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Adsorption of naproxen enantiomers on chemically modified cellulose
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Adsorption of naproxen enantiomers on the Chiralcel OJ-H chiral stationary phase, being
tris(4-methylbenzoate) cellulose coated on silica gel, was studied. The thermodynamic charac-
teristics of adsorption were measured. The adsorption isotherms are described by the Langmuir
equation within the concentration range under study.
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nonsteroidal anti-inflammatory drugs.

The understanding of mechanisms of enantioselective
adsorption plays an important role in search for methods
of chromatographic isolation of single enantiomers, which
are necessary for the preparation of enantiomerically pure
chiral pharmaceuticals.! Studies in this area have been
extended considerably after the systems with the simu-
lated moving bed (SMB) of the adsorbent were devel-
oped. These systems turned out to be very efficient for the
separation of racemic mixtures.? In the present work, the
regularities of adsorption in the chiral systems were stud-
ied under the conditions of normal-phase liquid chroma-
tography using naproxen (1) as an example. Naproxen is a
representative of the class of profens (derivatives of
2-arylmethylpropionic acid). Practical significance of
compounds of this group is due to their wide use as non-
steroidal anti-inflammatory drugs. Of the two optical iso-
mers of profens, almost only S(+)-enantiomers are char-
acterized by high pharmacological activity,34 whereas the
R(—)-form even can result in undesirable side effects.>
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The majority of works on the enantioselective chro-
matographic separation of profens is devoted to analytical
separation,®—16 j.e., separation of dilute solutions under
the conditions corresponding to the linear region of the
adsorption isotherm. These studies help to reveal most
promising chiral stationary phases (CSPS) and provide
better understanding of the mechanism of interaction of
optically active adsorbates with a chiral selector. How-
ever, a concept on the macroscopic mechanism of ad-

sorption can be obtained only on the basis of analysis of
adsorption isotherms. Works devoted to detailed investi-
gation of enantioselective adsorption under the nonlinear
chromatography conditions are rare. The binary adsorp-
tion isotherms of the ketoprofen enantiomers on a modi-
fied cellulose were measured and the elution curves were
calculated within the framework of detailed investigation
of the preparative separation of the enantiomers.17-18
The semipreparative separation of pairs of enantiomers of
two 2-arylpropionic acids on the glycopeptide CSP was
described.!’® The results of the semipreparative
enantioseparation of naproxen using the Whelk-O1 sta-
tionary phase without measuring the adsorption isotherms
were published.?? The separation of the ibuprofen enanti-
omers by the SMB method was studied in both
supercritical fluid?! and standard?? modes.

In the present work, we studied the adsorption of
profens in the high-concentration range and obtained the
data necessary for the development of an adequate ad-
sorption model. These data are important for the devel-
opment and optimization of separation on an industrial
scale.23 The chiral adsorbent was tris(4-methylbenzoyl)
cellulose coated on silica gel (Chiralcel OJ-H). A similar
column was used to separate ketoprofen in cited works,17:18
and its choice was caused by the high loading capacity
and mass transfer rate.17-18.24 [t was of interest to compare
adsorption of these two profens on the same CSP.

Experimental

Experimental data were obtained on an Agilent 1100 liquid
chromatograph with a diode-matrix detector, which was
equipped with a thermostat of columns, an automatic sample
injector, and a pump with a low-pressure gradient control de-
vice. Measurements were carried out on a Chiralcel OJ-H
column (250x4.6 mm, Daicel). A hexane—ethanol (80 : 20)
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mixture with an additive of trifluoroacetic acid (TFA, 0.1 vol.%)
served as the eluent. The eluent was supplied by a gradient
control device consisting of two vessels, one of which was filled
with a TFA acid solution in hexane and another contained etha-
nol. This system provided reproducibility of the eluent composi-
tion in all experiments. The flow rate of the eluent was
0.985 cm3 min~! and was monitored by filling a volumetric flask
(50 cm?3). Hexane (analytically pure grade) and the naproxen
enantiomers (Sigma Aldrich) were used as received, TFA (pure
grade) was purified by distillation, and ethanol (highest purifi-
cation grade) was dried by distillation over CaO.

Adsorption isotherms were determined by the modified
Gluekauf method?® at 22 °C. The measurements were carried
out with stock solutions of the enantiomers with concentrations
of 0.42 and 4.1 g L~!, the sample volume was ranged from 5 to
50 uL, and each measurement was repeated at least three times.

Initial retention characteristics were determined at 15, 22,
30, and 40 °C. For this purpose, solutions of the enantiomers
with the concentration 0.021 g L~! and sample volume 1 puL
were used. It was found in preliminary experiments that a ten-
fold increase in the concentration does not change the retention
time. This proves that the measurements were carried out in the
linear region of the adsorption isotherm. The dead volume was
determined from the elution of 1,3,5-tri-fert-butylbenzene.26:27
The extra-column volume, determined from the elution time of
the sample in the system without a column, was 0.042 cm?.

Computer simulation. Elution curves were calculated by the
equilibrium—dispersion model of chromatography using the mass
balance equation?8
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where ¢ and ¢ are the concentrations of the adsorbate in the
mobile and stationary phases, respectively, which are the func-
tions of the coordinate along the column (z) and time (7); F is
the phase ratio, u is the linear velocity of the mobile phase, D, is
the apparent axial dispersion coefficient related to the number
of theoretical plates N as D, = Lu/(2N) (L is the column length).
The c and g values are related by the adsorption isotherm equa-
tion ¢ = f(c), providing an instant equilibration in each point of
the column at any moment. The initial and boundary conditions
should be specified to solve the system of equations. The initial
condition ¢(z,0) =0, ¢(z,0) = 0 implies that at the moment 7= 0
the column contains the pure mobile phase. The assumption
that the sample was introduced as a rectangular impulse served
as the boundary condition at the inlet of the column:

c(0,1) = ¢, if 0 <1< Fiy,
’ 0, if >ty

where ¥ is the concentration of the introduced sample, and fimp
is the duration of introduction (impulse). The boundary condi-
tion at the outlet of the column at 7> 0 and z = L is dc/dz = 0.
‘When using the equilibrium—dispersion model, it is assumed
that all factors affecting the dispersion of the chromatographic
peak are taken into account by the dispersion coefficient. This is
a substantial simplification. Nevertheless, the numerical stud-
ies28—30 on the simulation of the chromatographic process dem-
onstrated that the approach described can be applied when the

regularities of mass transfer are not interesting but it is impor-
tant to determine only the adsorption isotherm. Particularly, the
equilibrium—dispersion model was used in the study of the
enantioselective adsorption of ketoprofen!’-18 and methyl man-
delate2® on the Chiralcel OJ CSP.

Equation (1) was solved by the orthogonal collocation
method on finite elements. The method has earlier been de-
scribed in detail.31:32

Results and Discussion

Measurements in the linear region. The temperature
plots of the initial retention factor (k") for the both enan-
tiomers are straight lines in the coordinates of the van’t
Hoff equation (Fig. 1), which for £~ is written as follows:

In(k’/F) = —AH°/(RT) + AS°/R, (2)

where AH° and AS° are the standard enthalpy and entropy
of adsorption, R is the universal gas constant, 7 is the
temperature, and F is the ratio of volumes of the station-
ary and mobile phases in the column (in this work,
F=0.43). The standard thermodynamic characteristics of
adsorption calculated by Eq. (2) are given in Table 1.
These data show that the differences in the thermody-
namics of interaction of the enantiomers with the CSP
under study are low. Nevertheless, they provide almost
complete separation of the enantiomers. This is illustrated
in Fig. 2 showing the chromatograms of racemic mixtures
of the enantiomers obtained at different temperatures.
Nonlinear measurements. The adsorption isotherms
(Fig. 3) demonstrate weak nonlinearity. The adsorption
of the ketoprofen enantiomers on the Chiralcel OJ CSP,
which is identical to the Chiralcel OJ-H sorbent by the
type of chiral selector, has been studied previously.!?
A hexane—isopropanol—acetic acid (90 : 10 : 0.5) mix-
ture was used as the mobile phase. The authors!? suc-
ceeded to study the adsorption equilibrium in a wide con-
centration range due to the use of the frontal method.
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Fig. 1. Temperature plots of the logarithms of the retention
factor for (R)- (/) and (5)-naproxen (2).
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Table 1. Standard enthalpy and entropy of adsorption of
naproxen enantiomers

Enantiomer —AH° —AS° r*
/kJ mol~! /I mol~!1 K-!

S 17.9 54.4 0.99999

R 18.4 55.3 0.99998

* ris the correlation coefficient.

The obtained adsorption isotherms were nonlinear and
described by the bi- Langmuir isotherm equation, which is
the sum of two Langmuir terms and corresponds to the
model of the surface bearing two types of adsorption
sites.28 Tt was assumed!” that one group of the surface sites
is nonselective, whereas the surface sites of another group
are capable of enantioselective interaction, due to which
optical isomers are separated.
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Fig. 2. Chromatograms of a racemic mixture of (R)- (/—4) and
(S)-enantiomers of naproxen (I'—4") at 15 (1, 17), 22 (2, 27),
30 (3, 37), and 40°C (4, 4"). The concentration of each
enantiomer is 0.021 g L~!, and the sample volume is 1 pL.
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Fig. 3. Adsorption isotherms of (R)- (/) and (S)-naproxen (2).
Points are experimental data, and lines are approximations by
the Langmuir equation; in both cases, the determination coeffi-
cient is 72 > 0.9(9)s.

We failed to reliably approximate the obtained
experimental results using the four-parametric model
(bi-Langmuir), because the best fit coefficients turned
out to be statistically insignificant. Evidently, the reason
is that the range of equilibrium concentrations studied in
this work is relatively narrow.

At the same time, the plots in Fig. 3 are well approxi-
mated by the Langmuir isotherm equation, whose coeffi-
cients are given in Table 2. However, the type of the
model equation cannot unambiguously be determined
from the experimental points of the isotherm, because
one can propose several expressions describing the experi-
mental data with equal statistical accuracies. Therefore,
additional criteria of adequacy for the model are needed.
Some researchers use the numerical simulation of elution
curves for the verification of the model.28 Since not only
the values of the isotherm function in each calculated
curve but also the first derivative values should coincide
for the theoretical and experimental chromatograms to
coincide, this method is more sensitive to the isotherm
type than the approximation method in which only coin-
cidence of function value is needed. The chromatograms
of the enantiomers are compared in Fig. 4 with the results
of numerical simulation using the Langmuir isotherm and
the coefficients from Table 2. A good agreement is seen,
which proves applicability of the accepted adsorption
model in the specified concentration interval. At the same
time, the g* coefficients do not coincide for the both
enantiomers, which means, possibly, the presence of the
group of sites inaccessible for one of the enantiomers.
In our opinion, the explanation associated with the un-
derstanding of the constants of the isotherms as apparent
coefficients seems more probable. In fact, the surface of
the polysaccharide CSP is heterogeneous3? and charac-
terized by a certain energy distribution among adsorption
sites. Then the ¢* and b parameters will be average weighed
values for the corresponding distribution functions ¢*(E)
and b(FE), where E is the adsorption site energy. Based on
the results on ketoprofen,!” we can assume that the distri-
bution function is bimodal for naproxen as well. At the
same time, for elution chromatography the peak shape is
predicted with a high accuracy in the framework of the
model of the surface containing one type of adsorption
sites under the condition that the concentrations of these
sites differ for different enantiomers.

Table 2. Coefficients of the Langmuir adsorption

isotherm?

Enantiomer ¢*/mmol L—! b/L mmol~!
S 22142 0.0525+0.0004
R 18912 0.0653£0.0008

4q = q*bc/(1 + bc), where g* is the concentration of
adsorption sites, and b is the adsorption coefficient.
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Fig. 4. Comparison of the experimental (points) and calculated
(line) chromatograms of (R)- (a) and (S)-naproxen (b).
The sample concentration is 4.1 g L~!, and the volume is 50 uL.

Thus, adsorption of the naproxen enantiomers on the
Chiralcel OJ-H CSP from a hexane—ethanol solution
with a TFAA additive in the region of adsorbate concen-
trations <0.8 mmol L~ is satisfactorily described by the
Langmuir adsorption isotherm, which is confirmed by the
results of simulation of the chromatograms. Therefore,
enantioselective interactions do not modify the formal
adsorption model but only change its numerical param-
eters. Note that the apparent saturation adsorption capac-
ity is lower for the more strongly retained enantiomer and
the observed order of elution is provided by the difference
in the adsorption coefficients. According to the moderate
values of the adsorption enthalpies and an insignificant
difference between them, the enantiorecognition mecha-
nism is not related to any certain type of the specific
interaction (electrical orientation, hydrogen bonding, n—n
interaction) between naproxen and modified cellulose and
is determined by steric factors.

The author is grateful to K. Kaczmarski (Rzeszéw,
Poland) for discussion on the use of numerical methods
and to G. Guiochon (Knoxville, USA) for valuable re-
marks.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 06-03-
32515), the Council on Grants at the President of the
Russian Federation (Program of State Support for Lead-
ing Scientific Schools of the Russian Federation and
Young Candidate Scientists, Grant MK-6357.2006.3), and
the Russian Science Support Foundation.

References

1.S. Andersson and S. G. Allenmark, J. Biochem. Biophys.
Methods, 2002, 54, 11.
2. E. R. Francotte and P. Richert, J. Chromatogr. A, 1997,
769, 101.
3. F. Jamali, R. Mehvar, and F. M. Pasutto, J. Pharm. Sci.,
1989, 78, 695.
4. R. Mullangi, M. Yao, and N. R. Srinivas, Biomed.
Chromatogr., 2003, 17, 423.
5. P. A. Todd and S. P. Clissold, Drugs, 1990, 40, 91.
6. H. Henriksson, I. G. Munoz, R. Isaksson, G. Pettersson,
and G. Johansson, J. Chromatogr. A, 2000, 898, 63.
7.J. Olsovska, M. Flieger, F. Bachechi, A. Messina, and
M. Sinibaldi, Chirality, 1999, 11, 291.
8. A. Imran and H. Y. Aboul-Enein, Biomed. Chromatogr., 2003,
17, 113.
9.Ch. Yamamoto, T. Hayashi,
Sh. Kobayashi, Chem. Lett., 2000, 12.
10. G. W. Kang, J. H. Ko, and W. J. Cheong, J. Liq. Chrom. Rel.
Technol., 2005, 28, 513.
11.Y. Tang, Chirality, 1996, 8, 136.
12. H. Zou, H. Wang, and Y. Zhang, J. Lig. Chrom. Rel. Technol.,
1998, 21, 2663.
13. A. Berthod, B. L. He, and T. E. Beesley, J. Chromatogr. A,
2004, 1060, 205.
14. G. W. Kang, J. H. Ko, and W. J. Cheong, J. Liq. Chrom. Rel.
Technol., 2004, 27, 595.
15. G. Uray, N. M. Maier, K. S. Niederreiter, and M. M.
Spitaler, J. Chromatogr. A, 1989, 799, 67.
16. M. Lammerhofer and W. Lindner, J. Chromatogr. A, 1996,
741, 33.
17. F. Charton, M. Bailly, and G. Guiochon, J. Chromatogr. A,
1994, 687, 13.
18. F. James, M. Sepulveda, F. Charton, 1. Quinones, and
G. Guiochon, Chem. Eng. Sci., 1999, 54, 1677.
19. S. Alcaro, I. D Acquarica, F. Gasparrini, D. Misiti, M.
Pierini, and C. Villani, Tetrahedron Asymmetry, 2002, 13, 69.
20. Ch. J. Welch, Chemistry in New Zealand, 1993, 57, 9.
21. S. Peper, M. Lubbert, M. Johannsen, and G. Brunner, Sep.
Sci. Technology, 2002, 37, 2545.
22.J. H. Won, Y. S. Cho, Y. D. Kim, and D. J. Ahn, Hwahak
Konghak, 2001, 39, 685.
23. M. Kaspereit, P. Jandera, M. écavrada, and A. Seidel-
Morgenstern, J. Chromatogr. A, 2002, 944, 249,

24.Y. Okamoto, M. Kawlashima, K. Aburatani, K. Hatada,
T. Nishiyama, and M. Mazda, Chem. Lett., 1986, 1237.
25.S. N. Lanin, M. Yu. Ledenkova, and Yu. S. Nikitin,

Mendeleev Commun., 2000, 10, 37.

Y. Okamoto, and



2388  Russ.Chem.Bull., Int.Ed., Vol. 56, No. 12, December, 2007

Asnin

26. F. Charton, S. C. Jacobson, and G. Guiochon, J. Chroma-
togr., 1993, 630, 21.

27.D. Zhou, K. Kaczmarski, A. Cavazzini, X. Liu, and
G. Guiochon, J. Chromatogr. A, 2003, 1020, 199.

28. G. Guiochon, S. Golshan-Shirazi, and A. M. Katti, Funda-
mentals of Preparative and Nonlinear Chromatography, Aca-
demic Press, Boston, MA, 1994.

29. H. K. Teoh, M. Turner, N. Titchener-Hooker, and
E. Sorensen, Comput. Chem. Eng., 2001, 25, 893.

30. A. Felinger, A. Cavazzini, and G. Guiochon, J. Chromatogr.
A, 2003, 986, 207.

31. K. Kaczmarski, M. Mazzoti, G. Storti, and M. Morbidelli,
Comput. Chem. Eng., 1997, 21, 641.

32. K. Kaczmarski, Comput. Chem. Eng., 1996, 20, 42.

33. T. Fornstedt, P. Sajonz, and G. Guiochon, Chirality, 1998,
10, 375.

Received December 8, 2007;
in revised form November 19, 2007





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


