemical reactions. So, the simple
addition reaction between solute B and adsorbent M

B+ M = B-M (3)
results in the well known Langmuir isotherm

_ g*bce
=7 + bce

(4)

where g* is the concentration of adsorption sites and b is the
equilibrium constant for Eq. (3) or adsorption coefficient. Any equi-
librium process in either the liquid phase or on the adsorbent
surface can be represented by a quasireaction scheme like Eq. (3)
and included in the adsorption isotherm. It must be noted that
the Langmuir model assumes that all the adsorption sites have
the same affinity with respect to an adsorbate. In fact, solids are
heterogeneous due to imperfections of the real surface and adsorp-
tion sites are characterized by a certain affinity distribution, with b
being the average weighted coefficient for this distribution. If there
exists a few types of adsorption sites on the surface, each group is
distributed over a finite range of b-space, having their respective
average b values.

In chiral chromatography, an adsorption model is often con-
sidered, in which two types of adsorption sites coexist on the
stationary phase, enantioselective and nonselective sites. It is
assumed that these sites can interact independently with a chiral
analyte [27-29]. The enantioselective sites exhibit different affinity
towards the two optical antipodes whereas the nonselective sites
interact with both antipodes identically. The adsorption isotherm
for this model (so-called the bi-Langmuir isotherm) is merely the
sum of two Langmuir terms, one for each types of adsorption sites:

s bsce
1+ bsce

fﬁsbnsce (5)
+ bnsce

The indices nsand s correspond to the nonselective and the selective
adsorption sites, respectively. It is obvious that for the enantiomers
(R)and (S), the following conditions are true: bys g = bys s = bps and
bs s # bs . The equilibrium adsorption constant at infinite dilution
(Henry coefficient, Ky ) for this isotherm is given by the expression
[27]:

K = qhsbns + g3 bs (6)

q=
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3. Experimental
3.1. Apparatus

All the experiments made in this work were carried out using
a HP 1090 Series II liquid chromatograph (Hewlett Packard, now
Agilent Technologies, Palo Alto, CA), equipped with a multisol-
vent delivery system, an automatic injector, a column thermostat,
a DAD detector, and a HP Chemstation data acquisition system.
Chromatograms of Naproxen enantiomers were recorded using the
standard DAD detector, otherwise a HP 1037A refractive index (RF)
detector connected to the data acquisition system through an Agi-
lent 35900E Interface was used. The extra-column volumes were
0.029 and 0.168 ml, as measured from the autosampler to the DAD
detector or to the RF detector cell, respectively. All the retention
data were corrected for these contributions.

3.2. Chemicals

The organic components of the mobile phases, HPLC grade
methanol and acetic acid, were purchased from Fisher Scientific
(Fair Lawn, NJ, USA). Water was purified with a Barnstedt E-pure
system from Thermo Fisher Scientific (Waltham, MA, USA). Sodium
acetate was for molecular biology grade from Sigma-Aldrich (St.
Louis, MO, USA). Dichloromethane (ACS grade) required to per-
form pycnometric measurements was also obtained from Fisher
Scientific. Deuterated methanol (99.8%) used for hold-up volume
and adsorption measurements was from Alfa Aesar (Ward Hill, MA,
USA). NaNO3 (AR grade) used as a non-retained tracer was from
Mallinckrodt (Paris, KY, USA).

3.3. Columns

We used two identical 250 mm x 4.6 mm columns coming
from the same batch, packed with ~2.5 g of (S,S)-Whelk-O1 non-
endcapped material, 5 wm particle size, 100 A pore size, spherical
silica (Regis Technologies, Morton Grove, IL, USA). The surface
area of the silica is 200 m2/g and its internal porosity 0.5 cm3/g as
reported by the manufacturer. Before experiments, both columns
were flushed with 200 ml of isopropanol and 200 ml methanol fol-
lowed by conditioning in the working mobile phase during not less
than 1 h at a flow rate of 1 ml/min.

The first column (serial number 400694 ) was used for the mea-
surement of the excess adsorption isotherm in water-methanol
mixtures, of the hold-up volume by different methods, and for
reliability tests described below (column 1 hereinafter). The exper-
iments on the adsorption of Naproxen enantiomers were carried
out with the second column with serial number 100702 (column 2
hereinafter).

3.4. Procedures

3.4.1. Excess adsorption from binary mixtures methanol-water

The excess adsorption isotherms of methanol and water were
determined by means of the minor perturbation method described
in detail in [25,30]. The measurements were carried out at 34.7 °C.
The flow rate was kept at 1ml/min. The column was succes-
sively equilibrated with a mobile phase containing 0, 0.5, 1, 5, 10,
20, 30, 40, 50, 60, 70, 80, 90, 95, 99, 99.5 and 100% volume of
water. Methanol-water mixtures were prepared by the volumet-
ric method, using measuring cylinders of appropriate sizes, unless
the volume required was less than 5ml, in which case volumet-
ric pipettes were used. Conversion from volume fractions to molar
concentrations was made based on the values of the densities of
pure water [31], methanol [32] and of methanol-water mixtures
[32]. The minor perturbation of the equilibrium between the liquid

and the stationary phase was caused by the injections of 2 ul of
one of two types of solutions, in which there was a 5-10% excess
of either water or methanol over the mobile phase composition.
Retention times of these positive and negative perturbations were
averaged and the averaged data used for the calculation of the
excess adsorption isotherm, according to the following equation
[25] is:

Iicen) = o / " (ValGe.) ~ Vo) dce, )
a@Jo

where Vg(c, ;) is the retention volume of the perturbation peak on
the plateau of concentration ¢, ; of a component i and Vj is the col-
umn hold-up volume. The correction for thermal expansion of the
mobile phase from the ambient temperature in the pump (Ty) to
the column temperature (T,,) was taken into account by multi-
plying the volume values and dividing the concentration values by
the ratio of the mobile phase densities at temperatures Ty and Ty,
respectively.

3.4.2. Measurement of the hold-up volume

The accurate determination of the hold-up volume is essential
for the correct measurement of adsorption isotherms [33]. There
are different definitions of this quantity [30,34,35]. In this work,
we use an operational definition that is consistent with Eq. (1) and
considers the hold-up volume as the volume of the column that
is accessible to the mobile phase. Three methods were employed
to evaluate Vj: the minor perturbation, the pycnometry, and the
isotopic methods:

(a) Minor perturbation method. The estimate of the hold-up vol-
ume by the minor perturbation method was carried out based
on the experimental data obtained in measuring the excess
adsorption isotherms described in the previous section. The Vj
value was determined by integration of the dependence of Vg(c;)
through the entire concentration range of either component of
the binary mobile phase (where ¢} is the molar concentration
corresponding to the pure solvent i) as [30]:

c*
V0=/ Vr,i(ci)dc; (8)
0

This value was used in the calculations made with Eq. (7).

(b) Pycnometry method. The pycnometry method [34] yields the
hold-up volume from the weights of the column when filled
with two different pure liquids of substantially different densi-
ties. The pycnometry measurements were performed with pure
methanol and dichloromethane at ambient temperature (20 °C)
following the experimental protocol given in [35].

(c) Isotopic method. Measurements were made with an isotopi-
cally labeled solute, at temperatures of 34.7, 40, 47.1 and 57.1°
C using pure methanol as the mobile phase and deuterated
methanol as the tracer. The tracer concentration was 1vol.%,
and the sample size was 2 pl. The retention volume of labeled
methanol is equal to Vj by definition [34].

3.4.3. Investigations of water-acetic acid mixtures

The elution of acetic acid with pure water was studied at 34.7 °C,
using injections of 2 pl of the acid solutions, with concentrations
ranging from 0.18 to 3.49 M.

Frontal analysis measurements were made with aqueous solu-
tions of acetic acid as the mobile phase, at temperatures of 22,
34.7, 40, 47.1, and 57.1°C. The acid concentration in the mobile
phase was increased stepwise from 0 to 0.053 M with 10% steps.
The column was conditioned at each concentration step for no less
than 0.5 h, followed by an injection of 2 .l of acetic acid solution to
induce a minor perturbation on the concentration plateau. These



L. Asnin et al. / J. Chromatogr. A 1217 (2010) 264-275 267

Table 1

pH of the mobile phases and dissociation constants of Naproxen.
Mobile phase s, pH 52 $pH $pK, P
Pure buffer ¢ 4.21 4404
MeOH-buffer (60:40, v/v) 535 0.176 5.17 5.78
MeOH-buffer (70:30, v/v) 5.67 0.176 5.49 6.19
MeOH-buffer (80:20, v/v) 5.91 0.045 5.86 6.58

a Ref. [37].
b Ref. [57].

¢ 0.09 M CH3COOH + 0.03 M CH3COONa.
4 In pure water.

experiments were found to damage the stationary phase. There-
fore their results are discussed here only as far as they concern the
stability of the stationary phase.

3.4.4. Adsorption of the Naproxen enantiomers from
methanol-water buffer mixtures

3.4.4.1. Mobile phases. The solvents used to investigate the adsorp-
tion of Naproxen were mixtures of methanol and acetic buffer
solution in the ratio 60:40, 70:30, and 80:20 (v/v). The buffer
solution contained 0.09 M CH3COOH + 0.03 M CH3COONa, and was
filtrated through 0.45pm type FH membranes (Millipore, Bed-
ford, MA, USA). After mixing, the mobile phases were degassed by
ultrasonication, followed by the measurement of the pH with the
American pH II pH-meter (Baxter Scientific, Stone Mountain, GA),
calibrated against aqueous standard buffers. The pH value obtained,
3,PH, relates to the pH value expressed in a scale for the given mixed
solvent, {pH as [36]:

sPH =73,pH - & (9)

The § parameter is a constant for a given electrode system in a cer-
tain solvent [37]. Table 1 lists the measured values of §,pH and the
calculated values of {pH as a function of the mobile phase compo-
sition. In these calculations the § values determined with the glass
electrode in methanol-water solutions reported by Canals et al.
[37] were used.

3.4.4.2. Calibration of the detector response. All the experiments
requiring conversion of the detector signal to a concentration scale
were carried out under conditions of linear detector response. This
was achieved by selecting an appropriate DAD detector wave-
length. Then the concentration relates to the detector response h
as follows

c=rh (10)

The detector response factor r is found from the chromatogram to
be converted by means of the following expression:

m
r= 2 11
SF (11)
where m is the amount of solute injected, S is the peak area, and Fis
the flow rate. In the calculations, the value of the detector response

factor averaged over a series of chromatograms was used.

3.4.4.3. Determination of the adsorption isotherms by the pulse
method. The adsorption equilibrium of the Naproxen enantiomers
was measured by a modified Glueckauf method [38,39], in which
sample pulses of increasing sizes are injected, after the column had
been equilibrated with the mobile phase. To derive the adsorption
isotherm, the following equation was applied:

dq(c) _ (Vr(c) = Vo)
dc — Va

where Vg(c) is the retention volume of the apex of the peak cor-
responding to the mobile phase concentration of an adsorbate at

= Vg(0) (12)

the apex, and q(c) being the adsorbed amount of solute at equi-
librium with this concentration c. Thus, the retention time of each
peak gives one point on the Vi(c) versus c plot. By repeating the
procedure while progressively increasing the concentration of the
sample, the set of data Vy(c) versus c is obtained within the con-
centration range of interest. The amount adsorbed g(c) is obtained
by integration of the area under the function dq(c)/dc from O to c.

The measurements were carried out at 34.7° C at a flow rate
of 1ml/min. The sample volume was 20 wl, and the sample con-
centration was increased from 0.07 to 34.89 mM. The achievement
of equilibrium conditions was verified by checking that the dis-
persed rear boundaries of the peaks obtained for different sample
sizes overlay. In the rare cases in which this condition failed, the
whole series of measurements for both enantiomers were repeated
till the condition was fulfilled. Since gradual deterioration of the
stationary phase in the first column was found under the experi-
mental conditions discussed below, it is important to note that all
the experiments discussed here were performed with the “fresh”
column 2, during the first 2 days of its service.

3.4.4.4. Determination of the adsorption isotherms by the inverse
method. The inverse method provides the numerical coefficients
of a preset isotherm model through an optimization procedure
that minimizes the distance between an experimental overloaded
band profile and the profile calculated with a suitable model of
chromatography [40]. The equilibrium-dispersive (ED) model of
chromatography [40] was used in the present calculations. The
mass balance equation for this model is

aci(z, t) 1-€\ dgi(z,t) Az, t) - ¢z, 1)
ot (e) a Y = Da 022

where z is the abscissa along the column, t the time, u the mobile
phase linear velocity, and € the total porosity of the column. Dy is
the apparent axial dispersion coefficient. It relates to the theoretical
plate number N and the column length L through the equation:

_ Lu
~ 2N
The plate number of the column must be measured under linear
conditions, i.e., with sample sizes that are so small that the effi-
ciency is independent of the sample size.

The calculation of a numerical solution of a partial differential
equation requires initial and boundary conditions. The following
conditions are used to solve Eq. (13):

(13)

Dq (14)

e The initial conditions are cj(z, 0) = 0 and g;(z, 0) = 0. They state
that at t = 0, the column is in equilibrium with the pure mobile
phase.

e The boundary condition at the column inlet (at t > 0 and z = 0)
is defined by the injection of a rectangular plug of solution:

& ifo<t<ty
“Q”:{d ift, <t (15)

where t, is the duration of the injection and the superscript 0
indicates an “inlet value”.

e The boundary condition at the column outlet (att > Oand z = L)
is

Bci

Zi_p 16

% (16)

The mass balance equation supplemented with a proper
isotherm model and the initial and the boundary conditions was
integrated numerically by orthogonal collocation on fixed finite
elements [41]. The optimization procedure used to find the best

fitting isotherm parameters [42] was performed on the elution pro-
files obtained during pulse experiments with samples of the highest
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Table 2
Comparison of column performance characteristic as reported by the manufacturer
and measured after a period of exploitation 2.

Column 1 Column 2

k; ® o ki ® a
Manufacturer 1.80 3.80 2.29 3.45
After use 0.25 1.93 2.16 3.24

2 Mobile phase: hexane-isopropanol, 90:10 (v/v); flow rate: 1 ml/min.
b The retention factor of the less retained enantiomer.

sample concentration studied (34.89 mM). The optimization algo-
rithm was one of Marquardt, modified by Fletcher [43].

4. Results and discussion
4.1. Adsorbent stability under reversed-phase conditions

Several scientists used the Whelk-O1 CSP with water con-
taining mobile phases modified by addition of an acid or a base
[10,17,19-22]. They also ran it at temperatures up to 50° C [21].
According to the manufacturer specifications, this column can be
used at any pH between 2.5 and 7. Therefore, we did not expect any
significant deterioration of the CSP with solutions of acetic acid in
the pH range just mentioned, at least during a short period of time.
However, we observed a poor reproducibility of the frontal analy-
sis data obtained with the first column when using aqueous acetic
acid solutions at pH > 3 and at temperatures higher than 40 °C. The
highest temperature to which the column was exposed during 1
day was 57 °C. When this series of experiments was ended, a chro-
matogram of rac-trans-stilbene oxide was recorded under standard
conditions, revealing a major decrease of the retention times and of
the separation ability (Table 2). Comparison of the hold-up volumes
of the column determined before and after this series of measure-
ments showed an increase of 5%, suggesting a certain degree of
destruction of the packing material. It is also worth noting that
when the column was flushed with methanol after the series of
high temperature frontal analysis experiments, we observed the
elution of a turbid yellow liquid, suggesting the release of organic
or silica-organic species (a product of hydrolysis at the Si-O bond,
see Fig. 1) including the chiral selector, which has a yellow color
[44].

The second column was exposed to milder conditions. It was
eluted with methanol-acetic buffer mixtures (Table 1) at temper-
atures no higher than 34.7 °C. Nevertheless a progressive, if slower
deterioration of the column performance was also observed. A sud-
den change of the retention times and selectivity of the Naproxen
enantiomers was observed after a (quasi)equilibrium state had
been achieved, as illustrated in Fig. 2. The new equilibrium state
was always characterized by a slightly lower retention than the
previous one. This situation is illustrated in Fig. 2 by a series of chro-
matograms of rac-Naproxen obtained during a period of 6 h, with
the same mobile phase. At the end of a 1-week period of exploita-
tion of the column 2, a chromatogram test of rac-trans-stilbene
oxide was recorded. It showed minor changes from the test chro-
matogram provided by the manufacturer (Table 2). Thus, the CSP
under study does not tolerate aqueous acidic solutions at elevated
temperatures and is not stable in weakly acidic methanol-water
buffer solutions, although in the latter case little damage was
done to the column. All the experimental results discussed below
were obtained during the initial period of exploitation of the two
columns, when the deterioration of their performance was still
moderate. These results illustrate the properties of Whelk-O1 CSP
at its maximal retention capacity.

28
24 | 8( 65
20 1
16

12

Detector responce (mAU)

J N . ——

5 10 15 20
time (min)

Fig.2. Series of chromatograms of racemic Naproxen after sequential injections. The
numbers above the peaks refer to the injection number. The time interval between
injections was 10-20 min. Before the first injection the column was equilibrated
with the mobile phase for 1 h. Peaks 1-4 demonstrate that a quasi-equilibrium state
takes place. The inset shows an initial part of the chromatograms including the
injection perturbation. Note that its retention time does not change, proving that
the drift of the Naproxen retention is not caused by a fluctuation of the flow rate or
of any process affecting the hold-up volume.

4.2. Hold-up volume

The values of the hold-up volume determined by different meth-
ods are compared in Fig. 3. The results obtained by the minor
perturbation and the isotopic methods agree well together whereas
the pycnometry method yields a somewhat overestimated value
compared to those provided by the other two methods. This differ-
ence can be ascribed to experimental errors made in applying the
pycnometry method, which involves several manual procedures,
like retrieval of the column from the chromatograph and drying
the column endfittings [35].

The isotopic method data corrected for the solvent thermal
expansion show a slight increase of the hold-up volume with
increasing temperature while the uncorrected results decrease,
exhibiting a larger slope. This shows that a significant part of the
temperature dependence of the hold-up volume is accounted for by
the thermal expansion of the mobile phase. This same dependence
is found in values derived from measurements of the retention
time of NaNO; eluted with the methanol-acetic buffer mobile

w
2.90
2.85 b * o
o o ° o
2.80 .
’—E\ ¥ 1 °
o 2.75- *x 2 *
> .
e 3
2.70+ o 3 o
o 4 .
o
2.65-
o
T T T T T T T T T T
10 20 30 40 50 60
T(°C)

Fig. 3. Evaluation of the hold-up volume by different methods at different tem-
peratures: (1) pycnometry method, (2) minor perturbation method, (3) isotopic
method, and (4) retention of NaNO; from the mobile phase MeOH-acetic buffer
(80:20, v/v). Symbol “prime” refers to results corrected for thermal expansion of the
mobile phase.
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Fig. 4. Dependence of the retention of the minor perturbation peaks of methanol
(circles) and water (crosses) from methanol-water solutions on the methanol vol-
ume fraction.

phase (see Fig. 3). Note that the hold-up volume derived from the
retention volume of sodium nitrate is lower by 0.458 ml than the
one derived from the retention time of deuterated methanol. Evi-
dently, the nitrate anion is expelled from the adsorbed layer, due
to electrostatic repulsion between the anion and the electronega-
tive aromatic moieties of the bonded organic phase. An estimate of
the size of this “expulsion zone” gives a thickness of ~9 A, about
3 times the dimension of the solvent molecules (methanol and
water), suggesting that the layer inaccessible to the nitrate anions is
not uniformly thick. Possibly, it fills the space between the bonded
chiral selectors and the silica surface, a volume which becomes
accessible to the mobile phase components but not to the anion
species.

4.3. Adsorption of methanol-water mixture

Fig. 4 shows a plot of the reduced retention volume derived
from the retention times of water and methanol perturbations ver-
sus the mobile phase composition. There is an excellent agreement
between the two series of data, except at the extreme regions of the
plot, although even there the discrepancy between them is small.
The corresponding excess adsorption isotherms are given in Fig. 5,
showing that the adsorption of methanol is positive and that of
water negative through the entire range of solution composition.
Thus, the grafted organic layer is relatively hydrophobic, expelling
water in the presence of methanol, which can be accounted for by
the influence of the large phenanthryl fragment of the chiral selec-
tor (see Fig. 1). However, it must be noted that a negative excess
adsorption does not mean complete exclusion of water from the
adsorbed layer but indicates a decrease of its concentration com-
pared to that in the bulk phase. The isotherm of total adsorption
(Fig. 5) evinces the presence of water in the stationary phase while
there is water in the mobile phase. These isotherms were calculated
using Eq. (2) with the 7 value determined after [25], based on an
earlier work of Everett [45]. According to this method, 7 is derived
from the slope of the linear part of the excess adsorption isotherm
of the preferentially adsorbed component. This result gives a thick-
ness of 2.12 A for the adsorbed layer of methanol, which indicates
the monolayer character of its adsorption on the surface of Whelk-
O1. The same value was found for the adsorption of methanol from
aqueous solutions on different reversed-phase adsorbents [25,46].

Consideration of the total adsorption isotherms suggests that
complete filling of the adsorption layer by methanol (~5 molecules
per chiral selector) is achieved for a bulk phase composition of
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Fig. 5. Total and excess adsorption isotherms of methanol (a) and water (b) at
34.7°C. The right ordinate axis shows the number of solvent molecules per chiral
selector (ng is the concentration of chiral selectors).

~50% water (v/v). When the water fraction of the mobile phase
increases, its concentration in the adsorption layer, which is low
below that point (less than 1 molecule per chiral selector group),
steeply increases and approaches a value of 10.6 molecules per
chiral selector.

4.4. Retention of acetic acid

The retention of eluent additives on the stationary phase is usu-
ally not taken directly into account in adsorption models. At the
same time, if the adsorption coefficient of an additive is comparable
to that of a solute, a dramatic distortion of this solute elution profile
may be observed [47-49]. Therefore, it is important to estimate the
adsorption coefficient of acetic acid. Fig. 6 shows the elution profiles
of increasing amounts of acetic acid. When the sample size is small,
hence its dissociation degree large, acetic acid elutes earlier than
the mobile phase itself because the acetic anion is expelled from the
adsorbed layer, like the nitrate anion. Note that the acetic acid peaks
are anti-Langmuirian at low concentrations. Increasing the sample
concentration results in a shift of the retention time beyond the
hold-up time. Besides, at high concentrations, the peak shape tends
to be Langmuirian and, in both cases, fronting extends behind the
hold-up time. This is obviously consistent with the increasing frac-
tion of the neutral form of the acid in the elution band. In spite of the
positive retention of the undissociated acid, it remains negligible
and cannot interfere with the elution of Naproxen.
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Fig. 6. Illustration of the effect of the sample size on the retention and shape of the
elution profile of acetic acid. Sample volume 2 pl; flow rate 1 ml/min. The injected
amounts of acid are shown next to the respective profiles. Part (a) shows all the chro-
matograms, and part (b) shows the chromatograms for injected amounts between
0.8 and 21 p.g in an expanded scale.

4.5. Adsorption of Naproxen

4.5.1. General considerations

Whelk-O1 CSP was developed for the resolution of Naproxen
enantiomers and is characterized by its high enantioselectivity
towards them under normal-phase conditions. The same selectivity
is observed in the reversed-phase mode, the selectivity coefficient
ranging between 1.76 and 1.70 for mobile phase compositions
between 60:40 and 80:20 (methanol-acetic buffer, v/v) at 34.7°C.
The large distance between the two enantiomer peaks suggests a
low density of nonselective sites on the surface of the CSP. A closer
examination of the peak shapes reveals a relatively long tailing for
both enantiomers (Fig. 7), a tailing too strong to be accounted for by
the Langmuir isotherm, as confirmed by numerical calculations (not
reported here). A possible explanation would be that this tailing
results from the strong interaction of Naproxen with the nonse-
lective sites. These sites can belong to areas of the support surface
uncovered by chiral selectors. Organically modified silica is known
to bear free silanol groups responsible for the strong retention of
polar solutes. The density of these adsorption sites is small [50] and
the effective surface concentration must be still smaller due to the
shielding effect of the grafted organic layer. This could be consis-
tent with the assumption of the existence of a low density of strong,
nonchiral adsorption sites.

The most intriguing finding of this study is the evolution of
the overloaded band profiles of the less retained enantiomer ((R)-
Naproxen) from Langmuirian to anti-Langmuirian shape when the
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Fig. 7. Illustration of the effect of the mobile phase composition and the sample size
on the elution profiles of naproxen enantiomers ((R) is the first eluted enantiomer).
Sample volume 20 pl; sample concentrations: 0.07, 0.17, 0.70, 3.5, 13.6, 20.9, 27.9,
and 34.9 mM.

methanol content in the eluent increases (Fig. 7). This means that
the adsorption mechanisms for (R)- and (S)-Naproxen are funda-
mentally distinct, which cannot be explained in the framework
of simple two-site models. Besides, the adsorption model for (R)-
Naproxen has to depend on the methanol-acetic buffer ratio in a
way that would allow an evolution of a peak shape correspond-
ing to the evolution of the adsorption isotherm, from convex to
concave.

The enantiodiscrimination of the Naproxen enantiomers
requires simultaneous interactions between the three functional-
ities of (S)-Naproxen (i.e., the aryl residual, the hydroxyl group,
and the carboxylate oxygen) and the complimentary parts of the
selector moiety [3]. Similar interactions are likely to be ster-
ically hindered in the case of the less retained (R)-Naproxen.
Therefore a functionality or functionalities of this enantiomer
uninvolved in the stereoselective interaction with Whelk-O1 selec-
tor is able to form an adsorbed homochiral dimer with another
analyte molecule from the bulk solution. Then the total adsorp-
tion mechanism can be described by the following schemes
where the symbols S and R stand for (S)- and (R)-enantiomers,
and the symbols Ch and NCh for the chiral selectors and the
nonchiral adsorption sites, respectively. The symbols of the
respective equilibrium constants are given on the right of the equa-
tions.

e For (S)-naproxen:
S + Ch = S-Ch,bs (17)
S + NCh = S-NCh,bp; (18)

e For (R)-naproxen:

R + Ch = R-Ch,bg (19)
R + R-Ch = Ry-Ch,Kimm (20)
R+ NCh = R-NCh,by;s (21)

The corresponding adsorption isotherms are

e For (S)-naproxen:

qsbsc
1+ bsc

. qrsbnsc

T 14 bpsc (22)

q
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e For (R)-naproxen:

q= Gnsbnsc
1+ bnsc
N g3 bre
1+ bgrc — ZKdimC/(l + 2K 4imC) — bRKdimcz/(] + 2K g4imC)

(23)

Eq. (23) can describe either a Langmuir-type or an S-shape
isotherm, depending on the numerical values of its parameters.
If the contribution of the nonselective adsorption sites can be
neglected, the condition bg > 2Ky;,, defines a field of convex
isotherms and the converse inequality a field of S-shape isotherms,
provided that the quadratic term of the denominator of the selec-
tive adsorption term is negligible. This latter approximation is
reasonable since the quadratic term accounts for less than 1%
of the denominator within the range of concentrations investi-
gated.

It is important to discuss one more approximation of the model
considered. Naproxen exists in the mobile phase as two species
in equilibrium, a neutral acid and a basic anion. When the mobile
phase contains a sufficiently large concentration of the buffer, the
hydrogen-ion concentration can be assumed to be constant dur-
ing the whole elution process so the degree of dissociation (o)
is constant too. Calculation gives « values of 0.23, 0.19, and 0.19
for methanol fractions in the mobile phase of 60, 70, and 80%
(v/v) (details of the calculation are given in Appendix A). Since
the methanol concentration is higher in the adsorbed than in the
bulk phase, the percentage of anions in contact with chiral selectors
should be lower there than in the eluent. From experimental and
theoretical studies of the chromatography of weak acids on bonded
phases [51,52], we know that a convenient adsorption model in
such systems is the sum of two Langmuir terms for each kind of
species, the concentrations of these species being expressed as
the product of the total concentration of the acid and the disso-
ciation degree, ca and c(1 — ) of the neutral and ionized forms,
respectively. The following circumstances should be taken into
account:

(1) The influence of the methanol concentration on « within the
range investigated is insignificant, therefore it cannot explain
the effect of the mobile phase composition on the adsorption.

(2) The lack of a diffuse elution front suggests that the Naproxen
anion is not repulsed as the acetate anion, due to the attrac-
tive - interactions between the aryl radical of Naproxen and
the aromatic system of the Whelk-O1 moiety. Besides the neg-
ative charge of the Naproxen anion is delocalized due to its
conjugation with the m-electron system of the naphthyl rad-
ical. Therefore, its repulsion from the hydrophobic parts of the
chiral selectors is weaker than for small size anions (e.g., NO3 ™).

(3) Anions adsorb on the same chiral sites as neutral acids but with
a somewhat smaller adsorption coefficient due to the repulsive
interaction between the anions and the hydrophobic groups of
the chiral selector. Since the concentration of these sites is large
compared to the solute concentration, the respective Langmuir
terms can be approximated by linear (Henry) terms. Designat-
ing the adsorption coefficients for the dissociated ion and the
neutral acid as b, and bpga, respectively, one can write

qsbrac(1 — a) + qsbaca = gzcbya + a(ba — bya)l = g3 cbapp
(24)

It is impossible to separate the contributions of the anionic and
the neutral forms of Naproxen to its adsorption if their local
isotherms are close to linear. Moreover, since o« ~ 0.2 and bys >
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Fig. 8. Adsorption isotherms of (R)-Naproxen (full circles) and (S)-Naproxen (empty
circles) determined by the pulse method (circles) and by the inverse method (lines).

\bA - bHAl then bapp ~ bHA~

The situation is different for adsorption on the nonselective
sites. Their concentration is close to that of the solutes. Conse-
quently, the local isotherms for these adsorption sites behave in a
strongly nonlinear way. On the other hand, the contributions of the
nonselective retention sites is minor compared to that of the selec-
tive sites. Therefore the separation of the effects from the neutral
and the ionic nonselective adsorption sites is a statistical task that
is beyond the precision of the collected data. Thus, the adsorption
models in Eqs. (22) and (23), which does not include separate terms
describing the adsorption of dissociated Naproxen species, will be
used to analyze the experimental results.
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Fig. 9. Comparison of the experimental and calculated elution profiles of (R)-Naproxen (left column) and (S)-Naproxen (right column). Sample volume 20 pl; concentration
34.9 mM. Insets show the low concentration part of the elution profiles in an expanded scale.

4.6. Pulse method

The Glueckauf method can be applied to derive the adsorption
isotherms from the retention volume data only if equilibrium is
proven. A good indication of instantaneous equilibrium in a col-
umn is the fact that the dispersed fronts belonging to different
sample sizes nearly coincide [53]. Fig. 7 demonstrates that this
takes place in all cases, except for (R)-Naproxen at 80% methanol
(v/v) for which the elution profiles of small size samples do not
approach neither flanks of the profiles of larger size samples. Obvi-
ously, this is because the size of these samples is in a range such
that a slightly convex isotherm turns into a concave isotherm as
the sample size increases. A line drawn through the maxima of

the peaks in the series shows a trend in retention times, which
decrease with increasing size for small size samples then begin to
increase with increasing sample size for more concentrated sam-
ples (Fig. 7). The respective equilibrium isotherms are shown in
Fig. 8, in Scatchard plot coordinates. The adsorption systems are
non-Langmuirian. The isotherm of (R)-Naproxen evolves from one
that is close to Langmuirian to one that is strictly bi-Langmuirian,
and to one that cannot be a bi-Langmuirian isotherm when the
methanol concentration increases. The approximation of the exper-
imental isotherms with the models in Eqs. (22) and (23) results in
a good agreement between the fitted and the experimental data.
At the same time, the best fit coefficients depend strongly on the
initial guess values involved in the fitting algorithm, which is due



L. Asnin et al. / J. Chromatogr. A 1217 (2010) 264-275 273

Table 3
The best fit isotherm coefficients and their standard deviations (in parenthesis)
obtained by the inverse method.

Coefficient Methanol-acetic buffer ratio (v/v)
60:40 70:30 80:20
Gns (MM) 0.220 (0.004) 1.230(0.005) 0.057 (0.003)
bps (mM—1) 4.49 (0.07) 0.51(0.02) 3.50 (0.08)
qs (mM) 231(1) 494 (11) 600 (4)
bs (mM~1) 0.0813 (0.0004) 0.0140 (0.0004) 0.0060 (0.00002)
bg (mM~") 0.0494 (0.0002) 0.0082 (0.0002) 0.0036 (0.00003)
Kgim (mM~1) 0.0115 (0.0002) 0.0069 (0.0002) 0.0041 (0.00005)
Qnsbns 0.99 0.63 0.20
qsbr 11.38 4.04 2.14
qsbs 18.74 6.89 3.61
2K 4im / br 047 1.69 2.29
Ng 5000 6500 7400
Ns 4500 5500 7400

to the weak degree of nonlinear behavior of the isotherms (data
not shown). The inverse method provides an alternative possibility
to evaluate the isotherm parameters. Because the shape of an elu-
tion profile is sensitive to variations in the values of the isotherm
coefficients, one can expect that this method will give more robust
estimates of those.

4.7. Inverse method

Fig. 9 compares experimental chromatograms and elution
profiles calculated with the isotherm parameters and the plate
numbers provided by the inverse method (Table 3). Since the
adsorption models for (S)- and (R)-Naproxen have common coef-
ficients (q},, g%, and by;s), the model parameters were determined
by the simultaneous fit of the chromatograms of both enantiomers,
in order to decrease the number of independent adjustable param-
eters. The figure shows an excellent coincidence of experimental
and calculated profiles. Small discrepancies are only found in the
diffuse boundaries, whether at the front or rear of the bases of the
elution profiles. These fronting and tailing do not originate from a
dispersion of the injection profiles because the calculations of band
profiles made with either recorded injection profiles or rectangu-
lar pulses as initial conditions showed the same dispersion effect
(notreported data). Thus, these differences in the peak profiles sug-
gest that some minor unaccounted contributions to the retention
mechanisms remain. The adsorption isotherms calculated from the
coefficients in Table 3 are plotted in Fig. 8. The curves are in a
good agreement with the equilibrium data measured by the pulse
method but a visible divergence in the low adsorption region is
apparent. It is due to the low value of the bulk concentration of the
adsorbate that figures in the denominator. In fact, this discrepancy
accounts for less than 5% of q.

Considering the data in Table 3, the following regularities can
be observed:

(1) The total retention of both enantiomers decreases with increas-
ing methanol concentration of the mobile phase, with the
contributions of both the nonselective and the selective terms
(products qjsbns and g} bs, respectively) declining.

(2) The nonselective adsorption sites are the high-energy sites;
their adsorption constants are two to three orders of magnitude
larger than those of the selective sites; the concentration of the
nonselective sites is two to four orders of magnitude smaller
than that of the selective sites.

(3) The concentration of the selective adsorption sites increases
and their adsorption constant decreases with increasing
methanol concentrations in the mobile phase.

(4) The Ky, constant decreases but the ratio 2Ky;,,/bg increases
with increasing methanol concentration.

The first observation demonstrates the influence of the solvation
ability of the mobile phase on the adsorption of Naproxen. Note that
methanol solvates Naproxen better than water, as shown by a com-
parison of the standard Gibbs energies of solvation of Naproxen in
methanol and water, —47 kj/mol [54] and —24 k]J/mol [55], respec-
tively. Therefore, the higher the methanol fraction in the mobile
phase, the larger the organic solute fraction that is extracted by the
solvent from the surface layer.

The second observation is consistent with the assumption
that the nonselective sites are residual silanol groups on the sil-
ica surface. Their contributions to the total retention is minor,
accounting for less than 14% of the Henry coefficient for the less
retained enantiomer. The third observation is that the effect of
the methanol/acetic buffer ratio on the behavior of the selective
adsorption sites affects not only the equilibrium constants but
also the saturation capacities. The former can be ascribed to the
influence of the solvation ability of the eluent already mentioned.
The latter fact has no clear explanation. It is unlikely to be con-
nected directly to the change in methanol/water ratio. Within the
range of mobile phase compositions studied, the concentrations of
water and methanol in the adsorbed layer hardly change. Therefore,
whatever the composition of the bulk solution, the proportions of
methanol and water in the solvate sphere of the chiral selectors
must be the same. Rather the effective concentration of the enan-
tioselective sites is affected by the presence of buffer additives,
acetic acid and sodium acetate. Indeed, a increase of g correlates
with a decrease of the buffer system concentration in the mobile
phase.

The change in the ratio 2Ky;,,/bg accounts for the evolution of
the shape of the adsorption isotherms and, consequently, of the
shape of the (R)-Naproxen band profiles. Two simplifications must
be made to allow a qualitative analysis of the isotherm in Eq. (23)
in order to clarify the effect of this ratio. First, we must omit from
consideration the nonselective term of the isotherm. Second, we
must neglect the contribution of the quadratic term of the denom-
inator of the second term of the isotherm, which is minor within
the concentration range studied. Then it can be shown that the
inflection point of the isotherm in Eq. (23) is located at the origin
of the g versus c coordinate system, if the ratio of interest is equal
to 1. Increasing this ratio beyond 1 results in a shift of the abscissa
of the inflection point towards positive values. Then, the isotherm
becomes concave upward between zero and the inflection point. If,
however, the contribution of nonselective adsorption is not negli-
gible, the critical value of the ratio 2Kg;,,/bg shifts upwards from
1. This explains why one observes a convex isotherm for a mobile
phase composition of 70:30 (v/v), for which 2K;,, /bg = 1.69.

Itis interesting to note that, in spite of the relative importance of
the dimerization of the adsorbed molecules of (R)-Naproxen (the
ratio 2Ky;,/bg is large), the equilibrium of dimerization progres-
sively shifts towards a monomolecular adsorbed complex when
the methanol concentration in the mobile phase increases.

5. Conclusions

The adsorption of the two Naproxen enantiomers on Whelk-01
CSP follows somewhat different retention mechanisms, as is illus-
trated by the different shapes of their elution profiles when the
methanol concentration of the mobile phase is high. These results
are best explained by an adsorption model that assumes: (1) the
existence of enantioselective and nonselective adsorption sites;
(2) the formation of a monomolecular adsorption complex for the
more retained enantiomer; and (3) that of both monomolecular
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and bimolecular adsorption complexes for the less retained enan-
tiomer. The bimolecular adsorption complex is supposed to be due
to the interaction of a first adsorbed molecule with a second one
from the mobile phase.

The surface of Whelk-O1 CSP is hydrophobic. In contact with
methanol-water solutions, the grafted organic phase is separated
from the bulk liquid by the adsorbed layer enriched with methanol.
The mobile phase composition influences adsorption in several
ways. It determines the extent of the dimerization of the less
retained enantiomer on the surface. The methanol concentration
controls the degree of solvation of the adsorbate in the mobile
phase, hence the values of the adsorption coefficients. The buffer
system concentration controls the saturation capacity of the selec-
tive adsorption sites. Although the methanol/water ratio in the
adsorbed layer does not significantly vary within the range of
mobile phase compositions investigated, the distribution of the
buffer additives between the two phases is likely to be influenced
by this ratio. Thus, it affects the local pH of the adsorbed layer that
may differ from the mobile phase pH. Due to the complexity of the
underlying processes, their exhaustive understanding is still to be
achieved. The application of the methods of solution chemistry to
address the problem of the interactions of Naproxen molecules in
the bulk solution is desirable.

Other questions ofimportance were left untouched in this study,
such as the participation of the Naproxen anions to adsorption,
the distribution of the buffer components between the mobile and
the stationary phases and its effect on adsorption, and the solva-
tion of Naproxen in the adsorbed layer. These challenges should be
addressed in further investigations.

The study of reversed-phase chromatography on Whelk-O1
remains hindered by the degradation of the adsorbent in con-
tact with methanol-water buffer solutions and aqueous acidic
solutions, particularly at temperature above ca. 35°C. Reports of
applications of Whelk-O1 columns under similar but not identical
conditions suggest that the margins of stability of this stationary
phase are not yet well defined. One can assert with certainty that
this column does not tolerate well the combined use of a high tem-
perature and of acetic acid solutions, but the factors leading to the
degradation of this adsorbent in buffers of moderate pH in aqueous
solutions of organic solvents are obscure.
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Appendix A. Calculation of the dissociation degree of
Naproxen

We assume that the pH of the mobile phase is determined by
the concentration of the acetic buffer system. This means that the
dissociation of Naproxen, owing to its low concentration, does not
contribute noticeably in the total proton concentration. We also
assume that the ionic strength I of the mobile phase is deter-
mined only by the concentration of the sodium acetate buffer and
remains constant during the elution of the entire band. Hence, the
mobile phase pH ({pH) remains constant over the whole column
at any moment of time. Let the concentrations of protons, anions,

and neutral species of Naproxen and the respective activity coeffi-
cients be cy, cnp, cunp and Yy, Ynp, and yunp, respectively. Making
the usual assumption that yyyp = 1 and taking into account that
log(cyyn) = —ipH one obtains for the dissociation degree:

o N Kq 1

= - = 7]0(§DH*§PKa) 25
T—a  cunp  10-5PHyy,  Wap (22)

where Kj is the dissociation constant of Naproxen (Table 1).
The activity coefficient yn, was computed using the
Debye-Hiickel equation:

AV
1+ Bagv/1

where z is the charge of the ion (£1), and A and B are coefficients
depending on the temperature and the mobile phase composition.
Their numerical values are listed in [37]. The ion size parameter
ap was assigned the value of 6.3 proposed for aromatic acids in
water-methanol solvents [56]. Calculations were performed for a
temperature of 25°C.

log(ynp) = (26)
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