
SEPARATIONS: MATERIALS, DEVICES, AND PROCESSES

Experimental and Simulation on Enantioselective Extraction in
Centrifugal Contactor Separators

Kewen Tang
Dept. of Chemistry and Chemical Engineering, Hunan Institute of Science and Technology, Yueyang 414006,

Hunan, China

Dept. of Chemical Engineering, Xiangtan University, Xiangtan 411105, Hunan, China

Hui Zhang
Dept. of Chemical Engineering, Xiangtan University, Xiangtan 411105, Hunan, China

Yongbing Liu
Dept. of Chemistry and Chemical Engineering, Hunan Institute of Science and Technology, Yueyang 414006,

Hunan, China

DOI 10.1002/aic.14004
Published online January 14, 2013 in Wiley Online Library (wileyonlinelibrary.com)

The increasing demand for optically pure compounds stimulates the development of new chiral separation processes on
an industrial scale. The enantioselective liquid–liquid extraction (ELLE) of phenylsuccinic acid (PSA) enantiomers using
hydrophilic hydroxyphenyl-b-CD as extractant (C) was studied experimentally in a countercurrent cascade of 10 centrif-
ugal contactor separators at 293 K. Based on a single-stage equilibrium model and the law of conservation of mass, a
multistage equilibrium model of ELLE was developed to investigate the influence of changes in the process
parameters such as phase ratios and concentrations on extraction efficiency. The multistage equilibrium model was veri-
fied experimentally with a good agreement. The model was applied to predict the symmetrical separation of PSA
enantiomers. By modeling, optimal process parameters for the symmetrical separation of PSA enantiomers can
be achieved. The minimum number of stages was determined at 22 and 24 for eeeq>98% and eeeq>99%, respectively.
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Introduction

The preparation of optically pure compounds is a major
challenge in the pharmaceutical and fine chemical industry.1

The technologies to access enantiopure compounds, such as
crystallization,2 simulated moving bed chromatography
(SMB),3,4 liquid membrane,5–7 enantioselective liquid–liquid
extraction (ELLE),8–25 and so on, are developing fast across
the world. Classical crystallization is not always applicable
due to its low versatility and excessive solid handling.
Because of the limited transport rates in membrane technol-
ogy and the high costs of SMB, ELLE seems the most prom-
ising technology, which is cost-effective and easier to scale
up to commercial scale. Therefore, it possesses a broad
application range.

Since the first report of ELLE was published as early as
1959, many researchers have attempted the separation of
optically active compound by chiral solvent extraction in
recent years.8–25 However, most researchers focus on the
studies on the extraction equilibrium and the synthesis of

new chiral selectors.8–22 Recently, a few literatures provide
fundamental insights about the reaction engineering mecha-
nism by combining experimental investigation and mathe-
matical modeling to predict and optimize the extraction
performance.23–25 Although ample literature is available for
single-stage extraction equilibrium, there are only a few
studies providing multistage ELLE.8–25

Separation of chiral compounds by multistage ELLE has
received increasing attention in the last few years.26–30 As is
well known, because the enantioselectivities of the chiral
extractants are rather limited, a large number of theoretical
stages are required to obtain a higher purity and a higher
yield. Separations of some hydrophobic enantiomers by reac-
tive extraction with hydrophilic cyclodextrin derivatives
have been investigated in our recent work, and sufficient
enantioselectivities were obtained.25,31,32 Recently, we
reported on the kinetics in reactive extraction for chiral sepa-
ration of some aromatic acid enantiomers, and sufficiently
fast kinetics has been obtained, which will be helpful in the
design of extraction processes on a large scale.33,34

The centrifugal contactor separator is an example of a
compact continuous flow device combining fast mixing of
two immiscible liquids with fast phase separation in a small
volume. Besides the excellent mass-transfer characteristics,
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the high centrifugal forces allow for the separation of liquids
with density differences of only 10 kg/m3. Due to these ben-
eficial properties, the centrifugal contactor separators (CCSs)
are suitable for continuous separation of enantiomers using
ELLE. The studies on the multistage mathematical model
have been rarely reported. Recently, centrifugal contactor
separator devices have been applied in continuously ELLE
of enantiomers, and an experimental and modeling study has
been performed.35

For an economically feasible process, it is necessary to
know how to optimize process parameters such as the extract
phase/washing phase ratio (W/O), the extract phase/feeding
phase ratio (W/F), extractant concentration, enantiomer con-
centration, and the location of feed, to achieve a high yield
and product purity in a multistage extractor. A further exper-
imental and modeling study is required to optimize process
parameters to realize good yield and good purity at the mini-
mum number of stages.

Here, we report on the use of centrifugal contactor separa-
tors for continuous separation of phenylsuccinic acid (PSA)
enantiomers by multistage ELLE. A multistage equilibrium
model of ELLE was constructed based on the existing sin-
gle-stage description comprising the chemical and physical
equilibrium of the system. The experimental data were mod-
eled using an equilibrium approach.

Experimental

Materials

Hydroxypropyl-b-cyclodextrin (HP-b-CD) was supplied
by Qianhui Fine Chemicals (Shangdong, China). PSA (race-
mate, purity �99.9) was purchased from Hubei Hongjiang
Biochemical (Hubei, China). Solvent for chromatography
was of high-performance liquid chromatography (HPLC)
grade. All other reagents used in this work were of analyti-
cal grade and bought from different suppliers.

Multiextraction experiments

The extract phase (aqueous phase) was prepared by dis-
solving HP-b-CD in 0.1 mol/L NaH2PO4/H3PO4 buffer solu-
tion, and racemic PSA was dissolved in n-octyl alcohol to
prepare the feeding phase. Extraction experiment was per-
formed by starting the engines of all CCSs and starting the
extract (aqueous phase) pump. After starting the extract
pump, the CCSs were filled up in the order from Stage 10 to
Stage 1. After the aqueous phase outflow from Stage 1, the
wash streams (organic phase) were started. When the wash
flow ran from Stage 10, the feed pump was started. As soon
as the feed pump started running, samples were taken every
15 min. The concentrations of AR and AS in extract outlet
were analyzed using HPLC.

Analytical method

The quantification of PSA enantiomers in extract outlet
was performed by HPLC using a UV detector (Merck,
Hitachi, Japan) at the UV wavelength of 254 nm. The col-
umn was Lichrospher C18 (250 3 4.6 mm2 i.d., 5 lm)
(Hanbon Science & Technology, China). The mobile
phase was 0.1 mol/L NaH2PO4 aqueous solution
(pH52.5):acetonitrile (80:20) containing 10 mmol/L HP-b-
CD at a flow rate of 1.0 mL/min. The pH of the aqueous
phase was measured with a pH electrode and a pH meter
(Orion, model 720A).

Theory and Modeling

Extraction mechanism and single extraction
equilibrium stage

Knowledge of the extraction mechanism and single-stage
equilibrium is important for the optimization of an 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 system for enantioselective extraction
of PSA enantiomers with HP-b-CD as extractant, the HP-b-
CD is highly hydrophilic, which excludes the possibility that
the reaction takes place in the organic phase. Depending on
the solubility of PSA enantiomers in the organic phase and
the aqueous phase, the location of complexation reaction
will either be at the interface or in the aqueous phase. The
solutes of PSA enantiomers can distribute over the organic
and aqueous phases. Thus, we applied the homogeneous
aqueous phase reaction mechanism here (Figure 1).

In our previous studies, the single equilibrium stage model
was established by a series of equilibrium relations and mass
balance equations, and the model predictions are in good
agreement with the experiment.31 The main parameters in
this model involve the chemical properties (complexation
constants KR and KS, physical partitioning ratio P0 and acid–
base dissociation constant Ka1) and the process parameters
(temperature, pH, concentrations of extractant [C], and race-
mic mixture [AR,S]). The extent of extraction is characterized
by the distribution ratios DR and DS for R- and S-PSA
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Multistage equilibrium model

A flow scheme of a cascade with N CCSs for the separation
of racemic PSA into R- and S-PSA is shown in Figure 2. The
organic racemate is fed to the cascade at the feed stage, indi-
cated with f. The stages f to N form the stripping section, where
AR is predominantly extracted to the extract phase (aqueous
phase). The coextracted AS is washed out of the extract stream

Figure 1. Single extraction stage.

If j5f, then F6¼0, else F50, I5R,S.
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from Stage 1 to f21 (wash section). After multistage extrac-
tion, the AR enantiomer is predominantly left in the extract and
the coextracted AS primarily stays in the raffinate.

A multistage equilibrium model was established based on
chemical and physical equilibria. The multistage relations in
the cascade follow from Figure 1, in which a single stage
from the cascasde is displayed. The solvents are assumed to
be completely immiscible, and the extractant C is assumed
to be completely insoluble in the organic phase.

For each of the stages (j51…N), the phase equilibrium
relations and mass balance equations are shown as follows

The dissociation constant of R- and S-PSA is defined as
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where [AR]aq and [AS]aq are the concentrations of the free R-
and S-PSA in aqueous phase at equilibrium, respectively;
A2

R

� �
and A2

S

� �
are the concentration of the ionic R- and S-

PSA in aqueous phase at equilibrium, respectively.
The complexation equilibrium constants of R- and S-PSA

with HP-b-CD in aqueous phase are formulated as follows
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where [ARC]aq and [ASC]aq represent the concentrations of
complex R-C and S-C in the aqueous phase at equilibrium,
respectively; [C]aq is the concentration of free HP-b-CD in
the aqueous phase at equilibrium.

The physical partition coefficient of molecular R- and S-PSA is
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where [AR]org and [AS]org are the concentrations of the free
R- and S-PSA, respectively, in organic phase at equilibrium.

For wash section (j51…f21), the component balances for
AR and AS are, respectively, defined as
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For the feed stage, the component balances for AR and AS

are respectively defined as
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The following equations represent mass balance for AR

and AS in stripping section (j5f11…N), respectively.
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The overall component mass balances for the enantiomers
AR, AS, and C are defined as
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where [C]0 is the initial concentration of HP-b-CD in aque-
ous phase.

Combining Eqs. 3–6, Eqs. 1, 2, and 15 are deduced to
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Figure 2. A flow scheme of a cascade with N CCSs for separation of PSA enantiomers.
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From Eqs. 16 and 17, the distribution ratios DR and DS of
each stage are the function of [H1]aq and [C]aq. Equations
7–14 can be simplified by combining Eqs. 16–18.

Enantiomeric excess (ee) is used to measure the optical
purity of the raffinate and the extract. The definition of ee
depends on which enantiomer dominates, ee>0 (Eq. 19).
Note that A½ �all forms

R and A½ �all forms
S encompass AR and AS in all

forms (free, dissociated, and complexed, so AR, A2
R , ARC,

etc.) in this equation.

ee5
A½ �all forms

R 2 A½ �allforms
S

A½ �allforms
R 1 A½ �all forms

S

(19)

or
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The yield of the enantiomer R in the extract is given in
Eq. 21. Similarly, the yield of the enantiomer S in the raffi-
nate is defined.

yield R;extract 5
total AR extract

total AR feed

½mol�
½mol� (21)

The established multistage equilibrium model is based
on three assumptions: (1) equilibrium at each stage; (2) a
constant temperature at all stages; and (3) a constant pH
at all stages. All equilibrium conditions and mass balan-
ces on all stages are solved simultaneously. The multi-
stage equilibrium model was programmed in the matlab.
By modeling, we investigated the influence of changes in
process parameters such as phase ratios, extractant con-
centration (C), and racemate concentration (AR,S) on ee
and yield.

Results and Discussion

Here, the experimental study is reported on separation
of PSA enantiomer by ELLE in a countercurrent cascade
of 10 centrifugal contactor separators. The 10-stage CCS
cascade was run successfully for 6 h at 293 K. The
racemic feed entered the cascade at Stage 6. Enantiopure
AR was collected in the extract (aqueous phase), and the
raffinate from the cascade contained excess AS. The
concentration in the aqueous outlet was measured every
15 min. Figure 3 depicts the concentrations of the aque-
ous outlet. The aqueous outlet concentrations increase
gradually during the first 2 h. After 2 h steady state was
reached. The lines in Figure 3 represent model predic-
tions. The model prediction exhibits a good agreement
with the experimental results. The above results suggest
that the time needed for physical and chemical equilib-
rium to establish is very short, and the mass-transfer
resistance can be ignored.

To better understand the relationship between process pa-
rameters and extraction performance, we investigated the
influence of changes in process parameters such as flow ratio

Figure 3. Extraction concentration profiles of the
extract exiting.

W/F51.0, W/O53.0, pH52.5, [AR,S]50.025 mol/L,

[C]50.050 mol/L, f56, and N510. Asterisk symbols:

experimental data of [AR], astragal symbols: experi-

mental data of [AS], dashed line: modeled [AR],

solid line: modeled [AS]. [Color figure can be viewed

in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Influence of W/O ratio on ee and yield for
separation of PSA enantiomers.

W/F51.0, pH52.5, [AR,S]50.025 mol/L, [C]50.050 mol/

L, f56, and N510. (a) Influence on ee and (b) influence

on yield. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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(W/F, W/O), enantiomer concentration and extractant con-
centration on extraction performance by experiment and
modeling.

Influence of W/O ratio

The influence of W/O ratio on purity and yield was inves-
tigated in the ratio range of 0.1–10.0 to verify the accuracy
of the model (Figure 4). It is indicated from Figure 4 that
the model predictions of the ee and the yield are in a good
agreement with the experimental data.

It can be seen from Figure 4a that at constant settings for
other parameters, a higher wash stream (lower W/O ratio)
results in more pure extract stream, but in a less pure raffi-
nate stream. It is shown from Figure 4b that the yield of AR

in extract stream increases with W/O, but the yield of AS in
wash stream decreases. With the increase of extract stream,
more ARC and ASC complexes are formed in stripping
section, and in wash section more enantiomers are washed
back from the extract with the increase of wash stream. It is

also found that there is only one crosspoint in which the ee
in both streams are equal, and the yields are also equal. The
crosspoint with eeeq and Yeq is the operating point for sym-
metric separation.

Influence of enantiomer concentration

In an industrial extractor, it is necessary to operate at
higher racemete concentration. In fact, we want to pro-
duce not only more enantiomers but also higher purity
enantiomers. The influence of enantiomer concentration
on the ee and the yield was investigated by varying the
enantiomer concentration from 0.005 to 0.100 mol/L (Fig-
ure 5). It can be found from Figure 5 that with the rise
of enantiomer concentration, ee in the extract increases,
but ee in the raffinate decreases. However, the yields in
the extract and the raffinate follow an opposite tendency.
This could be due to the fact that with the increase of
enantiomer concentration, more and more extractant com-
plexes with enantiomers and the extractant will eventually
become overloaded.

Figure 5. Influence of enantiomer concentration on ee
and yield for separation of PSA enantiomers.

W/F51.0, W/O53.0, pH52.5, [C]50.050 mol/L, f56, and

N510. (a) Influence on ee And (b) influence on yield.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Influence of extractant concentration on ee
and yield for separation of PSA enantiomers.

W/F51.0, W/O53.0, pH52.5, [AR,S]50.025 mol/L, f56,

N510. (a) Influence on ee and (b) influence on yield.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Influence of extractant concentration

It is necessary to work not only at maximum enantiomers
but also at minimal extractant in an industrial production pro-
cess. The influence of extractant concentration on the purity
and yield in both streams was investigated by varying the
concentration from 0 to 0.1 mol/L at pH 2.5 and 293 K. A
comparison of the experimental data with the model predic-
tions of the purity and yield is shown in Figure 6. A good
agreement was obtained between model and experiment.

Figure 6 shows that ee in the raffinate and the yield in
the extract increase rapidly with the increase of extractant
concentration, whereas the yield in the raffinate decreases. A
peculiar effect is observed from Figure 6a that the purity in
the extract increases with the increase of extractant concen-
tration, reaches a maximum ee value, and then decreases
with a further increase in extractant concentration.

The fact that the steady-state performance is predicted well by
the model, as can be shown in Figures 4–6, further demonstrates
that the mass-transfer resistance in the extraction system can be
ignored and that the extractor volume is already sufficiently
large and can be reduced without performance deterioration.

Model Predictions in the Multistage
Extraction System

Experimental results show that CCS equipment is suitable
for countercurrently ELLE. Comparison of the model predic-

tions with experimental results indicates that the established
multistage equilibrium model is a good means of predicting
the extract performance of separation of PSA enantiomers in
a countercurrent cascade of centrifugal contactor separators
over a range of experimental conditions. Therefore, we uti-
lized the model to explore the influence of various operating
conditions on extraction efficiency in a multistage system to
predict and optimize the separation process.

Flow ratios

Based on the model, the ee and the yield in both the
streams are predicted as a function of W/O ratio and W/F ra-
tio, respectively (Figure 7). It can be observed from Figure 7
that there is a significant effect of W/F and W/O on ee and Y.
As shown in Figure 7a,b, the ee in the extract and the ee in
the raffinate follow an opposite tendency with the change of
W/F and W/O. The decrease of W/O and W/F can lead to the
increase of the ee in the extract and the decrease of the ee in
the raffinate. The influence of W/F and W/O on Yextract and
Yraffinate is also contrary to that on eeextract and eeraffinate. It can
be seen from Figure 7c,d that the increase of W/O and W/F
can result in the increase of the Yextract in the extract and the
decrease of the Yraffinate in the raffinate. And there is a plateau
for each of Figure 7a–d where both the W/F ratio and the
W/O ratio are above 2.0.

In most cases, symmetric separation is needed to
obtain both AR and AS enantiomers with eeeq and Yeq.

Figure 7. Influence of W/O ratio and W/F ratio on ee and yield for separation of PSA enantiomers.

pH52.5, [C]50.100 mol/L, [AR,S]50.100 mol/L, feed in middle stage, N524. (a) Influence on ee in extract, (b) influence on ee in

raffinate, (c) influence on yield in extract, and (d) influence on yield in raffinate. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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The intersecting line of the two surfaces in Figure 7a,b is gen-
erated by the two-dimensional interpolation method to explore
the influence of W/O and W/F on eeeq (Figure 8a). Similarly,
the intersecting line of the two surfaces in Figure 7c,d is gener-
ated to describe the influence of W/O and W/F on Yeq (Figure
8b). As shown in Figure 8, eeeq and Yeq follow a similar tend-
ency with the change of W/F and W/O. The eeeq and Yeq

increase with the increase of W/F before W/F is 6 and then
keep nearly unchanged when W/F continues to increase. How-
ever, eeeq and Yeq decrease with the increase of W/O. On the
whole, a larger wash flow and a smaller feed flow are required
to reach better eeeq and Yeq in both exit streams. In fact, the
W/F ratio of 6 is suitable for separation of PSA enantiomers by
ELLE in a countercurrent cascade of centrifugal contactor
separators.

Enantiomer concentration and extractant concentration

Figure 9 shows eeeq and Yeq in both exit streams for separa-
tion of PSA enantiomers as a function of enantiomer concen-
tration and extractant concentration. Figure 9a,b demonstrates
that equal ee and equal yield follow a similar tendency with
the change of enantiomer concentration and extractant con-
centration. With the increase of extractant concentration, eeeq

and Yeq increase. However, the increase of enantiomer con-
centration can lead to the decrease of eeeq and Yeq.

Feed flow and enantiomer concentration

To maximizing the production rate, the influence of feed
flow and enantiomer concentration on eeeq and Yeq was
investigated. Figure 10 indicates eeeq and Yeq as a function
of F/W ratio and enantiomer concentration under condition
that the value multiplying F with [AR,S], namely F[AR,S]F, is
kept constant. It is observed from Figure 10 that the eeeq and
Yeq increase with the increase of enantiomer concentration,
but decrease with the increase of F/W. It can be concluded
from Figure 10 that, at a constant F[AR,S]F, higher eeeq and
Yeq can be obtained at higher [AR,S]F and lower F, which is
in accordance with the above results.

For an economically feasible process, [AR,S]F can be close
to the solubility of AR,S ([AR,S]F,S) in the feed stream. In a
countercurrent cascade of CCSs, a maximum production rate
is required. The maximum production rate in a countercur-
rent cascade of CCSs equals ([AR,S]F,S times the flow limit
(FL). To determine the highest possible production rate, the
solubility and the flow limit should be determined, as these
two factors determine how much AR and AS per unit time
can be produced. The solubility of AR,S in the feed solvent
can be determined experimentally. The flow limit can be
obtained from the optimum W/F achieved by modeling and

Figure 8. Influence of W/O ratio and W/F on eeeq and
Yeq for separation of PSA enantiomers.

pH52.5, [C]50.100 mol/L, [AR,S]50.100 mol/L, feed

in middle stage, and N524. (a) Influence on eeeq and

(b) influence on Yeq. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]

Figure 9. Influence of extractant concentration and
enantiomer concentration on eeeq and Yeq

for separation of PSA enantiomers.

pH52.5, W/F56.0, W/O50.1–10.0, feed in middle stage,

N524. (a) Influence on equal ee and (b) influence on

equal yield. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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the maximum flow rate determined by experiments in a
single CCS.27

Number of stage

Figure 11 shows eeeq and Yeq as a function of the number
of stage from 10 stages to 30 stages by feeding in the middle
stage. As shown in Figure 11, eeeq and Yeq increase when
the number of stage is less than 20 stages, and there is a pla-
teau where the number of stage is above 20 stages.

For a symmetrical separation, the minimum number of
stages was determined for both >99% eeeq and >98% eeeq

by modeling. The optimized settings for the two investigated
cases are listed in Table 1. When the eeeq should be higher
than 98%, a cascade of 22 stages is sufficient, whereas for
>99% eeeq a minimum of 24 stages is required. These val-
ues are about 1.9 times the predicted values by the Fenske
equation for full reflux.22

Conclusions and Outlook

It has been demonstrated that the separation of PSA enan-
tiomers AR,S into its enantiomers can be efficiently carried
out in CCS equipment by multistage countercurrently
enantioselective extraction using hydrophilic hydroxyphenyl-
b-CD as extractant. A multistage ELLE model has been
developed to investigate the influence of changes in process
parameters on extraction efficiency. The model was verified
experimentally with excellent results.

The purity and yield can be improved by each measure.
The decrease of W/O and W/F result in the increase of the
ee in the extract and the decrease of the ee in the raffinate.
The influence of W/F and W/O on Yextract and Yraffinate is con-
trary to that on eeextract and eeraffinate. With the increase of
extractant concentration, eeeq and Yeq increase, but the
increase of enantiomer concentration can lead to the decrease
of eeeq and Yeq. Higher eeeq and Yeq can be obtained at
higher W/F.

The minimum number of stages for complete separation
was determined at 22 and 24 for >99% eeeq and >98% eeeq

at both exits, respectively, which are 1.9 times larger than
the ones predicted by Fenske equation.
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Notation

C = HP-b-CD (hydroxypropyl-b-cyclodextrin), mol/L
P0 = physical distribution coefficient for PSA

Figure 10. Influence of enantiomer concentration and
F/W ratio on eeeq and Yeq for separation of
PSA enantiomers.

pH52.5, W/O50.1–10.0, [C]50.100 mol/L, feed in mid-

dle stage, N524. (a) Influence on equal ee and (b)

influence on equal yield. [Color figure can be viewed

in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Influence of number of stage on eeeq and
Yeq for separation of PSA enantiomers.

W/F56.0, pH52.5, [C]50.100 mol/L, [AR,S]50.100

mol/L, and feeding in middle stage. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table 1. Optimized Settings for Symmetrical Separations

with [AR,S]50.1 mol/L, pH52.5

Variable
eeR and eeS

>98% settings
eeR and eeS

>99% settings

N 22 24
F 12 13
[C] (mol/L) 0.1 0.1
W/F 6.0 6.0
W/O 0.6 0.7
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Ka1 = acid dissociation equilibrium constant, mol/L
D = distribution ratio
K = complexation constants, L/mol
R = R-PSA
S = S-PSA
N = number of stages
ee = enantiomeric excess
Y = yield

Subscripts
i = index for R,S
j = stage index

aq = aqueous phase
org = organic phase

0 = initial value
eq = equal value
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