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performed in a Lewis cell using hydroxyethyl-β-cyclodextrin (HE-β-CD) as chiral selector. The enantioselectiv
complexation equilibrium between HE-β-CD and α-CPMA enantiomers was studied by phase solubility method
The important process parameters affecting the initial extraction rate were separately studied and the reactio
rate equations were deduced. The optimal conditions for kinetic study were as follows: stirring speed o
75 r·min−1, interfacial area of 12.56 cm2, pH of 2.5, initial HE-β-CD concentration of 0.05 mol ·L−1, initia
α-CPMA concentration of 5 mmol·L−1, and temperature of 278 K. The reaction has been found to be first orde
in α-CPMA and second order in HE-β-CD with the forward rate constants of 2.056 × 10−3 m6·mol−2·s−1 an
1.459 × 10−3 m6·mol−2·s−1 for (S)-α-CPMA and (R)-α-CPMA, respectively. The complexation equilibrium
constants were evaluated as 61 L·mol−1 and 117 L·mol−1 for (S)-α-CPMA and (R)-α-CPMA, and the intrinsi
enantioselectivity is estimated as 1.92.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved
Kinetics
Liquid–liquid extraction
Chiral resolution
α-Cyclopentylmandelic acid
-
s,
c
],
-
ic
d
t
o
d
e
n
It
d

n
s
y
-
n

r
y
e
o
ic
f
g
g
s
g
e

o
e
p
c
e
a
,
f
-
t
s.
1. Introduction

In pharmaceuticals industry, α-cyclopentylmandelic acid (α
CPMA, Fig. 1) is the key intermediate of soft anticholinergic
e.g., glycopyrrolate which is a well-known antagonist of muscarini
receptors and used for the treatment sialorrhea [1], hyperhydrosis [2
and overactive bladder and for presurgery treatment. Recently, Tóth
Sarudy et al. have investigated biological effects of pure stereoisomer
novel soft anticholinergics prepared by (R)-cyclopentylmandelic aci
[3]. Generally, the two enantiomers of chiral drug show differen
interactions with biological receptors or enzymes, hence giving rise t
different biological effects. One enantiomer may produce desire
pharmaceutical activities, while the other may be inactive or, in th
worst cases, produce unwanted effects. Although this is well-know
to us, the majority of commercial chiral drugs are racemic mixtures.
is a challenge tofind an efficient and economic chiral separationmetho
for obtaining enantiomerically pure compounds.

During the past decades, the methods of enantioselective separatio
from racemic mixtures are rising rapidly such as kinetic resolution
[4], crystallization [5], chromatographic techniques [6], capillar
electrophorsis (CE) [7], liquid membrane [8] and liquid–liquid extrac
tion (LLE) [9–11]. Recently, enantioselective liquid–liquid extractio
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ring Society of China, and Chemical
(ELLE) with cyclodextrin derivatives as a specific chiral selecto
[12–14] seems to be an attractive alternative, because of the possibilit
to operate on all scales from laboratory separations to large-scal
processes in the chemical industry. Using cyclodextrin derivatives als
has the advantages of owning unique physical properties and nontox
side effects. Nevertheless, those works mainly focuses on the study o
thermodynamics of the corresponding extraction process and seekin
for efficient extraction system. Only limited information concernin
the kinetic study on chiral solvent extraction is available [15]. Kinetic
of the extraction process is very important for a deep understandin
of the process, and for the selection, design, operation and reliabl
scale-up of the reactive extraction equipment.

Therefore, the extraction kinetics should be carefully investigated t
realize the industrial application of ELLE. Several technologies ar
employed to investigate the extraction kinetics, such as single dro
technology [16,17], high-speed stirring method [18,19], microfluidi
device [20] and constant interfacial area cell [21–25]. Compared to th
other techniques, the Lewis cell (or constant interfacial area cell) has
wider range of applications and is easier to be operated. In this work
the Lewis cell was selected as a model reactor and the kinetics o
reactive extraction of α-CPMA enantiomers by hydroxyethyl-β
cyclodextrin (HE-β-CD) was studied. Equilibrium study shows tha
HE-β-CD has good recognition ability towards α-CPMA enantiomer
As is shown in our previous work, the distribution ratios of (S)-α
CPMA and (R)-α-CPMA (kS = 2.212 and kR = 1.293) and th
enantioselectivity (α = 1.711) indicates that HE-β-CD can be a goo
Industry Press. All rights reserved.
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Fig. 1.Molecular structure of α-CPMA.

Table 1
The discern condition for regimes: Lewis cell

Regime Description HaA Dependency on

a Stirring

1 Very slow reaction b0.2 None None
2 Slow reaction b0.2 ∝ ∝
3 Fast reaction N2 ∝ None
4 Instantaneous reaction N2 ∝ ∝

Note: a is the specific area (area/volume, m−1). ∝ means linear dependency.
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hydrophilic chrial selector for extractive separation of α-CPMA enantio
mers [26]. Additionally, two questions should also be considered. Th
first one is the intrinsic enantioselectivity, which indicates the uppe
limit of enantioselectivity that can be reached with HE-β-CD as chira
selector. The second one is the extraction kinetics because a reliabl
reactive extraction system requires not only the sufficiently hig
equilibrium selectivity, but also the sufficiently fast extraction kinetic
Hence, the intrinsic enantioselectivity and the process parameter
affecting the extraction kinetics were investigated, such as agitatio
speed and interfacial area and so on to understand the transfer mecha
nism of the chiral extraction.

2. Theory

When the system for reactive extraction of α-CPMA enantiomer
from organic phase to aqueous phase with HE-β-CD reaches its equilib
rium, free HE-β-CD and the complex of HE-β-CDwith α-CPMA enantio
mers remain in the aqueous phase due to the high hydrophilicity o
HE-β-CD, while α-CPMA enantiomers can distribute over the organi
and aqueous phases. Therefore, the main reactions for enantioselectiv
extraction of α-CPMA enantiomers by HE-β-CD are restricted to th
aqueous phase. A homogeneous reaction model is applied as th
suitable approach to study the reactive extraction of α-CPMA enantio
mers by HE-β-CD in the Lewis cell.

In the homogeneous reaction model, the mass transfer process ca
be described in various ways. In this paper, the two-film model as
classical mass transfer model was selected [10], and the mass transfe
crossing the two phase interface is accompanied by the reactions i
aqueous phases.

The organic and aqueous bulk phases are assumed to be perfectl
mixed, and physical equilibrium is assumed at the interface. At t = 0
the mass transfer resistance in the organic phase film can be ignored
Therefore, the following equation is deduced,

C�
R;aq ¼ PC�

R;org ¼ PCR;0 ð1

where, C*R,aq and C*R,org represent the interfacial concentration of (R)-α
CPMA on the aqueous side and on the organic side, respectively; CR,0 i
the initial concentration of (R)-α-CPMA in organic phase, P the physica
partition coefficient.

Depending on the physicochemical and hydrodynamic properties o
a reactive extraction system, four limiting regimes can be distinguishe
to characterize the extraction kinetics [27], which is summarized i
Table 1 [21]. The dimensionless Hatta number (Ha) can be accustome
to indicate these regimes. The Hatta number can be expressed as Eq. (2
for the forward part of the rate law rR = km,nCR

mCCD
n taking place in th

aqueous phase.

HaR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

mþ 1
� km;n � C�

R;aq
m−1 � CD½ �n0 � Daq;R

r

KL;aq;R
ð2
in which, km,n is rate constant for (m,n) reaction; [CD]0 represents th
initial concentration of HE-β-CD in aqueous phase; Daq,R is the diffusiv
ity of (R)-α-CPMA in aqueous phase; KL,aq,R is the physical mass transfe
coefficient; m is the order of reaction with respect to (R)-α-CPMA; n i
the order of reaction with respect to HE-β-CD.

The expressions of the extraction rate for relevant regime
were given by Doraiswamy and Sharma [27]. For regime 3, namely th
extraction accompanied by a fast reaction, the expression for the rat
of extraction is given by the following Eq. (3):

RR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
mþ 1

� km;n � C�mþ1
R;aq � CD½ �n0 � Daq;R

r
ð3

All of the above equations can be defined for (S)-α-CPMA in th
same way.

3. Materials and Methods

3.1. Materials

Hydrophilic extractant hydroxyethyl-β-cyclodextrin (HE-β-CD)wa
purchased from Zhiyuan Biotechnology Co., Ltd. (Binzhou, China)
Racemic α-cyclopentylmandelic acid (α-CPMA, purity ≥96.0%) wa
brought from Heowns Biochemical Technology Co., Ltd. (Tianjing
China). 1,2-Dichloroethane (purity ≥99.0%) was purchased from
Huihong Reagent Co. Ltd. (Changsha, China). Acetonitrile (HPL
grade) was supplied by Comio Chemical Reagent Co. Ltd. (Tianjin
China).

3.2. Analytical method

The quantification of α-cyclopentylmandelic acid (α-CPMA
enantiomers in aqueous phase were performed by HPLC (waters, USA
which was equipped with a Diamonsil C18 column (250 mm × 4.6 mm
I.D., 5 μm of particle size; Dikma Technologies). Detailed informatio
about the analytical method is available in the literature [28]. Result
showed that the first eluted peak for all the chromatograms was (S)-α
CPMA and the second peak was (R)-α-CPMA.

For pH measurements of the aqueous phase, a pH meter with a pH
electrode (Orion, model 720A) was employed.

3.3. Experiment procedure

3.3.1. Determination of intrinsic enantioselectivity
Phase solubilitymethod is employed and detailed information abou

thismethod is available in the literature [29]. Excess amounts of racemi
α-CPMA were added to aqueous solutions containing increasin
amounts of HE-β-CD (0, 0.01, 0.02, 0.04, 0.06, 0.08, and 0.1 mol·L−1)
The suspensions were shaken for 24 h in a water bath at 278 K. whe
the inclusion reaction reach its equilibrium, the suspensions wer
filtered through 0.45 μm membrane filters, appropriately diluted wit
the mobile phase and the total concentrations of α-CPMA enantiomer
were analyzed by HPLC. The apparent inclusion complexation equilibri
um constants are calculated from the phase solubility diagram.
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3.3.2. Determination of extraction kinetics
The Lewis cell (Fig. 2) used for the kinetic investigations wa

modified by Tang [24]. The actual interface is controlled by a Teflo
circular disc which is fixed in the middle of the cylindrical glass cel
The total area of the holes in the circular disks is changed to vary th
actual interface from 7.07–15.9 cm2. The cell, equipped with a jacke
is thermostated with a Scientz DC-1020 water bath (set at 278 K). T
carry out an experiment, a fixed volume (110 ml) of phosphate buffe
solution (pH value of 2.5) containing HE-β-CD was first introduce
into the cell, and equal volume of organic phasewas then added carefu
lywithout disturbing the interface. In thiswork, 1,2-dichloroethanewa
used as organic solvent and the substrate, α-CPMA racemate, wa
initially dissolved in the organic solvent. The stirrers were rotated a
the same speed but in opposite directions. And it was the time to sta
timing when the blender was started. Then samples were taken ou
from the aqueous phase by injection syringe at specified time interval
The concentration of α-CPMA enantiomers was determined by HPLC
The concentration of α-CPMA in the organic phase was calculated b
mass balance.
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Fig. 2. Diagram of the Lewis cell.

Fig. 3. The plot of ln[C*R,aq / (C*R,aq − CR,aq)] versus time (t). Conditions: [α-CPMA]0 =
5 mmol·L−1, A = 12.56 cm2, N = 75 r·min−1, T = 278 K. R2 = 0.988.
3.4. Data treatment

The initial extraction rate RR,0 was obtained by the followin
equation:

RR;0 ¼ Vaq

A
dCR;aq

dt

� �
t¼0

¼ −
Vorg

A
dCR;org

dt

� �
t¼0

ð4

where,A is the interfacial contact area taken as the total area of thehole
in the circular disks; CR,aq is the concentration of (R)-α-CPMA in aqueou
phase at time t; Vaq and Vorg are the volume of the aqueous and organ
phase, respectively. Eq. (4) can be defined for (S)-α-CPMA in the sam
way.

4. Results and Discussion

4.1. Determination of physical mass transfer coefficient

The value of physical mass transfer coefficient KL is required fo
further confirming the regime of reactive extraction. This was obtaine
by conducting physical extraction (diluent only) of α-CPMA enantio
mers from the organic phase. For a batch process, a differential mas
balance yields the following equation:

RR ¼ Vaq

A
dCR;aq

dt

� �
¼ KL;aq;R � C�

R;aq−CR;aq

� �
ð5
According to Eq. (1), Eq. (5) was integrated, the time-dependen
concentration of (R)-α-CPMA in aqueous phase is given by:

1
1þ P

ln
PCR;0

PCR;0− 1þ Pð ÞCR;aq

� �
¼ KL;aq;R � A

Vaq
� t ð6

The plot of 1/(1 + P)ln[PCR,0/(PCR,0 − (1+ P)CR,aq)] versus time (t
yielded a straight line, as shown in Fig. 3. The corresponding slope of th
line was used to evaluate KL,aq,R as 1.499 × 10−6 m·s−1. As the two en
antiomers have the same physical properties, KL,aq,S is equal to KL,aq,R.
4.2. Determination of intrinsic enantioselectivity

The intrinsic enantioselectivity is defined as the ratio of the inclusio
complexation equilibrium constants for (R)- and (S)-α-CPMA (KR an
KS, respectively). The inclusion complexation equilibrium constant
are determined by a phase solubility method. Fig. 4 shows the phas
distribution diagrams for (R)- and (S)-α-CPMA in an aqueous solutio
with increasing the concentration of HE-β-CD under temperature o
298 K. It is found that the solubility of (R)- and (S)-α-CPMA increase
linearly with the increase of HE-β-CD concentration. Consequently
the diagrams can be classified as AL type, indicating that a 1:1 inclusio
complex is formed between HE-β-CD and α-CPMA enantiome
According to the method described in the literature [29], KR and KS ar
calculated from the slope and the intercept of the phase solubilit
diagrams.KR andKSwere evaluated as 61 L·mol−1 and 117 L·mol−1, re
spectively and the intrinsic enantioselectivity is estimated as 1.92
which shows the upper limit of enantioselectivity that can be reache
with HE-β-CD as chiral selector. The KS is larger than KR, which indicate
that HE-β-CD preferentially form inclusion complex with (S)-α-CPMA
The difference in inclusion complexation equilibrium constants give
the basic driving force for separation of α-CPMA enantiomers in th
extraction process. It is very likely that extraction kinetics of (S)-α
CPMA is faster than that of (R)-α-CPMA.
4.3. Determination of the kinetic regime

4.3.1. Influence of agitation speed on the initial rate of extraction
In the reaction–diffusion system, the speed of agitation is a crucia

parameter. Fig. 5 shows the initial rate of reactive extraction of α
CPMA enantiomers at the speed of agitation ranging from 30 r·min−

to 105 r·min−1. In the agitating speed range from 30 to 60 r·min−1,
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Fig. 4. Phase distribution diagrams of (R)- and (S)-α-CPMA as a function of HE-β-CD
concentration. Conditions: concentration of HE-β-CD is set at 0.01, 0.02, 0.04, 0.06, 0.08
and 0.1 mol·L−1; temperature is 278 K.

Fig. 5. Influence of agitation speed on the initial rate of extraction. Conditions:
[αCPMA]0 = 5 mmol·L−1, [CD]0 = 0.05 mol·L−1, A= 12.56 cm2, pH= 2.5, T = 278 K.

Fig. 6. Influence of the interfacial area on the initial rate of extraction. Conditions:
[α-CPMA]0 = 5 mmol·L−1, [CD]0 = 0.05 mol·L−1, N= 75 r·min−1, pH= 2.5, T= 278 K.
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is found that the initial extraction rate increases with the stirring speed
indicating that the stagnant interfacial films are very thick in this agitat
ing speed range. The increase of the agitation speed, which reduces th
thickness of the stagnant films, can intensify the mass transfer. Whe
the agitating speed further rises from 60 to 85 r·min−1, the initial rat
of extraction is independent of the agitation speed, which indicate
that the film is stable and thin enough to achieve a fast mass transfe
The reactions between selector and enantiomers are the rate
determining step and the agitation speed has no effect on the overall ex
traction rate. It can be said that the extraction occurs in a “kinetic re
gime”. However, when agitation speed is higher than 90 r·min−1, th
initial rate of extraction rises straightlywith the increase of the agitatio
speed, and it was observed that the liquid–liquid interfacewas unstable
The increase in extraction rate may be due to an increase in the actua
contacting area. Therefore, an agitation speed of 75 r·min−1 is chose
for most of the experiments unless specified otherwise to ensure tha
all measurements are performed in the plateau region. In this case
one can study the reaction kinetics in the reactive extraction proces
by measuring extraction rate. Although any one of the stirring speed
in the range from 60 r·min−1 to 85 r·min−1 could theoretically be se
lected, 75 r·min−1, the median of the range, was selected to mak
sure the extraction occurs in a “kinetic regime” and minimize the ris
of disturbing the interface in this paper.When the interface is disturbed
it is difficult to acquire the accurate relation between the reaction rat
and other factors. According to the classical limiting regime identifica
tion (Table 1), the reaction is deduced to occur either in regime 1 or 3
4.3.2. Influence of the interfacial area on the initial rate of extraction
To further confirm the kinetic regime, the interfacial area varied at

constant agitation speed (75 r·min−1). As is shown in Fig. 6, th
volumetric extraction rate, in terms of the product of RR,0 with a (a is th
specific area, defined as the ratio of interfacial contact area to bulk phas
volume), is in proportion to the interfacial area. Therefore, based on th
above results, we can come to a conclusion that the reactions betwee
HE-β-CD and α-CPMA enantiomers in a Lewis cell fall in regime 3. As
consequence, the extraction is a fast chemical reaction in thediffusionfilm
4.3.3. Influence of pH value on the initial rate of extraction
As is shown in Fig. 7, the initial extraction rate keeps nearly unchange

at pH ≤ 3.0 and then increases rapidly with the pH value. It is also ob
served that the difference of initial extraction rate between (R)-α-CPM
and (S)-α-CPMA keeps nearly unchanged at pH ≤ 3.0 and then become
smaller with the further increase of pH. Because α-CPMA is a weak aci
and there exists an acid–base dissociation equilibrium for α-CPMA i
the aqueous phase, the above observation may be explained by the fac
that the existence form of the α-CPMA enantiomers in aqueous phase i
changed with the pH of aqueous phase. At pH lower than 3.0, α-CPM
is predominantly in itsmolecular form. HE-β-CDmainly includes themo
lecularα-CPMAbecause the hydrophobic nature of its inner cavity [30]. I
this case, most of enantiomers are extracted through the enantioselectiv
complexation and the separation ability is enhanced. However, the mo
lecular α-CPMA is a hydrophobic species, therefore the extraction rate i
relatively low. With the increase of pH value, the amount of ionic α
CPMA enantiomers is increased. As HE-β-CD can hardly include ionic α
CPMA enantiomers, the amount of enantiomers that is extracted throug
the enantioselective complexation is decreased and the separatio
ability is reduced. Owing to the hydrophilicity of the ionic α-CPMA, th
extraction rate is enhanced with the rise of pH value. Hence
except as otherwise specified in this work, all experiments are operate
at pH= 2.5.

4.4. Determination of the reaction order

4.4.1. Order with respect to α-CPMA
The concentration of (R)-α-CPMA in the aqueous phase versu

time at different initial concentration of α-CPMA in organic phase i
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Fig. 7. Influence of pH value on the initial rate of extraction. Conditions: [α-CPMA]0 =
5 mmol·L−1, [CD]0 = 0.05 mol·L−1, A= 12.56 cm2, N = 75 r·min−1, T = 278 K.

Fig. 9. Influence of α-CPMA concentration on the initial rate of extraction. Conditions:
[CD]0 = 0.05 mol·L−1, A= 12.56 cm2, N = 75 r·min−1, pH = 2.5, T = 278 K.

Fig. 10. Influence of HE-β-CD concentration on the initial rate of extraction. Conditions:
[CPMA]0 = 5 mmol·L−1, A = 12.56 cm2, N = 75 r·min−1, pH = 2.5, T = 278 K.
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shown in Fig. 8. To determine the reaction order of α-CPMA, the initia
extraction rate is plotted as a function of the initial concentration o
α-CPMA in the organic phase, which is shown in Fig. 9. It is obviou
that the initial extraction rate for (S)-α-CPMA and (R)-α-CPMA
linearly proportional to their initial concentration. Regression analys
of the data yielded m = 1 (according to Eq. (3)). Both reactions ar
first order with respect to (S)-α-CPMA and (R)-α-CPMA.

4.4.2. Order with respect to HE-β-CD
The effect of HE-β-CD concentration in aqueous phase on the initia

extraction rates was investigated in the range of 0 to 0.10 mol·L−

(Fig. 10). There is clearly a linear relationship between the initial extrac
tion rate and the concentration of HE-β-CD. Second order in HE-β-CD
obtained from regression analysis of the data according to Eq. (3).

4.5. Rate constant

For a (1,2) inclusion reaction in aqueous phase, the initial rate of th
extraction can be expressed as:

RR;0 ¼ Daq;R � km;n;R
� �1=2 � C�

R;0 � CD½ �0 ð7
Þ
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Fig. 8. Variation of the (R)-α-CPMA concentration versus time at different initial
concentration of α-CPMA in the organic phase. Conditions: [CD]0 = 0.05 mol·L−1, A =
12.56 cm2, N = 75 r·min−1, pH = 2.5, T = 278 K.
RS;0 ¼ Daq;S � km;n;S
� �1=2 � C�

S;0 � CD½ �0 ð8

The value ofDaq,R of 4.158 × 10−10m2·s−1 was estimated byWilke
Chang equation. Daq,S is equal to Daq,R because of the similar physico
chemical properties. The value of rate constant km,n,S and km,n,R wa
calculated from Eqs. (7) and (8) as 2.056 × 10−3 m6·mol−2·s−1 an
1.459 × 10−3 m6·mol−2·s−1, respectively. The rate constant for (S)
α-CPMA is larger than that for (R)-α-CPMA, the results are consisten
with the inclusion complexation equilibrium constants evaluated i
this paper. Compared with the results for α-cyclohexyl-mandelic aci
(α-CHMA) reported by our coworkers [21], the rate constants in th
paper are one order smaller. Because the β-CD selector has a peculia
hydrophobic cave, and the hydrophobic property of α-CPMA is lowe
than α-CHMA, the inclusion of α-CHMA is easier than inclusion of α
CPMA,whichmay explainwhy the rate constants for α-CPMA is smalle
than for α-CHMA.

For a (1,2) reaction, the Hatta number can be expressed by followin
equations:

HaR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Daq;R � km;n;R � CD½ �20

q
KL;aq;R

ð9
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HaS ¼
Daq;S � km;n;S � CD½ �20

KL;aq;S
ð10

To verify that kinetics of the reactive extraction fall into regime 3
the values of the parameter Ha were evaluated by Eqs. (9) and (10)
According to results mentioned above, HaS and HaR were calculated a
30.84 and 25.97, respectively. The above results reflect the intrinsi
kinetics of the extraction process. Because Ha is higher than 2 for bot
of the enantiomers, conditions for validation of regime 3, this reactiv
extraction process is accompanied by a fast reaction. Generally, a practi
cal extraction process that is performed for a technological purpose, i
usually operated under conditionswhere the two phases are vigorousl
mixed, in order to shorten the extraction time as much as possible
Therefore, the practical processes are generally reaction-controllin
processes. Thus, the “fast reaction” nature made the reactive extractio
of α-CPMA enantiomers by HE-β-CD very promising in industria
application.

5. Conclusions

Kinetic study on liquid–liquid reactive extraction of α-CPM
enantiomerswith HE-β-CDwas performed in a Lewis cell. The inclusio
complexation equilibrium between HE-β-CD and α-CPMA enantiomer
was studied by phase solubility method to gain an insight into th
nature of extraction process. Results indicated that HE-β-CD
preferentially form inclusion complex with (S)-α-CPMA. The intrinsi
enantioselectivity is estimated as 1.92. The extraction is enhance
by the “fast chemical reaction” between HE-β-CD and α-CPMA enantio
mers. The value of rate constant km,n,S and km,n,Rwas obtained as 2.056 ×
10−3 m6·mol−2·s−1 and 1.459 × 10−3 m6·mol−2·s−1, respectively
The reactions are of first order dependent on α-CPMA enantiomer
and second order with respect to HE-β-CD. The results obtaine
in this paper will be useful for the design and operation of reactiv
extraction in large-scale.

Nomenclature
A the interfacial contact area taken as the area of the disc, m2

a specific area (area/volume), m−1

C concentration, mol·m−3

D diffusivity, m2·s−1

Ha Hatta number
KL,aq physical mass transfer coefficient of α-CPMA in aqueou

phase
k the rate constant of reaction
P the physical distribution ratio
V the volume of each phase, m3

[ ] concentration, mol·m−3

Subscripts and Superscripts
aq aqueous phase
m order of reaction with respect to α-CPMA
n order of reaction with respect to HP-β-CD
org organic phase
ov over all (both phase)
0 initial value
* the value on the phase interface
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