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The enantioselective extraction of hydrophobic oxybutynin (OBN) enantiomers by
hydrophilic b-cyclodextrin (b-CD) derivatives was studied. The efficiency of extraction
depends strongly on a number of process variables such as types of organic solvents and
b-CD derivatives, concentration of selector, pH, and temperature. The experimental data
were described by a reactive extraction model with a homogeneous aqueous phase reaction
of R,S-OBN with b-CD. Important parameters of this model were determined experimen-
tally. The physical distribution coefficients for molecular and ionic OBN were 4.96 � 10�3

and 9.52, respectively. The equilibrium constants of the complexation reactions were 1770
and 1340 L/mol for S- and R-OBN, respectively. By modeling and experiment, an optimal
extraction condition with pH of 5 and HP-b-CD concentration of 0.1 mol/L was obtained
with enantioselectivity (a) of 1.26, which was close to the theoretical maximum of 1.32 and
performance factor (pfi) of 0.036. The model was verified experimentally with excellent
results. VVC 2011 American Institute of Chemical Engineers AIChE J, 57: 3027–3036, 2011
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Introduction

There is a growing demand for the enantiopure compounds
in the fragrance, pharmaceutical, and food industries, because
it is found that different enantiomers may exhibit large differ-
ences in biological activity and/or toxicity and the unwanted
enantiomer may cause unwanted side effects.1,2 The most
common technique for obtaining enantiopure compounds is
the separation of enantiomers. Various separation methods
including crystallization,3 chromatography,4 liquid membrane,5

and so forth, have been developed, but the methods are not
always applicable for most racemic compounds. Compared to
the methods mentioned above, chiral solvent extraction is a
potentially attractive technique, which is cheaper and easier to
scale up to commercial scale and has a large application
range. Many researchers have attempted the separation of
optically active compound by chiral solvent extraction in
recent years.6–29 Although ample literature is available for
enantioselective extraction, only a few studies provide funda-
mental insights in the reaction engineering mechanism.26–29

The chiral extraction process requires an enantioselective
extractant dissolved in the extract phase, which reacts with
the solutes of enantiomers in the feed. Enantioselectivity (a)
is the most important parameter for chiral extraction. For
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example,7 for a 99% pure product (R/S ¼ 100) about 190
theoretical stages are required for an enantioselectivity of
1.05, a number decreasing to �30 when a increases to a value
of 1.20. There are several normal chiral extractants, such as
tartaric acid derivatives.6–11,27 crown ethers,12–16,28 cinchona
alkaloids,17–20,29 and so on.21–26 However, the enantioselectiv-
ities of the chiral extractants are somewhat low, and a large
number of theoretical stages are required in the chiral solvent
extraction process. Until now, few new types of extractants
have been tested to separate enantiomers.

Hydrophilic b-CDs possess hydrophobic cavities in the
molecular structures and can form host–guest complexes
with various guest molecules by including them in the cav-
ities.30 Several weak intermolecular forces between host and
guest, such as dipole–dipole, hydrophobic, Van der Waals, elec-
trostatic, and hydrogen bonding interaction, cooperatively con-
tribute to the formation of diastereomeric complexes between
enantiomers and b-CDs, which enable b-CDs to recognize
enantiomers.31,32 Hydrophilic b-CDs show negligible solubilities
in organic solvents and can be modified to achieve high solubil-
ity in water. Cyclodextrins have been used for chiral separation
by electrophoresis33,34 and liquid chromatography,35 and used
for extraction of toluene, o-xylene from heptane and benzyl
alcohol from toluene.36 Enantioselectivities for extraction of
some aromatic acid enantiomers have been improved greatly by
hydrophilic b-CDs in recent work.8,9,11

Oxybutynin (OBN) has been widely prescribed for the
treatment of urinary tract disorders (in Figure 1). However,
the S-enantiomer is proposed to display an improved thera-
peutical profile compared to its racemic form.37 Although
analytical methods are available for the separation of OBN
enantiomers,38,39 there is no feasible method for the large-
scale production of optically pure OBN enantiomers. This
article reports the enantioselective extraction of hydrophobic
OBN enantiomers by hydrophilic b-cyclodextrin (b-CD)
derivatives. The effects of process variables such as types of
organic solvents and b-CD derivatives, concentration of se-
lector, pH, and temperature, on extraction efficiency were
investigated. A reactive extraction model with a homogene-
ous aqueous phase reaction of R,S-OBN with b-CD has been
established to optimize the extraction process.

Experimental

Materials

Methyl-b-cyclodextrin (Me-b-CD), hydroxyethyl-b-cyclodex-
trin (HE-b-CD), 2-hydroxyethyl-b-cyclodextrin (2-HE-b-CD),
hydroxypropyl-b-cyclodextrin (HP-b-CD), and sulfobutylether-
b-cyclodextrin (SBE-b-CD) were bought from Qianhui Fine
Chemical (Shandong, China). Oxybutynin (OBN, racemate,

purity �99.5%) was purchased from Hengshuo pharmaceuti-
cal chemical (Hubei, China). Solvent for chromatography was
of HPLC grade. All other chemicals were of analytical-rea-
gent grade and bought from different suppliers.

Determination of physical distribution coefficients P0

and Pi of molecular and ionic OBN

Experiments to determine physical distribution coefficient
P0 and Pi of molecular and ionic OBN over the aqueous and
dichloroethane phases were carried out in a water batch at
5�C. The organic phase was prepared by dissolving 1 �
10�3 mol/L OBN in dichloromethane. The aqueous phases
were 0.1 mol/L K2HPO4/H3PO4 buffer solutions with a se-
ries of pH values in the range (2–7). Equal volumes of the
two phases were placed together, and shaken sufficiently
(5 h) before being kept in a water bath at 5�C to reach equi-
librium. The concentration of OBN in the aqueous phase
was analyzed by HPLC. The concentration of OBN in or-
ganic phase was determined from a mass balance.

Determination of complexation equilibrium
constants KR and KS

Solubility measurements were carried out according to the
method of Higuchi and Connors.40 Excess amounts of racemic
OBN, exceeding its solubility, were added to aqueous solutions
containing increasing amounts of HP-b-CD (0, 0.005, 0.01,
0.02, 0.03, 0.04, 0.05, 0.075, and 0.1 mol/L). The suspensions
were shaken for 24 h in a water bath at 5�C. After equilibra-
tion, the suspensions were filtered through 0.45 lm membrane
filters, appropriately diluted with the mobile phase and the total
concentrations of OBN enantiomers were analyzed by HPLC.
The apparent stability constants of the complexes are calculated
from the straight lines of the phase solubility diagram.

Extraction experiments

The aqueous phase was prepared by dissolving (Me-, HE, 2-
HE, HP-, or SBE-) b-CD in 0.1 mol/L KH2PO4/H3PO4 buffer
solution and the organic phase was prepared by dissolving ra-
cemic OBN in organic solvent. Extraction experiment was per-
formed in a 10 mL plastic centrifuge tube. Equal volumes
(each 2 mL) of the aqueous and the organic phase were placed
together and shaken sufficiently (5 h) before being kept in a
water bath at a fixed temperature to reach equilibrium. After
phase separation, the concentrations of OBN enantiomers in
the aqueous phase were analyzed by HPLC. The total amounts
of R,S-enantiomer in the organic and aqueous phases after
extracting were consistent with their initial amounts included
in organic phase. The concentrations of R- and S-OBN in the
organic phase were calculated from a mass balance.

Extraction experiments with 1 mmol/L racemic OBN in
different organic solvents and 0.1 mol/L HP-b-CD in aqueous
phases were repeated with the solvent to feed ratio of 1/3 to
investigate the influence of the solvent to feed ratio on extrac-
tion efficiency.

Analytical method

The quantification of OBN enantiomers in the aqueous
phase was performed by HPLC using an Agilent LC 1200

Figure 1. Chemical structure of OBN.
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series apparatus (Agilent Technologies Co. Ltd.). An UV de-
tector operated at 223 nm was applied. The column was Dia-
monsil C18, 5 lm particle size of the Packing Material, 200
mm � 4.6 mm I.D. (Dikma Technologies). The mobile
phase was acetonitrile: 0.03 mol/L potassium dihydrogen
phosphate buffer solution (pH ¼ 4.0, adjusted with phos-
phoric acid) (20:80, v/v), containing 0.06 mol/L HP-b-CD.
The flow rate was set at 0.8 mL/min and the column temper-
ature was set at 25�C.

Mechanism and Modeling

Mechanism of reaction extraction

Knowledge of the reaction mechanism is very useful for
optimization of a reactive extraction process. In reactive
extraction systems, the reactions may take place in either the
organic phase, the aqueous phase or at the interface. In the
reactive extraction of R- and S-OBN with HP-b-CD as chiral
selector, the extractant, HP-b-CD, is highly hydrophilic,
which excludes the possibility that the reaction takes place
in the organic phase. Depending on the solubility of the sol-
utes of R- and S-OBN in the aqueous phase, the complexa-
tion reactions will either be limited to the interface or may
take place in the aqueous phase. It is found that the solutes
of R- and S-OBN distribute over the organic and aqueous
phases. Therefore, we have applied the homogeneous aque-
ous phase reaction mechanism here. Further in this article,
we will validate this mechanism for the system under study.

The homogeneous aqueous phase reaction mechanism is
depicted in Figure 2 and a three-step mechanism is assumed.
The first step is a physical process of mass transfer of OBN
enantiomers. In this step, OBN enantiomers molecules trans-
fer from the organic phase to the aqueous phase. In the sec-
ond step, two diastereomeric complexes between HP-b-CD
and R- and S-OBN enantiomers form, due to such molecular
interactions as dipole–dipole, hydrophobic, Van de Waals,
electrostatic, and hydrogen bonding interaction, and two
acid-base dissociation equilibria exist in the aqueous phase.
In the third step, the ionic solutes of RHþ and SHþ in the
aqueous phase partition into the organic phase.

The chiral extraction is carried out by the formation of two
inclusion complexes between OBN enantiomers and HP-b-
CD. The difference in free energy between the two complexes
[–D(DG)] is the driving forces for separation of enantiomers.

Distribution ratios (k) and enantioselectivity (a) are two
important parameters for chiral solvent extraction. The distri-
bution ratios of R- and S-OBN can be calculated from the
following formulas, respectively

kS ¼ CS;w=CS;o (1)

kR ¼ CR;w=CR;o (2)

among which CS,o and CS,w represent concentrations of S-
OBN in organic phase and aqueous phase, respectively; CR,o

and CR,w represent the concentrations of R-OBN in organic
phase and aqueous phase, respectively.

Enantioselectivity (operational selectivity) is defined by
the ratio of the distribution ratios. Its upper limit is the
intrinsic selectivity aint, which is the ratio of the complexa-
tion constants:

aop ¼ kS=kR; assuming kS > kR (3)

aint ¼ KS=KR (4)

where KR and KS are the complexation constants of R- and S-
OBN with HP-b-CD, respectively.

The operational difference in free energy is

�DðDGÞop ¼ RT ln a (5)

The intrinsic difference in free energy is

�DðDGÞint ¼ RT ln aint (6)

Modeling of the extraction equilibrium

The reaction extraction system depicted in Figure 2 may be
modeled by a series of coupled equilibrium relations and mass
balance equations, as follows. The physical partition coefficient
of molecular R- and S-OBN, P0, can be written as follows:

P0 ¼ ½R�w
½R�o

¼ ½S�w
½S�o

(7)

where [R]o and [S]o are the concentrations of the free R- and S-
OBN in the organic phase at equilibrium, respectively, and
[R]w and [S]w are the concentrations of the free R- and S-OBN
in the aqueous phase at equilibrium, respectively.

Figure 2. Diagram of the mechanism of reaction extraction.
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The physical partition coefficient of ionic R- and S-OBN,
Pi, can be calculated by

Pi ¼ ½SHþ�w
½SHþ�o

¼ ½RHþ�w
½RHþ�o

(8)

where [RHþ]O and [SHþ]O are the concentrations of the ionic
R- and S-OBN in the organic phase at equilibrium, respectively,
[RHþ]W and [SHþ]W are the concentrations of the ionic R- and
S-OBN in the aqueous phase at equilibrium, respectively.

The dissociation constant of ionic R- and S-OBN is

Ka ¼ ½S�w½Hþ�
½SHþ�w

¼ ½R�w½Hþ�
½RHþ�w

(9)

The complexation equilibrium constants of HP-b-CD with
OBN enantiomers in aqueous phase can be written as follows:

KS ¼ ½S� CD�w
½S�w½CD�w

(10)

KR ¼ ½R� CD�w
½R�w½CD�w

(11)

Due to Vw ¼ Vo, the following equations represent mass
balances for R- and S-OBN:

CR ¼ ½R�o þ ½RHþ�o þ ½R�w þ ½RHþ�w þ ½R� CD�w (12)

CS ¼ ½S�o þ ½SHþ�o þ ½S�w þ ½SHþ�w þ ½S� D�w (13)

where CR and CS are the initial concentrations of R- and
S-OBN in organic phase, respectively, and [R � CD]w and
[S � CD]w are the concentrations of the complexes of R-CD
and S-CD in aqueous phase, respectively.

Combining Eqs. 7–11, Eqs. 12 and 13 are deduced to

CR ¼ ½R�w
P0

þ ½R�w½Hþ�
PiKa

þ ½R�w þ ½R�w½Hþ�
Ka

þ KR½R�w½CD�w
(14)

CS ¼ ½S�w
P0

þ ½S�w½Hþ�
PiKa

þ ½S�w þ ½S�w½Hþ�
Ka

þ KS½S�w½CD�w (15)

where CCD is the initial concentration of HP-b-CD in aqueous
phase and [CD]w is the concentration of free HP-b-CD in
aqueous phase.

There is the following equation for mass balance for HP-
b-CD:

CCD ¼ ½CD�wwþ ½R� CD�w þ ½S� CD�w (16)

Combining Eqs. 10 and 11, Eq. 16 is deduced to

CCD ¼ ½CD�w þ KR½R�w½CD�w þ KS½S�w½CD�w (17)

Let A ¼ 1þ 1
P0
þ ½Hþ�

Ka
þ ½Hþ�

PiKa
, CCD can be defined as

CCD ¼ ½CD�w þ CRKR½CD�w
KR½CD�w þ A

þ CSKS½CD�w
KS½CD�w þ A

(18)

With a further treatment of Eq. 18, the following equation
can be deduced

KRKS½CD�3w þ ðAKR þ AKS þ KSKRCR þ KSKRCS

� KRKSCCDÞ½CD�2w þ ðA2 þ AKRCR þ AKSCS � AKSCCD

� AKRCCDÞ½CD�w � A2CCD ¼ 0 ð19Þ
[CD]w can be calculated from the Eq. 19, and distribution
ratios can be written as follows:

kR ¼ P0PiKað1þ ½Hþ�
Ka

þ KR½CD�wÞ
PiKa þ P0½Hþ� (20)

kS ¼ P0PiKað1þ ½Hþ�
Ka

þ KS½CD�wÞ
PiKa þ P0½Hþ� (21)

Enantioselectivity is given by

aop ¼
1þ ½Hþ�

Ka
þ KS½CD�w

1þ ½Hþ�
Ka

þ KR½CD�w
(22)

The enantiomeric excess in the aqueous phases can be
expressed in terms of distribution ratios by the following
equation:

eew ¼
CS

1þ1
�
kS
� CR

1þ1
�
kR

CS

1þ1
�
kS
þ CR

1þ1
�
kR

(23)

The fractions of the solute i extracted (fi) into the aqueous
phase is given by

/i ¼
Ci;w

Ci
(24)

where Ci,,w represents the total concentration of the solute i in
aqueous phase at equilibrium, and Ci represents the initial total
concentrations of the solute i.

The extraction performance factor (pfi) is defined as

pfi ¼ /ieew (25)

Results and Discussion

Physical distribution coefficient P0 and Pi

Physical distribution coefficients for molecular OBN (P0)
and ionic OBN (Pi) were determined through a series of
physical extraction experiments. The apparent partition coef-
ficients, Papp, were determined at different pH values. As
described in Figure 2, both the molecular and ionic OBN
distribute between the organic and aqueous phases. Then,
Papp is given by

Papp ¼ ½OBN�w þ ½OBNHþ�w
½OBN�o þ ½OBNHþ�o

(26)

where [OBN]w and [OBNHþ]w represent the total concentra-
tions of the molecular and ionic R- and S-OBN enantiomers in
the aqueous phase, respectively, and [OBN]o and [OBNHþ]o
represent the total concentrations of the molecular and ionic R-
and S-OBN enantiomers in the organic phase, respectively.
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Therefore, Papp can be derived as

Papp

1

P0

þ 1

Pi

½Hþ�
Ka

8
>>:

9
>>;

8
>>:

9
>>; ¼ 1þ ½Hþ�

Ka
(27)

Equation 27 can be transformed into

1

Papp

½Hþ�
Ka

þ 1

8
>>:

9
>>; ¼ 1

P0

þ 1

Pi

½Hþ�
Ka

8
>>:

9
>>; (28)

The pKa of 6.54 was determined by potentiometric titration. The
plot of (1/Papp)([H

þ]/Kaþ 1) vs. [Hþ]/Ka yielded a straight line (in
Figure 3), the respective slope and intercept of the line were used to
evaluate P0 as 4.96� 10�3 and Pi as 9.52, respectively.

Complexation constants KR and KS

Figure 4 shows the phase distribution diagrams for S- and
R-OBN in the aqueous phase with increasing the concentra-
tion of HP-b-CD at 5�C. The diagrams indicate that the solu-
bilities of S- and R-OBN increase linearly with the increase
of the concentration of HP-b-CD. Consequently, the dia-

grams can be classified as AL type, and the stoichiometry of
binding between R-(or S-)OBN and HP-b-CD is 1:1. Accord-
ing to the method described in the literature,40 KR and KS cal-
culated from the slope and the intercept of the straight lines
of the phase solubility diagrams are 1340 and 1770, res-
pectively. The intrinsic selectivity aint is estimated by Eq. 4
as 1.32.

Screening of extraction process variables

Screening of Organic Solvents. Distribution behavior of
S- and R-OBN was investigated in various two-phase sys-
tems containing 0.1mol/L HP-b-CD in aqueous phases and
1.0 mmol/L OBN in different organic solvents (Table 1). As
shown in Table 1, the type of the organic solvent has a clear
influence on distribution ratio and enantioselectivity. When
cyclohexane, n-heptane, n-heptanol, and n-octanol are used
as solvents, big distribution ratios are obtained but with rela-
tively low enantioselectivities. With dichloromethane as sol-
vent, the highest enantioselectivity is achieved. The experi-
ments have been repeated with a solvent to feed ratio of 1/3.
It is found that the distribution ratios and enantioselectivities
obtained with a solvent to feed ratio of 1/3 are all smaller
than those with a solvent to feed ratio of 1/1. For example,
when cyclohexane was used as organic solvent, the distribu-
tions, kR, kS and the enantioselectivity are 8.48, 9.71, and
1.14, respectively with a solvent to feed ratio of 1/1, whereas
with a solvent to feed ratio of 1/3, kR, kS and the enantiose-
lectivity decrease to 6.87, 7.56, and 1.10, respectively.
Therefore, dichloromethane is a suitable solvent for extrac-
tion of OBN enantiomers.

Screening of b-CD Derivatives. Distribution ratio and
enantioselectivity for OBN enantiomers were investigated in
several different chiral extraction systems containing differ-
ent b-CD derivatives (Me-b-CD, HE-b-CD, 2-HE-b-CD,
HP-b-CD, and SBE-b-CD) in aqueous phases and OBN
enantiomers in dichloromethane organic phase (in Table 2).

It is observed from Table 2 that Me-b-CD hardly shows
enantioselectivity for OBN enantiomers with low distribution

Figure 3. Plot of (1/Papp)([H
1]/Ka 1 1) vs. [H1]/Ka for

OBN in dichloromethane-water two phase
system at 5�C; R2 5 0.997.

Figure 4. Phase distribution diagrams of R- and S-OBN
as a function of HP-b-CD concentration at
5�C; R2 5 0.999 for S-OBN and R2 5 0.999 for
R-OBN.

Table 1. Influence of Organic Solvent Type

Organic solvent kS kR a

Cyclohexane 9.71 8.48 1.14
n-Heptane 13.92 12.69 1.10
n-Heptanol 4.44 3.78 1.17
n-Octanol 5.86 5.37 1.17
1,2-Dichloroethane 2.32 1.86 1.24
Dichloromethane 1.03 0.82 1.26

Aqueous phase: CHP-b-CD ¼ 0.1 mol/L, pH ¼ 5.0; Organic phase: COBN ¼
1.0 mmol/L.

Table 2. Influence of Hydrophilic Extractant Type

Extractant kS kR a

Me-b-CD 0.11 0.11 1.00
HE-b-CD 0.26 0.22 1.18
2-HE-b-CD 0.63 0.59 1.07
HP-b-CD 1.03 0.82 1.26
SBE-b-CD 2.03 1.68 1.21

Aqueous phase: CMe-b-CD ¼ 0.1 mol/L, CHE-b-CD ¼ 0.1 mol/L, C2-HE-b-CD, ¼
0.1 mol/L, CHP-b-CD ¼ 0.1 mol/L, CSBE-b-CD ¼ 0.1 mol/L; Organic phase:
COBN ¼ 1.0 mmol/L; temperature: 5�C.
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ratios. With HE-b-CD and 2-HE-b-CD as chiral selectors,
relatively low distribution ratios and enantioselectivity are
obtained. With SBE-b-CD as chiral selector, the highest dis-
tribution ratios are obtained, but the enantioselectivity is
lower than that with HP-b-CD. Among the b-CD derivatives
tested, HP-b-CD has the highest enantioselectivity with rela-
tively high distribution ratios. Therefore, HP-b-CD was cho-
sen as the suitable chiral selector in aqueous phase for
extraction of OBN enantiomers.

Influence of pH. When combined with measured physical
distribution coefficients, protonation constants and equilib-
rium formation constants for OBN enantiomers, the two-
phase multiple chemical equilibria model provides a means
of predicting enantiomer distribution ratio and enantioselec-
tivity in dichloromethane/water two-phase systems as a func-
tion of pH. To verify the accuracy of the model predictions,
OBN enantiomers were partitioned in a dichloromethane/
water two-phase system over a range of pH values. A com-
parison of the experimental values with the model predic-
tions of distribution ratio and enantioselectivity is shown in
Figure 5. It is indicated from Figure 5 that the model predic-
tions of distribution ratios are in moderate agreement with

the experiment, whereas the predictions of enantioselectiv-
ities are in very good agreement with the experiment, as
shown by a mean relative error of 0.87%.

As shown in Figure 5a, kR and kS decrease rapidly with
the increase of pH value (pH value from 2 to 5), then
slightly decrease (pH value from 5 to 7). The possible reason
for this may be that most of OBN enantiomers molecules are
protonated and dissolved in aqueous phase at low pH. With
the increase of pH value, large amount of protonated OBN
enantiomers are changed into molecular OBN enantiomers
and enter the organic phase, which leads to the decrease of
kR and kS. When pH value is more than 5, OBN enantiomers
mainly exist in the form of neutral molecule. Therefore, with
the increase of pH value from 5 to 7, only a very small
amount of molecular OBN increase, and kR and kS decrease
slightly.

It can also be observed from Figure 5b that the opera-
tional enantioselectivity increases with the increase of pH
value before pH is 5 and then keeps nearly unchanged when
pH value continues to increase. HP-b-CD mainly has enan-
tioselective complexation ability for molecular OBN but not
for protonated OBN. At pH value less than 5, the amount of

Figure 5. Influence of pH on k and a. Solid lines: model
predictions.

Symbols: experimental data. COBN ¼ 1.0 mmol/L, CHP-b-CD ¼
0.1 mol/L, temperature 5�C. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Influence of HP-b-CD concentration on k
and a.

Solid lines: model predictions. Symbols: experimental data.
COBN ¼ 1.0 mmol/L, pH ¼ 5.0, temperature 5�C. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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molecular OBN increases with the increase of pH value and
more molecular OBN enantiomers interact with HP-b-CD in
the aqueous phase to produce diastereomeric complexes. As
a result, enantioselectivity increases with the increase of pH
value, and the enantioselectivities are nearly kept constant
with the further increase of pH value from 5 to 7. Therefore,
it is concluded that the pH of 5 is suitable for reaction
extraction of OBN enantiomers by HP-b-CD.

Influence of HP-b-CD Concentration. The influence of
HP-b-CD concentration on distribution behavior of OBN

enantiomers was investigated by varying the concentration
from 0 to 0.2 mol/L, at pH 5 and 5�C. A comparison of the
experimental values with the model predictions of distribution
ratio and enantioselectivity is shown in Figure 6. It is also
concluded from Figure 6 that, the model predictions are in
good agreement with the experiment, as shown by mean rela-
tive errors of 0.91% for kS, 1.37% for kR, and 0.56% for a.

It is shown from Figure 6a that kR and kS are linearly pro-
portional to the concentration of HP-b-CD. It is also

Figure 7. Plots of lnk and lna vs. 1/T; R2 5 0.994 for lnkS,
R2 5 0.997 for lnkR and R2 5 0.997 for lna.

COBN ¼ 1.0 mmol/L, CHP-b-CD ¼ 0.1 mol/L, pH ¼ 5.0.

Figure 8. Calculated distribution ratio and enantiose-
lectivity for OBN enantiomers as a function of
pH and HP-b-CD concentration.

COBN ¼ 1.0 mmol/L, temperature 5�C. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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observed that, with the increase of the concentration of HP-b-
CD, the operational enantioselectivity increases rapidly and
then increases slightly (in Figure 6b). OBN enantiomers can
form complexes with HP-b-CD in aqueous phase. With the
increase of HP-b-CD concentration, more complexes are
formed in aqueous phase and the distribution ratio consequently
increases. Meanwhile HP-b-CD can recognize OBN enantiom-
ers and a relatively higher concentration will enhance the rec-
ognition ability. Therefore, enantioselectivity for OBN enan-
tiomers increases with the increase of HP-b-CD concentration.

Influence of Temperature. The influence of temperature
on the distribution behavior was investigated in the range
of 5–30�C with racemic OBN as the solute. It can be seen
from Figure 7 that higher temperature leads to the decrease
of distribution ratio and enantioselectivity. A decrease in dis-
tribution ratio and enantioselectivities can be explained that
the selector-enantiomer interaction weakens with rising tem-
perature and the discrimination ability of the selectors for
OBN enantiomers weakens as well, which indicates the chi-
ral extraction is carried out by the formation of two inclu-
sion complexes between OBN enantiomers and HP-b-CD. In
addition, the results can be described as fitting very well
with the Van’t Hoff model, indicating that the complexes do
not change in conformation and that enantioselective interac-
tions remain unchanged in the temperature range studied.41

Model predictions in the extraction system

Comparison with experimental results indicates the model
established is a good means of predicting enantiomer parti-
tioning over a range of experimental conditions and therefore,
we used the model to explore the influence of various operat-
ing conditions on extraction efficiency in a single stage.

Figures 8a, b, and c show the distribution ratio and enan-
tioselectivity for OBN enantiomers as a function of pH and
HP-b-CD concentration, respectively. It can be observed
from Figures 8a, b that kR and kS follow a similar tendency
with the change of pH and HP-b-CD concentration. The
decrease of pH and increase of HP-b-CD concentration can
lead to the increase of distribution coefficient for the two

enantiomers. As shown in Figure 8c, high enantioselectivity
is obtained at high pH and HP-b-CD concentration.

Figure 9 shows the enantiomeric excess (ee) for OBN
enantiomers in aqueous phase as a function of pH and HP-b-
CD concentration. The ee is relatively high at conditions in
which pH value is high ([5) but the HP-b-CD concentration
is not very high (\0.1 mol/L), which indicates that the
increase of HP-b-CD concentration can lead to an increase
of enantioselectivity but not always lead to an increase of
enantiomeric excess (ee) value.

The opposing trends of the enantiomeric excess and enan-
tioselectivity make it difficult to use Figures 8c and 9 to iden-
tify optimal solution conditions for enantiomer resolution. To
facilitate optimization of reactive extraction systems, perform-
ance factor, pfi, is introduced, which is defined as the product
of the ee in the aqueous phase and the fraction of enantiomer
extracted into the aqueous phase. A high performance factor
indicates conditions in which the given enantiomer can be
purified to high purity with maximum yield.

Figure 9. Calculated enantiomeric excess (ee) for OBN
as a function of pH and HP-b-CD concentra-
tion.

COBN ¼ 1.0 mmol/L, temperature 5�C. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 10. Calculated performance factors as a function
of pH and HP-b-CD concentration.

COBN ¼ 1.0 mmol/L, temperature 5�C. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 11. Performance factors as a function of pH.

Solid lines: model predictions. Symbols: experimental
data. COBN ¼ 1.0 mmol/L, CHP-b-CD ¼ 0.1 mol/L, tem-
perature 5�C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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The performance factors calculated as a function of pH and
HP-b-CD concentration are shown in Figure 10. Figure 10 shows
that the performance factor is strongly influenced by pH and HP-
b-CD concentration. Relatively high pfi will be obtained at rela-
tively high pH and HP-b-CD concentration. And there is a pla-
teau in which pH value is above 5 and HP-b-CD concentration is
more than 0.1 mol/L. Thus the optimal conditions for reactive
extraction of OBN enantiomers will be accomplished for pH of 5
and HP-b-CD concentration of 0.1 mol/L at 5�C.

Experimental performance factors were measured to support
the model predictions at solution conditions explored in Figure
10. The experimental values and predictions are plotted in Fig-
ures 11 and 12 as a function of pH and HP-b-CD concentration,
respectively. It is shown from Figures 11 and 12 that the model
predicts experimental results accurately, including the plateaus
shown in Figure 10. It is observed from Figure 11 that the per-
formance factors increase with the increase of pH and reach a
plateau at pH of 5. It is also observed from Figure 12 that the per-
formance factors increase with the increase of HP-b-CD concen-
tration and reach a plateau at HP-b-CD concentration of 0.1 mol/
L. Therefore, these results validate the multiple-chemical equili-
bria model and its application for extraction system optimization.

Conclusions

Reactive extraction has been carried out for the chiral sepa-
ration of OBN enantiomers by hydrophilic b-CD derivatives.
Experimental results show that the efficiency of extraction is
strongly influenced by the process variables such as types of
organic solvents and b-CD derivatives, concentration of selec-
tor, pH and temperature. Dichloromethane is selected as the
suitable solvent and HP-b-CD as the best hydrophilic selector
for chiral separation of OBN enantiomers.

A homogeneous aqueous phase complexation model has
been developed for reactive extraction of R,S-OBN with b-CD,
involving physical distribution of molecular and ionic OBN,
dissociation of ionic OBN and complexation between HP-b-CD
and OBN. The experimental data were modeled according the

extraction model, and excellent agreement between the model
predictions and experimental data was observed. The perform-
ance of the extraction process was evaluated using distribution
ratio, enantioselectivity, the enantiomeric excess and perform-
ance factor to establish the optimum extraction conditions. The
best conditions identified involve the use of HP-b-CD concen-
tration of 0.1 mol/L and pH value of 5 at 5�C. The optimal
operational enantioselectivity of 1.26 is close to the theoretical
maximum of 1.32 and the pfi is up to 0.036. The presented
data indicate that the model is a powerful tool for calculating
enantiomer distribution ratios and extraction efficiencies in two-
phase chiral extraction systems and full separation of racemic
OBN can be carried out by multistage extraction.
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Notation

OBN ¼ oxybutynin
CD ¼ HP-b-CD (hydroxypropyl-b-cyclodextrin)
P0 ¼ physical distribution coefficient for molecular OBN, dimensionless
Pi ¼ physical distribution coefficient for ionic OBN, dimensionless

Papp ¼ apparent partition coefficients, dimensionless
k ¼ distribution ratio, dimensionless
K ¼ complexation constants
R ¼ R-oxybutynin
S ¼ S-oxybutynin
ee ¼ enantiomeric excess, dimensionless
pfi ¼ performance factor, dimensionless

Greek letters

Ui ¼ fraction of the solute i extracted into the aqueous phase,
dimensionless

a ¼ enantiomer selectivity, dimensionless

Subscripts

w ¼ aqueous phase
o ¼ organic phase

int ¼ intrinsic value
op ¼ operational value
0 ¼ initial value
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