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Abstract

The single-component and competitive adsorption isotherms of the enantiomers of 3-chloro-1-phenyl-1-propanol were
measured by frontal analysis. The stationary phase was a cellulose tribenzoate coated on silica, the mobile phase an
n-hexane–ethyl acetate (95:5) solution. The adsorption data measured fitted well to the Langmuir isotherm model. The band
profiles of single components and of their mixtures were calculated using the equilibrium-dispersive model. These profiles
were found to match quite satisfactorily the experimental band profiles. However, the agreement between calculated and
experimental band profiles was significantly improved when a more complex model taking into account the mass transfer
kinetics was used. The mass transfer rate coefficients, k , for both single components were determined by using thef

transport-dispersive model of chromatography. The coefficients obtained were used to predict the band profiles of mixtures
of the two enantiomers to good agreement.  2000 Elsevier Science B.V. All rights reserved.
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3-Chloro-1-phenyl-1-propanol

1. Introduction mostly because of the low cost of this method
compared to that of the more conventional approach

Enantiomeric separations is a topic of great current of designing a stereoselective organic synthesis.
interest in liquid chromatography because of its However, this procedure needs to be optimized in
importance for the pharmaceutical industry, most order to achieve the minimum production cost and
compounds used as drugs being chiral. Preparative the desired purity of the enantiomers. Optimization
chromatography is becoming widely used for the of a separation is particularly critical when operating
purification of enantiomers of synthesis inter- a simulated moving bed unit in which case the
mediates, at least at the drug development stage, selection of the operation parameters cannot be done

effectively by the time-honored method of trial-and-
error but requires a more sophisticated approach*Corresponding author. Tel.: 11-865-974-0733; fax: 11-865-
[1–6]. The reason for this is in the number of the974-2667.

E-mail address: guiochon@utk.edu (G. Guiochon) parameters involved and in the intricacy of their
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interactions with the product purity and throughput, characterized by a slow mass transfer kinetic which
especially under nonlinear conditions. Among these may cause an important band broadening in some
parameters, the most important are those of the cases [7,15]. Although this model accounts well for
equilibrium isotherms of the enantiomers to be the data acquired on bonded proteins [7,9–11,14,15],
separated [7]. Modeling the preparative separation of its validity for enantiomeric adsorption on cellulose-
a pair of enantiomers and studying the dependence of based phases is questionable [12,13]. Systematic
the results on the system parameters is probably the investigations of the adsorption behavior of pairs of
safest and cheapest method of optimizing their enantiomers on this important type of stationary
production. This requires, however, the prior de- phase, which is most useful in preparative chroma-
termination of accurate equilibrium data and their tography, would lead to a better understanding of the
modeling. physico-chemical features underlying the retention

Most chiral stationary phases (CSP) commercially and separation of enantiomers.
available are made by bonding to a silica surface the In this study, we measured the single-component
pure enantiomer of a small chiral molecule [8] or and the competitive isotherm adsorption data of the
macromolecule (e.g. a protein or a derivatized cellu- enantiomers of 3-chloro-1-phenyl-1-propanol on cel-
lose) [5,8–10]. The mechanism of enantioseparations lulose tribenzoate. We show how these data are
is still not completely understood, in large part measured and modeled and compare the experimen-
because of the paucity of the results available. tal band profiles of large samples with those calcu-
Paradoxically, although they do not give the best lated. The predictions given by the equilibrium-dis-
analytical separations and give poor performance in persive and the transport-dispersive models of chro-
preparative applications, the behavior of silica- matography were compared. The influence of the
bonded proteins [9–11] is better understood than that mass transfer kinetics on the elution bands was also
of silica-coated celluloses [5,6,8,12,13]. This is studied.
probably related to the easy identification of well-
defined chiral sites in proteins while the structure of
cellulose is most complex. However, cellulose-based 2. Experimental
stationary phases are most suitable for preparative
enantioseparations [12], due to their high loadability 2.1. Equipment
and their good mechanical stability. Thus, it seems
useful to undergo a systematic investigation of the All experiments were carried out with a HP 1090
equilibrium isotherms of pairs of enantiomers on liquid chromatograph (Hewlett-Packard, Palo Alto,
different such phases. CA, USA), equipped with a ternary-solvent delivery

Previous studies showed that the adsorption data system, an automatic sample injector with a 250-ml
of many enantiomers on several chiral stationary loop, a diode-array UV detector, and a computer data
phase could be accounted for by the bi-Langmuir acquisition system using the HP-Chem Station soft-
isotherm model [4,10–15]. However, other studies ware (Ver. A.05.03). Acquired data were dow-
suggested different models, e.g. the sum of a linear nloaded to one of the computers of the University of
term and a Langmuir isotherm [4] or more complex Tennessee Computer Center for further data process-
models [12,15]. The bi-Langmuir model assumes the ing.
surface of the stationary phase to be heterogeneous
and covered with two types of adsorption sites 2.2. Column
[7,10,14,15]. The more abundant type of sites are
low-energy, nonselective sites, characterized by a A 2530.46 cm I.D. Chiracel OB-H (cellulose
fast mass transfer kinetics. They significantly con- tribenzoate coated on silica gel substrate) column
tribute to the retention but have no role in the (Daicel, Tokyo, Japan), packed with 5-mm particles,
enantioseparation. The second type of site is associ- was used. The total porosity (´ 50.77) was de-T

ated with the bonded ligands and is responsible for termined by injecting 1,3,5-tri-tert.-butyl benzene on
chiral recognition. These are high energy sites, the column. This compound is not retained on
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Chiracel OB-H under the actual experimental con- 2.6. Determination of the adsorption isotherm for
ditions [13,16–18]. single component

2.3. Mobile phase and chemicals The single-component and competitive adsorption
isotherms of the two CPP enantiomers were mea-

HPLC-grade n-hexane and ethyl acetate were sured using frontal analysis in the single-step mode
purchased from Fisher Scientific (Fair Lawn, NJ, [4]. Two containers of the solvent delivery system
USA). S- and R-3-chloro-1-phenyl-1-propanol (CPP) were filled, one with pure mobile phase and the other
(purity.99%) and 1,3,5-tri-tert.-butyl benzene with a solution of the CPP enantiomers at the desired
(TTBB) were purchased from Aldrich (Milwaukee, concentrations. Suitable programming of the control-
WI, USA). These products were used without further ler of the solvent delivery system made it easy to
purification. perform the required series of 10 concentration steps,

i.e. of injections of 10 wide (ca. 4 min) rectangular
2.4. Procedures injections with a maximum concentration increasing

from 0.1C to C in 0.1C steps. In all these0 0 0

All experiments were performed with a mixture of experiments, the column was equilibrated with the
n-hexane–ethyl acetate (95:5 v/v) as the mobile pure mobile phase by percolating it with three
phase, at room temperature, and with a flow-rate of 1 column volumes of this solution after the elution of

21ml min . the sample and before the injection of a new sample.
Despite this procedure being tedious, time consum-

2.5. Characteristics of the analytical ing, and somewhat wasteful of chemicals, it has the
chromatograms advantage over the conventional staircase mode of

avoiding the cumulative errors encountered in the
The retention factors of both enantiomers and the calculation of the isotherm data points. Through the

efficiencies of their peaks are reported in Table 1. use of several enantiomer solutions of increasing
Although, the selectivity factor was small (a51.20), concentrations, the total range of concentrations

21a complete separation between S- and R-CPP was studied extended up to 5 g l . The UV detector was
achieved at infinite dilution (see chromatograms calibrated at 270 nm, the absorbance data being
later). This result is explained by the high column transformed into concentrations by averaging the
efficiency, about 8000 theoretical plates. This ef- measurements made on each concentration plateau.
ficiency was determined from the width of the peak The slightly nonlinear calibration curve was fitted to
at half-height and its retention time. It was measured a second-order polynomial. Due to the achiral nature
with small low-concentration samples under con- of the UV response, the same calibration curve was
ditions such that bC is smaller than 0.01, where b used for both enantiomers.M

is the coefficient of the Langmuir isotherm (see later) The amount of compound adsorbed by the station-
and C is the maximum solute concentration in the ary phase was determined from the inflection pointM

eluted peak. of the breakthrough curve using the classical equa-
tion:

Table 1
a C(V 2V )F 0Experimental data of CPP enantiomers under linear conditions

]]]q 5 (1)VaEnantiomer S R

Retention time (min) 9.04 10.27 where q is the amount adsorbed on the solid phase in
k 1.83 2.21

b equilibrium with the concentration C in the mobileNumber of plates 8200 8000
phase, V is the retention volume of the inflectiona Ft 5 3.2 min determined by injecting TTBB (non-retained0 point of the breakthrough curve, V is the column0component).

b void volume, and V is the volume of adsorbent inThe column efficiency is determined from the width at the a

half-height of the peak maximum; selectivity factor (a) 5 1.21. the column. The use of the retention volume of the
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inflection point is legitimate because the column It is common but not general in enantiomeric sepa-
efficiency was high (see earlier) [19]. FACP was also rations that the two terms of Eq. (3) correspond to
used to analyzed the rear diffuse boundary of the the contributions of the nonselective and the selec-
rectangular pulses, which provided further isotherm tive interactions to the phase equilibrium isotherm,
data. respectively [7,10,14]. Then, there are six coeffi-

cients since, obviously a 5 a and b 5 b . Alln,1 n,2 n,1 n,2

six coefficients may be different from zero but some2.7. Determination of the competitive adsorption
may not. Although there are probably always non-isotherms
selective interactions involved in the retention of
enantiomers, their contribution may be negligiblyThe competitive adsorption isotherms were mea-
small compared to that of the selective interactions,sured using the method of single-step binary frontal
in which case a least-square fit of the experimentalanalysis [7,20]. The same procedure was used as for
data to Eq. (3) fails to converge properly and the usethe determination of single-component isotherms,
of a Langmuir isotherm with a 5 0 is required.except that the second container of the solvent n,i

There are obviously also cases in which a Langmuirdelivery system was now filled with a solution of
or bi-Langmuir model does not allow a proper fit ofboth enantiomers in the desired ratio. The advantage
the data. Then, more complex models must beof this method over step frontal analysis is that the
considered. There was no such need in this studyanalysis of the relative concentrations of the two
(see later).enantiomers in the eluate on the intermediate plateau

The coefficients of the equilibrium isotherm modelis not needed since this plateau contains only the less
were calculated using a nonlinear regression programretained S-enantiomer. The concentration of this
(Sigma Plot 4.00, SPSS, San Rafael, CA, USA). Thecompound at the intermediate plateau was calculated
best coefficients for the isotherm parameters werefrom the calibration curve at 270 nm. The adsorbed
obtained by minimizing the following function:amount of each enantiomer in the mixture, q , wasx

determined from the retention volumes and the
N exp th 2d (q 2 q )corresponding concentrations, C , of the break- i i2x ]]]]s 5O (4)exp 2through curves using the equation given by Jacobson (q )i51 i

et al. [20]:
exp thwhere N , q and q are the number of data points,d i iC (V 2V ) 2 C (V 2V )x S1R 0 x,ip S1R S the experimental and the calculated value for each]]]]]]]]]q 5 (2)x Va data points, respectively. Eq. (4) means that, in the

regression, the experimental data were given awhere V , V , V and V are the column dead0 S S1R a
weight equal to the reverse of the stationary phasevolume, the elution volumes of the two breakthrough
concentration.fronts, and the volume of adsorbent in the column,

respectively. C is the concentration of S enantio-x,ip

mer at the intermediate plateau.
2.9. Equilibrium-dispersive model

2.8. Fitting of isotherm data to isotherm model The band profiles were first calculated using the
equilibrium-dispersive model of chromatography [7].

The experimental adsorption data were fitted to the This model assumes an instantaneous equilibrium
Langmuir and the bi-Langmuir isotherm models. The between the stationary and the mobile phase but
equation of the competitive bi-Langmuir isotherm is: accounts for the axial dispersion of the solute.

However, the contribution of the mass transfera C a Cn,i i s,i i
]]]]]] ]]]]]]q 5 1 (3) resistances can be included in the value of the axiali 1 1 b C 1 b C 1 1 b C 1 b Cn,1 1 n,2 2 s,1 1 s,2 2 dispersion coefficient (which becomes an apparent

In this equation, i corresponds to one of the two dispersion coefficient). Realistic band profiles are
enantiomers; the a and b are numerical coefficients. obtained [7] when this coefficient is related to thej j
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column efficiency using the conventional equation of the column contained only the stationary phase in
linear chromatography: equilibrium with the pure mobile phase, free of

sample:u L0
]]D 5 (5)a C(t 5 0, z) 5 0 (7)2 N

where u is the mobile phase linear velocity, L is the The classical boundary conditions of nonlinear elu-0

column length and N the number of theoretical tion chromatography [7] were used, assuming a
plates. The reason for the general validity of the rectangular injection pulse with a width t and ap
equilibrium-dispersive model is the high efficiency maximum concentration C at the column inlet.0
of the columns used in HPLC, even in industrial

C(t 5 0, z) 5 C , 0 # t # tpreparative applications. At high column efficiency, 0 p
(8)the propagation of the band profile is much more C(t 5 0, z) 5 0, t , 0 or t . tp

influenced by the nonlinear behavior of the equilib-
2.12. Determination of the experimental bandrium isotherm than by the mass transfer kinetics. It is
profilesnot uncommon, however, that in enantioseparations

the mass transfer kinetics is relatively slow, especial-
Sufficiently large samples of solutions in thely for the more retained enantiomer. Then a more

mobile phase of either the single components orcomplex model must be used for the calculation of
binary mixtures of the enantiomers were injected inband profiles.
the column. To minimize the band dispersion caused
by axial dispersion in the sampling device, upstream2.10. Lumped kinetic model (transport-dispersive
of the column, the sample solution was placed in onemodel)
of the containers of the pumping system. A single-
step positive concentration gradient followed by aIn this study, we found (see later) that the solid
negative one after an appropriate delay was per-film linear driving force model should be used to
formed to make each injection. The band wasaccount for the mass transfer kinetics. This model
assumed to be a rectangular pulse. This assumptionassumes that the rate of variation of the stationary
was supported by the steep boundaries of the recordsphase concentration is proportional to the difference
of the elution of samples from a zero-dead volumebetween the equilibrium concentration of the solute
connector replacing the column (not shown).in the stationary phase, q* (when the mobile phase

concentration is C) and the actual concentration.
This leads to the following kinetic equation:

3. Results and discussion
≠q
]5 k (q* 2 q) (6)f≠t

3.1. Modeling of equilibrium isotherms
where k is the mass transfer rate coefficient, propor-f

tional to the inverse of the average residence time. A The Scatchard plot (q /C vs. q) for the single-
combination of the same mass balance equation as component data is shown in Fig. 1. The symbols
used in the equilibrium-dispersive model but with the represent the data points. The solid lines correspond
actual axial dispersion coefficient, and of Eqs. (3) to the best Langmuir isotherm (see later). The
and (5) can be solved numerically using the back- experimental data are well accounted for by the
ward–forward finite difference method [7]. Still, the straight lines. This demonstrates that a Langmuir
initial and boundary conditions must be defined. isotherm model accounts properly for the isotherm

data of the two CPP enantiomers. This is not always
2.11. Initial and boundary conditions the case in enantiomeric equilibria on cellulose-based

packing materials [7,14]. For example, Charton et al.
The initial condition characterizes the state of the [13] have shown that the Langmuir model was not

column when the injection is performed. In this case, suitable in accounting for the adsorption behavior of
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Fig. 1. Scatchard plots for the adsorption of the enantiomers of 3-chloro-1-phenyl-1-propanol on Chiracel OB-H measured by frontal
21analysis; mobile phase: hexane–ethyl acetate (95:5); flow-rate: 1 ml min . Symbols: experimental data. Solid lines: calculated isotherms

derived from the Langmuir isotherm model (see later).

21the methyl mandelate enantiomers on 4-methylcellu- pure enantiomer (ca. 5 g l ). For both enantiomers,
lose tribenzoate immobilized on silica, a stationary these data points are slightly higher than those given
phase only slightly different from the one used in by frontal analysis. This difference is more pro-
this work (cellulose tribenzoate coated on silica). In nounced for S-CPP, the less retained enantiomer,

21their study, the equilibrium isotherms were deter- especially at concentrations higher than 1 g l . This
mined by frontal elution by characteristic point effect can be attributed to a slow mass transfer
(FECP) and accounted for by a bi-Langmuir iso- kinetics which also causes a marked peak tailing,
therm model [Eq. (2)]. Their model assumed that the probably aggravated by a concentration-dependent
stationary phase is heterogenous, that there is a rate-coefficient [7,15,21]. In principle, the column
mixed retention mechanism with two different types efficiency (see earlier, N58000 plates) is high
of interactions: (a) nonselective interactions char- enough to allow the derivation of accurate isotherm
acterized by a low interaction energy and a high data, even though the elution using the characteristic
saturation capacity; and (b) enantioselective interac- point (ECP or FACP) method is based on the ideal
tions, characterized by a high interaction energy model (infinite column efficiency) [7]. However,
(narrow and nearly monodisperse) and a low satura- because of the relatively slow mass transfer kinetics,
tion capacity (q <q ). The first the peak tails more than expected for the high valueenantioselective nonselective

type of interactions (i.e. the nonselective ones) of the efficiency and the adsorption isotherm data
contribute significantly to retention mainly if their derived by FACP are overestimated and less accur-
large number makes their contribution significant in ate. For the sake of comparison, the solid lines
spite of their weak energy. represent the best isotherm (see later).

Fig. 2 shows the isotherm data (symbols) of S- and The FA experimental isotherm data are reported in
R-CPP determined by frontal analysis and FACP. Fig. 2 (single-component data) and Fig. 3 (competi-
The latter data were determined by integration of the tive isotherm data) and are shown as symbols. The
rear diffuse boundary of the elution profile of a large entire set of data was used in the nonlinear regres-
sample (ca. 4 ml) of a concentrated solution of each sion which fitted all these data to Eq. (3). The solid
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Fig. 2. Adsorption data for the enantiomers of 3-chloro-1-phenyl-1-propanol determined by frontal analysis and ECP (elution by
characteristic points). Symbols: data points; solid lines: calculated isotherms derived from the competitive Langmuir model (see later).

lines in the figures show the best Langmuir isotherms data and the calculated isotherms for the two en-
calculated from the set of the best coefficients antiomers at three different relative concentrations,
afforded by the regression (see below the reasons for for the racemic mixture (1:1) and for two enriched
the choice of a 5 0 in this equation). There is a mixtures with relative compositions 1 /3 and 3/1.n,i

very good agreement between the whole set of Table 2 illustrates the results of the different
experimental data and the result of the regression. regressions performed and gives the values of the
Fig. 3 shows the competitive equilibrium isotherm best parameters derived from these different isotherm

Fig. 3. Experimental competitive adsorption data for the R (solid symbols) and the S (open symbols) enantiomers and best calculated
isotherms using the Langmuir competitive isotherm model (lines) for different mixtures. Ratios C /C : 3 /1 (h); 1 /1 (\); 1 /3 (s).R S
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Table 2
Isotherm parameters of the two enantiomers obtained by regression (see Eq. (3))

21 a 21 aParameters Site Enantiomer a 5 q b b (l g ) SE, b RSD (%) q (g l ) SE, q RSD (%) PRESSs s

6 n-selective S 2.55 0.087 0.149 170.7 29.24 132.19 452.1 97.2
R

Selective S 3.34 0.042 0.168 398.3 79.37 134.34 169.3
R 4.72 0.112 0.120 107.3 42.15 125.76 298.4

5 n-selective S 3.18 0.018 0.059 335.4 181.59 472.18 260.0 44.3
R

Selective S 2.82 0.156 0.029 18.3 18.05 16.01 88.7
R 4.76 0.264 0.116 43.9 18.05 16.01 88.7

S Langmuir n-selective S 5.34 0.042 0.010 24.8 127.38 28.65 22.5 1042.0
R bi-Langmuir R

Selective S 0.00 – – – – – –
R 1.38 0.196 0.130 66.2 7.07 0.20 10.7

Langmuir S 6.04 0.077 0.008 10.8 78.90 78.90 7.2 656.9
R 7.24 0.091 0.008 9.2 79.29 79.29 5.9

a SE, standard error.

models. These results are somewhat unusual and were also acquired in a wide range of concentrations
illustrate several situations commonly encountered in [10,11]. Reducing the number of parameters from six
similar studies on phase equilibria. Two types of [Eq. (3) for two enantiomers] to five (by further
error figures are reported in this table. The PRESS assuming that the two selective sites have the same
number is the sum of the residuals or sum of the saturation capacity [14], then that the first eluted
square of the differences between experimental and enantiomer does not ‘see’ the selective sites [15])
calculated values of q. It can be used as a gauge of does not improve the results. In the first case, the
how well a regression model predicts new data. In errors on the best estimates of the coefficients remain
other words, the predictive ability of the model is considerable. In the second case, the errors are still
better when the PRESS is smaller. The trend seen in important and the PRESS number becomes very
the last column of Table 2 illustrates the well-known large.
fact that increasing the number of parameters allows This leaves as the best isotherm model the classi-
a better fit of the data. However, the relative standard cal Langmuir model, with a set of four parameters,
deviation of the estimate of each parameter must also two different ones for each of the two enantiomers.
be taken into account when choosing the model that Although the PRESS number is high compared to
best fits the isotherm data. those obtained with the more complex bi-Langmuir

The five-parameters bi-Langmuir model has the model, this is compensated for and explained by the
lowest PRESS number. However, it is characterized simplification resulting from a smaller number of
by enormous uncertainties in the values of the parameters. Furthermore, there is a considerable
parameters. This arises from the numerical difficulty improvement in the precision on each of the parame-
encountered in attempting to fit a set of experimental ters (Table 2). Finally, the value of the separation
data on an equation such as Eq. (3). The calculation factor, the ratio of the initial slopes of the isotherms
problem is indeterminate unless the saturation ca- of the two enantiomers (i.e. the ratio of the two a
pacities of the two Langmuir terms differ by well coefficients or of the sums of the a coefficients), is
above one order of magnitude (which was the case in closer to the experimental value in this last case.
studies cited earlier [7,13,14,15]). Obviously, the Note that the saturation capacities of the two enantio-
attempt can be fruitful only if the experimental data mers are very close. Given the precision of the
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measurements, they can be considered as identical 3.2. Single-component band profiles
which makes the competitive Langmuir model
thermodynamically consistent in this case. The band Fig. 4(a)–(d) show the band profiles obtained for
profiles calculated from the competitive Langmuir four consecutive injections of increasing volumes of

21model without corrections should account well for an S-CPP solution (ca. 4.14 g l ). The symbols
the experimental profiles. represent these experimental profiles. The dotted

21Fig. 4. Experimental and calculated elution profiles for samples of increasing volumes of an S-CPP solution (C 5 4.124 g l ). Injection
volume: (a) 0.25 ml; (b) 0.5 ml; (c) 0.75 ml; and (d) 1.0 ml. Equilibrium-dispersive model (dotted lines) and transport-dispersive model

21(k 5 200 min ) (solid lines).f
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lines show the band profiles calculated using the calculated with the transport-dispersive model using
21equilibrium-dispersive model. The numerical calcu- a value of the rate coefficient, k , equal to 200 min .f

lations in this case were carried out with an ef- This is the same optimum value as the one de-
ficiency of 8000 plates, as explained earlier. The termined for the S enantiomer.
solid lines show the best profiles calculated with the Fig. 6 compares the experimental elution profiles
transport-dispersive model. The parameters of the obtained for an analytical injection of a racemic
Langmuir isotherm determined previously and re- mixture of S- and R-CPP (linear chromatography)
ported at the bottom of Table 2 were used in all the and the profiles calculated with the two models.
theoretical calculations. Obviously, the best fit was obtained with the trans-

21A good agreement is observed between the calcu- port-dispersive model and 500 min for k . Carefulf

lated profiles based on the equilibrium-dispersive examination of the figure explains why the column
model and the experimental profiles. However, the efficiency seems to be high while the peak is tailing
rear, diffuse boundary of the experimental profiles is and the mass transfer kinetics, although reasonably
always more diffuse than predicted by the model. fast, is slower than expected on a column having
This can be explained by a mass transfer kinetics such a high efficiency. The peak-width at half-height
slower than included in the model. By contrast, there is the same for the three profiles obtained for each
is an excellent agreement between the experimental enantiomer, the experimental and the two calculated
profiles and those calculated as numerical solutions profiles. But the peak calculated from the equilib-
of the transport-dispersive model. The different rium-dispersive model is Gaussian. The experimental
calculated profiles were fitted to the experimental peak and the one calculated with the transport-
ones by adjusting the value of the rate coefficient, k . equilibrium model are not symmetrical but tailf

In these calculations, it was assumed that the axial slightly because of the finite value of the rate
dispersion coefficient accounted only for half the coefficient. Note that profiles calculated with the
band variance observed (and measured in the calcu- transport-dispersive model and a rate coefficient k 5f

21lation of the efficiency of 8000 plates), the rest 10 000 min were superimposed to those derived
arising from the mass resistances. The best value of from the equilibrium-dispersive model. A decrease

21k was found equal to 200 min by curve fitting. of the mass transfer rate coefficient improved thef

The same value of the rate coefficient was obtained agreement of the calculated profile with the rear
for the different peak profiles corresponding to diffuse boundary of the experimental profiles for
increasing sample sizes obtained by increasing the both enantiomers.
concentration or the injected volumes of the same There is not a good agreement with the profile

21solution. Finally, note the exact coincidence of the calculated with the same model and k 5200 minf

fronts of the experimental and calculated profiles in (Fig. 6). The front of the profile becomes too diffuse.
all cases. Thus, experimental profiles obtained at low con-

Similar results were obtained for R-CPP. The centrations do not agree with those calculated with
profiles obtained are shown in Fig. 5(a)–(d). The the best value of the rate coefficient obtained from
comparison between the experimental profiles (sym- high concentration data. This might be explained by
bols) and the profiles calculated with the equilib- a dependence of the mass transfer rate coefficient on
rium-dispersive model (dashed lines) or with the the concentration, a phenomenon previously reported
transport-dispersive model (solid lines) leads to the [15]. The mass transfer kinetics is certainly more
same conclusions as in the case of the S enantiomer. complex than assumed in the transport-dispersive
There is a good agreement between the experimental model.
profiles and those calculated with the equilibrium-
dispersive model, especially as far as the fronts of 3.3. Binary band profiles
the profiles are concerned. However, the experimen-
tal peaks always tail much more than predicted by Fig. 7(a)–(d) compare the experimental (symbols)
the model. The agreement between experimental and and calculated elution profiles for different sample
calculated profiles becomes excellent for the profiles sizes of the racemic mixtures. All the band profiles
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21Fig. 5. Experimental and calculated elution profiles for samples of increasing volumes of an R-CPP solution (C 5 4.135 g l ). Injection
volume: (a) 0.25 ml; (b) 0.5 ml; (c) 0.75 ml; and (d) 1.0 ml. Equilibrium-dispersive model (dotted lines) and transport-dispersive model

21(k 5 200 min ) (solid lines).f

were calculated using the Langmuir competitive the same efficiency was used. With the latter model,
isotherm model with the same coefficients as were we kept the same value of the rate coefficient, at

21used to calculate the single-component profiles in k 5200 min , and of the axial dispersion coeffi-f

Figs. 5 and 6. Again, two sets of profiles were cient. The elution profile based on the latter model
calculated, using the equilibrium-dispersive and the agrees well with the experimental data in all four
transport-dispersive models. With the former model, cases. The agreement between the experimental
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21Fig. 6. Experimental and calculated elution profiles under linear conditions for the racemic mixture. Total concentration: 0.2 g l ; injection
volume: 20 ml.

profiles and those calculated with the equilibrium- tion appears to be different with cellulose-based
dispersive model was less satisfactory, especially at phases. Working with cellulose triacetate, Seidel-

¨high concentrations. The most significant deviations Morgenstern found for Troger’s base a complex
were the tailing of the peaks, unaccounted for, and situation, the adsorption isotherm of the less retained
that the model predicts a worse resolution than the enantiomer being given by a Langmuir equation
one actually achieved; the valley between the two while that of the more retained one was given by a
peaks is always somewhat deeper in the experimental quadratic model [12]. On cellulose trimethylben-
chromatogram than in the calculated one. zoate, Charton et al. found a bi-Langmuir isotherm

for both enantiomers of ketoprofen [13]. On cellu-
lose tribenzoate, we observe a Langmuir isotherm for

4. Conclusion both enantiomers of 3-chloro-1-phenyl-1-propanol.
However, in the previous two cases the equilib-

This study shows that, in certain cases, the sim- rium-dispersive model accounted well for the band
plest isotherm model may account well for the profiles, even though the column efficiency was poor
adsorption data obtained in enantiomeric separations. (100 plates on cellulose triacetate [12]) or moderate
Whereas on chiral stationary phases made of im- (1200 plates on cellulose tribenzoate [13]). In this
mobilized proteins, the equilibrium isotherm is most case, the efficiency is much higher and this increase
generally given by a bi-Langmuir model, the situa- causes a more difficult modeling problem. Simple
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21Fig. 7. Experimental (symbols) and calculated elution profiles for sample of increasing volumes of a mixture of S-CPP (2.068 g l ) and
21R-CPP (2.015 g l ). Injection volume: (a) 0.25 ml; (b) 0.5 ml; (c) 0.75 ml; and (d) 1.0 ml. Equilibrium-dispersive model (dotted lines) and

21transport-dispersive model (k (S) 5 k (R) 5 200 min ) (solid lines).f f

models such as the lumped kinetic model used here University of Tennessee and the Oak Ridge National
are not sophisticated enough. Laboratory.
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