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Abstract

The adsorption behaviour of the enantiomers of 2-phenylbutyric acid on the chiral stationary phase (CSP) Kromasil CHI-TBB was studied
using hexane/MTBE (90/10) as eluent. Adsorption isotherms were acquired at 40 different enantiomer concentrations in the interval between
7.6�M and 305 mM, an approximately 40,000-fold dynamic range. The adsorption data fitted well to the bi-Langmuir model, indicating a
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heterogeneous surface with two different types of adsorption sites having different equilibrium constants and capacities; namely
site and one non-chiral site. A comparison with earlier adsorption studies on modern CSPs revealed that the capacity value of the “
site of Kromasil CHI-TBB is the largest reported so far. The elution profiles simulated with these parameters show excellent agree
the corresponding experimental profiles. Guidelines for comparisons of loading capacities of CSPs are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Today the regulatory authorities require that new drugs
have been tested with respect to each enantiomer already at
the initial stage of drug development[1,2]. This requires rapid
methods for purification of mg-g amounts of the individual
enantiomers of the chiral drugs. Such a method is preparative
chiral chromatography, performed with a battery of stationary
phases with selectivity for different types of compounds and
with high chiral capacities. Non-chromatographic methods,
such as crystallisation using diasteromeric salt formation or
asymmetric synthesis, are too time-consuming and tedious
for this short-term purpose[3,4].

The trend in preparative chiral chromatography is toward
continuous operational modes, such as recycling and simu-
lated moving bed (SMB)[5]. These complex methods are
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difficult to optimise properly without computer simulatio
The simulation programs, in turn, require the adsorp
isotherm parameters for the actual system as input pa
eters.

These adsorption isotherm parameters can also pr
important fundamental mechanistic information about
adsorption behaviour of the phase system. In an earlier s
the theory of non-linear chromatography was used to c
acterize the chromatographic separation of the enantio
of some�-blockers using immobilized cellobiohydrolase
stationary phase[6]. It was found that this adsorption w
heterogeneous; the enantiomers were adsorbed on on
density site with a strong energy of interaction and on
high density site with weak interaction energy. The h
density sites were denoted type-I sites and were non-c
These sites contribute only to the retention of the enantiom
not to their resolution. The term for the type-I sites i
lumped term describing all types of non-selective inte
tions, of varying interaction strength and density. Howev
should be mentioned that weak low-density adsorption
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are both difficult to recognise by the chromatographic exper-
iments and less important by the simple reason they do not
affect the total retention much. On the other hand, the type-II
sites are strong sites which are also enantioselective, so called
“true” chiral sites. These sites contribute both to retention and
resolution of the enantiomers.

A chiral stationary phase (CSP) consists of an achiral
matrix, e.g., porous silica, with chemically or dynamically
bonded chiral ligands. These ligands can be small sub-
stances, such as Pirkle phases[7] or somewhat larger, such
as cyclodextrins[8]. The chiral ligands can also be macro-
molecules, such as cellulose derivatives[9], macrocyclic
glycopeptides[10] or immobilized proteins[6,11]. Most non-
linear adsorption studies made on CSPs so far, has been made
on protein phases. The studies showed that the “true” chi-
ral saturation capacity is very low for protein CSPs. Thus,
when the sample size is increased the chiral resolution rapidly
vanishes[6,11]. Therefore, protein CSPs should be avoided
for preparative applications. Instead, CSPs with large chiral
capacities should be preferred, such as Chirobiotic T (macro-
cyclic glycopeptides) and Chiralcel OJ (cellulose), which
have been used for preparative applications[9,12]. Kromasil
CHI-TBB is a new promising chiral stationary phase con-
sisting of a network polymer that incorporates a bifunctional
C2-symmetric chiral selector[13,14]. This CSP is aimed at
preparative chiral separations of acidic racemates.
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2. Theory

2.1. Adsorption models

The experimental adsorption data were fitted both to the
Langmuir and the bi-Langmuir isotherm models. The Lang-
muir model accounts well for the adsorption of single com-
ponents on homogenous surfaces at low to moderate concen-
trations[17]:

q = aC

1 + bC
= bqsC

1 + bC
(1)

whereq is the stationary phase concentration at equilibrium
with the mobile phase concentrationC; parametera, the equi-
librium or Henry constant at infinite dilution anda is also
equal to the initial slope of the adsorption isotherm; parame-
ter b, the equilibrium constant per unit of surface area andb
is therefore related to the adsorption energy. The monolayer
capacity or specific saturation capacity of the stationary phase
is qs = a/b.

In many cases, the surface of the adsorbent used for chro-
matographic separations is not homogenous. The simplest
model for a nonhomogeneous surface is a surface covered
with two different kinds of sites which behave indepen-
dently. Since there are two different adsorption sites on the
adsorbent surface in most columns for chiral separation the
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The loading capacity of a CSP is a very important par
ter. Still, there is a lack of quantitative comparisons m
etween different CSPs regarding their chiral capacities

ew comparisons made are based on empirical data re
ng sample mass purified using different CSPs under va
peration conditions and column dimensions[15]. By instead
omparing the “true” chiral saturation capacities of differ
SPs, a more relevant comparison is possible. Althou

arge number of nonlinear adsorption studies have been
n protein CSPs, relatively few such studies have been
n high-capacity CSPs designed for preparative purp
ne example of the latter is, a study made by Charton

16] on the adsorption of the enantiomers of methyl m
elate on an immobilized cellulose (Chiralcel OJ) station
hase. The bi-Langmuir equation best described the ad

ion isotherms of these solutes and the monolayer cap
f the chiral type-II sites was approximately 12 times hig

han those found for the same chiral compound on the pr
olumn CHIRAL-AGP[11].

The aim of the present study was three-fold:

to investigate the adsorption behaviour of 2-phenylbu
acid on Kromasil CHI-TBB using the theory of non-line
chromatography;
to validate the adsorption isotherm parameters with
tistical evaluation methods and to compare the simu
elution profiles with experimental ones using a new fu
tion for calculation of the degree of overlap;
to compare the derived “true” chiral monolayer capac
with those reported for other modern CSPs.
angmuir equation must be extended to an equation c
he bi-Langmuir isotherm:

= aIC

1 + bIC
+ aIIC

1 + bIIC
= bIqs,IC

1 + bIC
+ bIIqs,IIC

1 + bIIC
(2)

herebII usually is much larger thanbI and qs,II is much
maller thanqs,I.

.2. Retention factors

The classical retention factor is related to the nume
oefficients of the Langmuir isotherm by the following eq
ion under linear conditions, i.e., at infinite dilution:

= F
∂q

∂C
= Fa (3)

hereF is the phase ratio (Vs/Vm) andk, the retention facto
f the stationary phase has a heterogeneous surface wit
ypes of adsorption sites the retention factor is the sum o
ontributions originating from type-I and type-II sites. A g
ral expression of the retention factors of the two enantio
nder linear conditions can be expressed as:

= kI + kII = F (aI + aII ). (4)

.3. Calculating band profiles

The equilibrium-dispersive (ED) model[17] was used t
alculate the overloaded band profiles. This model ass
onstant equilibrium between the stationary and the m
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phase. The model uses an apparent dispersion term,Da, to
account for the band-broadening effects due to axial diffusion
and assumes instantaneous equilibrium between the station-
ary and the mobile phase.

Da = µL

2N
(5)

whereµ is the mobile phase velocity;L, the column length
andN, the number of theoretical plates. This model is valid
when the band profile is more influenced by the nonlinear
behaviour of the equilibrium isotherm than by kinetic effects
[17]. In the ED model, the mass balance equation for a single
component is expressed as follows:

u
∂C

∂z
+ ∂C

∂t
+ F

∂q

∂t
− Da

∂2C

∂z2 = 0 (6)

wheret is the time andz, the axial position in the column;
q, the concentration of the solute in the stationary phase in
equilibrium with C, the mobile phase concentration of the
solute;u, the mobile phase velocity[17].

In order to get a unique solution to the system of partial
differential equations that the mass balance equations consti-
tute it is necessary to complete them by a set of initial and
boundary conditions[17]. The initial condition describes the
state of the column when the experiment begins, i.e., att = 0.
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Fig. 1. The molecular structure of the monomer unit which comprises the
network-polymeric stationary phase in Kromasil KR 100-10 CHI-TBB.

156 refractive index detector (Knauer, Berlin 37). The sep-
arations were carried out on a Kromasil CHI-TBB column
(100 mm× 4.6 mm I.D., Eka Chemicals AB, Bohus, Swe-
den). The Kromasil CHI-TBB column consist of a network
polymer with incorporating bifunctional C2-symmetric chiral
selector[13,14], the monomer;O,O′-diaroyl-N,N′-diallyl-l-
tartardiamide (see structure inFig. 1), the polymer is cova-
lent bonded to functionalized silica. The chiral selector is
anchored to the network polymer by a crosslinking reaction,
which also causes the covalent bonding to the functional-
ized silica[13]. The column was temperature controlled in a
circulating water-bath Model B Lauda (Köningshofen, Ger-
many) at 20.0◦C. A computer data acquisition system using
the software CSW version 1.7 DLL was used to record the
chromatograms.

3.2. Chemicals

(R)-(−)-2-phenylbutyric acid and (S)-(+)-2-phenylbutyric
acid were 99% pure chemicals from Aldrich Chem. Co.
(Stockholm, Sweden). The organic solvents used for chro-
matography weren-hexane, 2-propanol, ethyl acetate and
methyltert-butyl ether (MTBE); all were of Lichrosolv grade
from Merck KGaA (Darmstadt, Germany). Formic acid and
acetic acid were of pro analysis grade from Merck KGaA
(
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n this case, the initial conditions correspond to a colu
mpty of sample and containing only mobile and statio
hases in equilibrium:

(t = 0, z) = 0 where 0≤ z ≤ L (7)

he boundary condition characterizes the injection. If dis
ion effects are neglected it can be regarded as a recta
ulse with durationtp at the column inlet. If the concentrati
f the injected compound isC0 we have:

(t, z = 0) = C0 when 0≤ t ≤ tp, (8a)

(t, z = 0) = 0 when t > tp (8b)

he systems of mass balance equations with the p
sotherm equations should be integrated numerically to o
he concentration profiles at the column outlet.

. Experimental

.1. Apparatus

The chromatographic system used consisted of two J
U-1580 intelligent HPLC pumps (Tokyo, Japan). The pu
utlets were connected via a low dead-volume PEEK
onnector. All connections were short sections of 0.13
EEK capillaries. The injector was a Jasco AS-1550 In
ent sampler with a 50�L loop. The detector was an HPL
pectrophotometer Lamda 1010 from Bischoff (Leonb
ermany). The refractive index (RI) detector was a Beck
Darmstadt, Germany).

.3. Procedures

Staircase frontal analysis was used to acquire ad
ion data for the enantiomers of 2-phenylbutyric acid.
ump (A) was connected to a reservoir containing the
obile phase, the other (B) to a reservoir containing
nantiomer dissolved in the mobile phase. Using the h
ressure gradient mode of the instrument, a solution of
tant B/A concentration was pumped through the colu
his concentration was increased stepwise (10 steps) a
tant time-intervals for each bulk concentration, resu
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in a staircase chromatogram. Four different bulk concentra-
tions of each enantiomer were used successively as solvent
B, which allowed the collection of adsorption data over a
broad concentration range. More particularly, 40 data points
were acquired for each enantiomer over a concentration range
between 7.6�M and 305 mM, an approximately 40,000-fold
range. The flow rate was 0.80 ml/min. The wavelength of
the UV-detector was set at 240 or 280 nm. The absorbance
data from the detector was transformed into concentration
units using a calibration curve derived from absorbance mea-
surements made on the concentration plateaus of the frontal
analysis staircase.

Two different dead volumes must be determined using the
FA method: the column hold-up volumeV0 and the total dead
volume for the staircase experimentVT. The latter volume is
the entire volume after the T-connector (includingV0) and
until the column exit. The column hold-up volume,V0, was
determined to 1.21 mL by injecting the sample and measur-
ing the first-eluted front disturbance. The total dead volume
(VT) was determined to be 1.53 mL (V0 is included inVT) by
equilibrating the system with mobile phase from one pump
and at a timet introducing a steep gradient of a mobile phase
with a slightly different composition from a second pump.
The phase ratio (F) was calculated to be 0.376.

The values of the parameters of the Langmuir and bi-
Langmuir isotherm expressions (Eqs.(1) and (2)) were calcu-
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injected. Using the chromatograms from the re-injections,
the molar fraction of each enantiomer was calculated from
the peak areas and then the UV-records from the overloaded
eluent chromatograms were used to translate the contents of
these fractions to enantiomer concentrations.

4. Results and discussions

Kromasil CHI-TBB has been suggested to be well suited
for preparative separations of acidic racemates[13,14].
For this CSP, formic or acetic acid is usually recom-
mended as additive to the mobile phase in order to improve
the peak shape and the resolution[14,18]. At first, a
mobile phase recommended in the literature namely hex-
ane/ethylacetate/formic acid 85/15/0.1, was used. However,
the presence of the additive formic acid resulted in a sys-
tem peak effect with strong peak deformations of the 2-
phenylbutyric acid enantiomers. This is illustrated inFig. 2a
showing the chromatogram resulting after the injection of
50�L of 63.6 mM racemic mixture of the enantiomers (i.e.,
31.8 of each enantiomer). The first eluted (S)-enantiomer
showed peak tailing with a deformed rear portion and the sec-
ond eluted (R)-enantiomer showed fronting. We suspected
peak deformations due to a co-eluting system peak and
made therefore injections of eluent lacking formic acid and
r ctor.
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ated using a nonlinear regression method, the Gauss–N
lgorithm with the Levenberg modification, as implemen

n the software PCNONLIN 4.2 from Scientic Consu
ng (Apex, NC, USA). When performing the regression
CNONLIN, the experimental data were fitted to both
angmuir and the bi-Langmuir equation. For the bi-Langm
ase, both free and locked parameters were estimated. L
arameters mean that the software is forced to give one
ites the same parameters for both enantiomers. Free p
ters mean that the software is free to estimate any valu

he parameters that fit the experimental data best. Both
nd locked bi-Langmuir parameters are presented inTable 1.

Fractions from overloaded eluent chromatograms w
aken at 6-s intervals and each fraction was diluted an

able 1
ree and locked bi-Langmuir isotherm parameters for (R)-and (
henylbutyric acid. The relative standard deviations of the paramete
ates are in parenthesis

ype of site a b (mM−1) qs (mM)

ree parameters
R, I 6.53 (5.4) 0.01368 (4.7) 477.3
S, I 4.36 (4.9) 0.00994 (4.5) 438.6
R, II 19.86 (1.7) 0.15185 (5.3) 130.8
S, II 14.39 (1.4) 0.11673 (4.6) 123.3

ocked parameters
R, I 5.10 (4.4) 0.01130 (3.9) 451.3
S, I 5.10 (4.4) 0.01130 (3.9) 451.3
R, II 20.27 (1.3) 0.12022 (3.2) 168.6
S, II 14.18 (1.7) 0.13971 (5.4) 101.5
-

ecorded the column outlet with a refractive index dete
he RI-chromatogram revealed a system peak eluted be

he two enantiomers at a retention time around 5 min
ig. 2b). The fronting deformation caused by a system p
as been described previously both theoretically[19] and
xperimentally[20].Fig. 3shows the chromatogram result
fter injection of a sample with a 10-fold higher concentra
320 mM) of only the later-eluted (R)-enantiomer using
ame eluent. Here, the fronting deformation has devel
o an almost rectangular zone with a valley at its top.

The system peak probably originated from the presen
ormic acid in the eluent. When acetic acid was tested a
lternative additive, the enantiomer peaks of 2-phenylbu
cid were still disturbed. In addition, acetic acid did
educe the peak tailing and improve the peak resolutio
fficient as the stronger formic acid did.

.1. Choice of mobile phase modifier

The deformation effects made it impossible to acq
sotherms of 2-phenylbutyric acid through frontal anal
FA) and did also deteriorate the preparative separati
arger sample loads. Since similar deformation effects o
olute bands occurred for both of the acidic additives it
oncluded that an optimal modifier would be one which
ot require an additive. Mobile phases were tested comp
f n-hexane and one of the three different modifiers ety
tate, 2-propanol or methyltert-butyl ether (MTBE). With
thylacetate or 2-propanol as modifiers the peak tailing

oo strong and the resolution was bad, even at high mo
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Fig. 2. (a) The chromatogram shows peak deformations caused by a system
peak after the injection of 50�L of a 63.6 mM racemate of 2-phenylbutyric
acid. The mobile phase wasn-hexane/ethyl acetate (85/15) with 0.1% formic
acid. For other conditions, see Section3. (b) The chromatogram shows a
refractive-index trace after the injection of 50�L of eluent lacking the acid,
i.e. n-hexane/ethyl acetate (85/15) using the same mobile phase as in (a). A
refractive index (RI) detector was used to register the eluate. Otherwise the
same conditions as in (a).

contents. When MTBE was used as modifier the peak tailing
was less pronounced as compared to the use of the other two
modifiers and the resolution between the peaks was good. The
best composition of this mobile phase was a 90/10 mixture of
n-hexane/MTBE, resulting in peaks with moderate retention
times, low peak tailing and good resolution.

4.2. Determination of adsorption isotherm parameters
and validation of their models

The adsorption isotherms were measured by frontal anal-
ysis and the adsorption isotherm parameters were validated
in two ways: (1) rival isotherm models were compared using
statistical calculations (F-test) and (2) simulated elution pro-
files, using the best isotherm parameters, were compared with
experimental ones using an overlap function.

Fig. 3. The chromatogram shows a strong peak deformation caused by
a large system peak after the injection of 50�L 320 mM of (R)-2-
phenylbutyric acid. Otherwise the same conditions as inFig. 2a.

4.2.1. Determination of adsorption isotherm
parameters

The single component isotherms of the two compounds
were measured by using the FA method in the staircase mode
(see Section3). The adsorption data were fitted to both the
Langmuir and the bi-Langmuir (free and locked) equations
and both sets of parameters are presented inTable 1. The
numerical values of the free and locked parameters are of
similar sizes. The lockeda andb terms for the type-I site are
identical for both enantiomers. Thus, this site, which is the
one with the highest saturation capacity (qs = a/b = 451 mM),
is probably nonchiral. The type-II site, which is responsible
for the chiral recognition, has an unusually large satura-
tion capacityqs = a/b = 101.5 mM for the (S)-enantiomer and
168.6 mM for the (R)-enantiomer (cf. locked parameters in
Table 1).

4.2.2. Validation of the adsorption isotherm model and
its parameters

Successful completion of the regression required weight-
ing of the data points. The weight is equal to 1/qpred, where
qpred is the stationary phase concentration predicted by the
model. This assumes that the relative error is constant. The
free bi-Langmuir model fitted the experimental data much
better than the Langmuir model. This was obvious from
a visual comparison and was also concluded by compari-
s
o r
t muir
m lue
o
a om
f ees
o lcu-
l cant
d e bi-
on of the values of the residuals used in anF-test [21]
n the models. For both enantiomers theF-test was large

han 926 upon comparing the results of the free bi-Lang
odel to those of the Langmuir model. The critical va
f F (P = 0.05, d.f.2 = 36, �d.f. = 2) is 3.3; whereP, d.f.2
nd�d.f. are the level of significance, degrees of freed

or the bi-Langmuir model and the difference in degr
f freedom between the models, respectively. If the ca

ated value is larger than the critical value there is signifi
ifference between the two models, so in this case th
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Fig. 4. Experimental and calculated adsorption isotherms for (R) and (S)-2-phenylbutyric acid. The symbols are experimental data; (S)-enantiomer(�), (R)-
enantiomer (�) and the lines are calculated using the free bi-Langmuir isotherm parameters fromTable 1: (S)-enantiomer (solid), (R)-enantiomer (dashed).
The main figure shows the high concentration range (below 305 mM). The left inset shows the low-concentration range (below 0.1 mM) and the right inset the
medium-concentration range (below 1.0 mM), respectively. The mobile phase wasn-hexane/MTBE (90/10). For other experimental conditions: see Section3.

Langmuir equation fits the data significantly better than the
Langmuir equation. This statistical result confirms the valid-
ity of our assumption of a two-site surface. When comparing
the results of the free bi-Langmuir model to those of the
locked bi-Langmuir model, both seem to fit the experimental
data well upon visual comparison, but theF-test was larger
than 17.0 and the critical value ofF (P = 0.05, d.f.2 = 72,
�d.f. = 2) is 3.1. This statistical result shows that the free
bi-Langmuir parameters fits the experimental data signifi-
cantly better than the locked ones, but the difference is much
smaller as compared to when comparing one and two-site
models.

Fig. 4shows the experimental adsorption data (symbols)
acquired by the FA method. The lines are the isotherm
functions calculated using the free bi-Langmuir adsorption
isotherm parameters (cf.Table 1). The calculated isotherms
are in excellent agreement with the experimental ones. In
Fig. 4, the isotherms are linear both in the low, 0–0.1 mM
(cf. Fig. 4: left inset), and in the intermediate concentration
ranges, 0–1 mM (cf.Fig. 4: right inset). But, at the high con-
centration range, 0–300 mM (cf.Fig. 4: main) the isotherms
are strongly nonlinear.

4.3. Validation of simulated elution profiles

The validation of an isotherm model and its parameters
requires comparison between calculated overloaded band
profiles and experimental profiles recorded under the same
conditions. In order to quantify how well the simulation fits
the experimental data we defined theoverlap to be,
∫ ∞

0 min[csim(t), cexp(t)] dt
∫ ∞

0 csim(t) dt
, (9)

where cexp(t), csim(t) is the experimental and simulated
response at timet. This equation measures the relative amount
of the peak-area that differs when comparing the simulated
and measured elution profiles. When the experimental and
simulated elution profiles coincide perfectly the overlap is
100% and when they are totally separated the overlap is 0. In
this study, both single and binary elution profiles were used
to validate the adsorption isotherm parameters.

4.3.1. Single-component band profiles
The experimental single-component band profiles of both

enantiomers were compared with the calculated ones using
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Fig. 5. Comparison between experimental (dotted line) and calculated
(dashed line) overloaded elution band profiles resulting from the injection
of 25�L 305.0 mM of (S)-2-phenylbutyric acid. The line is calculated using
the free bi-Langmuir adsorption isotherm parameters fromTable 1. Other
experimental conditions as inFig. 3.

both the free and the locked bi-Langmuir parameters. The
(S)-enantiomer inFig. 5 and the (R)-enantiomer inFig. 6
show the comparison of the experimental (dotted line) and
calculated overloaded single-elution profiles (dashed line) for
the two enantiomers using the free bi-Langmuir parameters.
The calculated elution profiles (free bi-Langmuir parameters,
cf. Table 1) agreed very well with the experimental profiles
in both cases and the overlaps are quite good, 88.7% for
the (S)-enantiomer and 92.0% for the (R)-enantiomer. The
overlap for the (S)-enantiomer is calculated only between
6.5 min and 13.0 min because the contamination peak eluting
before the (S)-enantiomer lowered the overlap to 74.2%. The
locked bi-Langmuir parameters (cf.Table 1) also gave high
overlaps, 87.0% for the (S)-enantiomer and 91.0% for the

F (solid
l njec-
t ted
u
O

Fig. 7. Comparison between experimental and calculated binary band
profiles resulting from the injection of 50�L 400.0 mM racemate of 2-
phenylbutyric acid. Symbols denote experimental data: (S)-enantiomer (�),
(R)-enantiomer (�). Lines are calculated data using the free bi-Langmuir
adsorption isotherm parameters fromTable 1: (S)-enantiomer (solid), (R)-
enantiomer (dashed). Other experimental conditions as inFig. 3.

(R)-enantiomer, but not as high as the overlaps for the free
parameters.

4.3.2. Binary-component band profiles
In binary mixtures, the individual band profiles were deter-

mined in the mixed regions by analysis of collected fractions.
A comparison was made between experimental (symbols)
and theoretical profiles (lines) for 1:1 (Fig. 7) and 1:3 (Fig. 8)
mixtures of the (S)-enantiomer and the (R)-enantiomer.Fig. 7
shows the injection of such a high amount as 50�L 400 mM
racemic mixture of 2-phenylbutyric acid (i.e., 200 mM of
each enantiomer).Fig. 8 shows the overloaded injection of
50�L of 285 mM of the (R)-enantiomer and 95 mM of the

F d pro-
fi d
2 xper-
i -
l s from
T men-
t

ig. 6. Comparison between experimental (dotted line) and calculated
ine) overloaded elution band profiles (dotted line) resulting from the i
ion of 25�L 304.7 mM of (R)-2-phenylbutyric acid. The line is calcula
sing the free bi-Langmuir adsorption isotherm parameters fromTable 1.
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(S)-enantiomer, 3/1 mixture. The agreement between the
experimental profiles and those calculated using the free
bi-Langmuir parameters was good. The most significant devi-
ation was the height of the first peak inFig. 7. The overlap in
the elution profiles for the injections was 95.8% inFig. 7
and 94.9% inFig. 8 using the free bi-Langmuir parame-
ters. If the locked bi-Langmuir parameters were used the
overlaps were only 76.0% and 81.7% forFigs. 7 and 8,
respectively.

4.4. Identification of the adsorption sites on Kromasil
CHI-TBB

The validation of the elution profiles (see above) confirms
that the adsorption is heterogeneous and that its best descrip-
tors were the free bi-Langmuir parameters. It is difficult to
judge which site is chiral from only the free parameters. How-
ever, the locked parameters were almost as good and this
indicate that the high-capacity site is nonchiral.

A confirmation of the identification of the adsorption sites
was provided by the overlay of the individual staircase chro-
matograms of the respective enantiomer (seeFig. 9). At the
first to the third steps (at 30.5, 61.0 and 91.5 mM, respec-
tively) the breakthrough fronts of the two enantiomers are
separated from each other while at the fourth step (at 122 mM)
t nts.
T by
fi The
r y
m e
s rec-
t
k cu-
l ion
f was
m

F ase
c con-
c itions
a

values for the first four steps inFig. 9were 1.27, 1.17, 1.10
and 1.04, respectively. Thus, the chiral capacity should be
somewhere above 100 mM, which is in the same magnitude
as the type-II sites inTable 1(for both free and locked param-
eters). The saturation capacity of the best type-II values (free
parameters) is 131 mM for (R)-(−)-2-phenylbutyric acid and
123 mM for (S)-(+)-2-phenylbutyric. Above the fourth step
in Fig. 9, there is no resolution, still both enantiomer fronts
are retained. This confirms that the high-capacity site is non-
chiral.

4.5. Comparison with other CSPs

It is possible to isolate and determine both strengths and
capacities of the chiral sites of any CSP by using theory of
non-linear chromatography as a tool. For preparative pur-
poses such a quantitative determination of the saturation
capacity of the chiral site is an extremely important piece
of information. Even without this quantitative determina-
tion, it is indicated that the pure chiral site of the studied
column (Kromasil CHI-TBB) has a strikingly large capac-
ity, considering the large amounts of 2-phenylbutyric acid
accommodated using an analytical-size column, almost 2 mg
of each enantiomer per gram adsorbent, while retaining at
least partial peak resolution (cf.Fig. 7).
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actor of the more retained enantiomer. The assumption

ade that the chiral sites reach saturation atα < 1.1. Theα
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s 3.8 mM. Moreover, Chiralcel OJ has a chiral capacit
5.3 mM for ketoprofen, whereas it is 25.4 for the compo
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re, on the average, 2.3 mM whereas the corresponding
ged coefficient for the three cellulose-derivative system
7.2 mM. Thus, the cellulose-derivative-based CSPs ha

he average, a 25-fold times larger chiral capacity than
rotein CSPs. By contrast, the averaged saturation c

ty of the chiral site of Kromasil CHI-TBB (127 mM) is 1
imes larger than the largest capacity of any of the cellul
erivative-based CSPs inTable 2(ketoprofen on Chiralce
J). This result is in contrast to a previous comparison w

artardiamide phases has markedly lower saturation cap
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Table 2
Saturation capacity for different chiral stationary phases

Reference Stationary phase (type) Solute Isomer qs,I (mM) qs,II (mM)

This work Kromasil CHI-TBB (polymer) 2-Phenylbutyric acid R 477.3 130.8
S 438.6 123.3

[11] CHIRAL-AGP (protein) 2-Phenylbutyric acid (pH 5.0) R 29.4 3.6
S 29.4 4.0

[11] CHIRAL-AGP (protein) Methyl mandelate (pH 5.0) S 12.6 2.1
R 12.6 2.2

[6] CHIRAL-CBH I (protein) Propranolol (298.1 K; pH 5.5) R 23.1 0.9
S 21.5 0.8

[16] Chiralcel OJ (cellulose) Methyl mandelate D 549 25.4
L 549 25.4

[22] Chiracel OJ (cellulose) Ketoprofen R 598 85.3
S 598 85.3

[23] Chiralcel OB (cellulose) 1-Indanol R 655 47.0
S 820 74.5

as compared to polysaccharide-based phases (cf.Fig. 4 in
[15]). The reason for the different result can be that the latter
comparison was based on empirical data of sample amount
purified instead of standardized coefficients but also that an
acid was included in the eluent destroying the resolution at
high-concentration injections (see above).

The solute 2-phenylbutyric acid used in this study (on
CHI-TBB) was also used on the protein column CHIRAL-
AGP. A comparison showed that the chiral capacity on
Kromasil CHI-TBB was 33 times larger as compared on
CHIRAL-AGP. The staircase steps of the two enantiomers of
the CHIRAL AGP system had a combined elution at 3 mM or
higher whenα < 1.1 (unpublished results of system in[11]).
This confirmed the accuracy of our approach coefficient-
based comparison since 33 times 3 mM is around 100 mM
which is the concentration whenα < 1.1 for Kromasil CHI-
TBB (see above).

The saturation capacities of the nonchiral type-I sites are
also presented inTable 2. The averaged value for Kromasil
CHI-TBB (458 mM) is comparable to that of the cellulose-
derivative-based systems (569 mM) and also to the capacity
of common homogenous systems, such as C18 columns,
using the simple Langmuir equation. As an example, in a
recent study by Forssén et al., the capacities for two steroids
adsorbed on a modern C18 column were found to be 475 and
650 mM, respectively[24]. Interestingly, the corresponding
a
2 for
t ilized
s

5

ers
o sti-

gated on the new chiral stationary phase Kromasil CHI-
TBB. The bi-Langmuir equation fitted best to the acquired
adsorption isotherms, indicating a heterogeneous surface.
This model allowed isolation of the “true” chiral sites as
well as quantitative determination of their adsorption strength
and capacity. The derived adsorption data were compared
with the adsorption data reported earlier for CSPs aimed at
both analytical and preparative purposes. The comparison
showed that Kromasil CHI-TBB apparently has an unusu-
ally large capacity for the chiral sites. Thus, the “true” chiral
capacity was found to be 33 times larger than for the protein
phase CHIRAL-AGP using the same model compound and
1.5 times larger the largest value found in the literature for
any cellulose derivative CSP (Chiralcel OJ separating keto-
profen). However, a prerequisite for the large chiral capacity
of Kromasil CHI-TBB is that the recommended acidic addi-
tive is lifted out.

We could also demonstrate that in general the number of
non-chiral sites are around 25 times fewer on chiral phases
based on immobilized proteins as compared to such using
less bulky substances as immobilized selectors or of common
capacities on C18 systems (cf.Table 2).

We recommend that comparisons of the loading capac-
ities of CSPs should be based on the coefficients for the
“true” chiral capacity, obtained by using the theory of non-
linear LC as a tool. This should provide a more relevant
a com-
p mple
a dif-
f y
r igh-
c num-
b rent
s pen-
d e of
s

veraged value for the protein-based phases inTable 2 is
1.4 mM, a value which is around 25 times smaller than

he chiral phases using less bulky substances as immob
electors (cf.Table 2).

. Conclusions

In this study, the adsorption behaviour of the enantiom
f the model compound 2-phenylbyturic acid was inve
nd standardized way to compare different CSPs as
ared to the previous approach based on data of sa
mount purified during various operation conditions and

erent column dimensions[15]. However, there exist toda
elatively few nonlinear adsorption studies done on h
apacity CSPs as compared to protein CSPs. A larger
er of such data on preparative CSPs with many diffe
olutes is necessary since the “true” chiral capacity is de
ent not only on the type of CSP but also on the typ
olute.
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