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Novel membrane processes for the effective enantioresolution of racemic mixtures
have been evaluated. The incorporation of human serum albumin (HSA) in the strip
solution of a permeation cell resulted in the partial optical resolution of a racemic
tryptophan mixture, as the permeation of L-tryptophan, which binds to HSA more
strongly, was enhanced selectively over that of D-tryptophan. A second approach in
which a racemic mixture was introduced to the strip solution prior to the experiments
showed better performance by selectively decreasing the flux of the more weakly
bound D-tryptophan. The highest enantioselectivity of �9.76 was achieved with a third,
novel design consisting of two permeation cells in series, which can encompass the
advantages of affinity dialysis. An industrial scale unit is proposed based on this
concept and a suitably validated mathematical model. VVC 2010 American Institute of

Chemical Engineers AIChE J, 57: 1154–1162, 2011
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Introduction

Optical resolution of enantiomeric drugs has attracted
great attention because of the demands for enantiomerically
pure drugs from the U.S. food and drug administration and
the pharmaceutical industry. Currently, the majority of active
pharmaceutical ingredients are chiral in nature and the two

enantiomeric forms have different therapeutic effects,1 which
provides the impetus for the development of technologies
suitable for chiral separation. Membrane technology,
although relatively new in this field compared with the exist-
ing techniques such as high-performance liquid chromatogra-
phy,2 capillary electrophoresis (CE),3,4 and preferential crys-
tallization,5 can be a more cost-effective alternative because
it can be scaled up easily as a continuous operation with a
higher throughput and lower energy consumption.

Generally, two types of chiral separation have been used
in membrane technology. The first type is accomplished with
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the aid of a chiral selective membrane, where the membrane
is usually functionalized with chiral selectors such as cyclo-
dextrins and their derivatives,6–9 crown ethers,10 DNA11,12,
and enzymes13 that exhibit preferential interaction with one
of the enantiomers over the other. The separation of 4-[3-(4-
fluorophenyl)-2-hydroxy-1-[1, 2, 4] triazol-1-yl-propyl]-ben-
zonitril performed by Lee et al.14 is a typical example,
where the chiral selectors were physically immobilized
within a nanoporous alumina film. Another example is the
use of liquid membrane systems where an organic solvent
containing chiral selectors, either in bulk15 or inside the
polymeric membrane pores,16 is used as the liquid mem-
brane. Although a relatively high selectivity can be achieved,
the liquid membrane is usually unstable and has a short
working life.17

The second type of membrane chiral separation is carried
out using nonchirally selective membranes coupled with af-
finity dialysis (AD) concepts, where a specific chiral selector
is introduced into the racemic feed solution to form com-
plexes preferentially with one of the enantiomers.18–20 This
mixture is then filtered under pressure by the nonchiral
selective membrane with a suitable pore size and surface
charge that retains the large complexes. A relatively high
enantioseparation can be achieved. For example, chiral selec-
tors such as bovine serum albumin (BSA)19 and human se-
rum albumin (HSA)20,21 have shown promising results in
tryptophan separation. However, this pressure-driven process
is subject to higher operating costs and the performance may
deteriorate with membrane fouling. Also, extra post steps are
required to separate the chiral selectors and enantiomers in
the feed side.

A different approach to membrane-based chiral separa-
tions that combines the concepts of liquid membrane tech-
nology and AD is used in this study where the chiral selec-
tors are added to the strip solution instead of the racemic
feed solution. In a normal diffusion process, the diffusion
rate decelerates with time since the concentration gradient
across the membrane decreases. With chiral selectors in the
strip solution, the enantiomers permeating through the mem-
brane bind to the chiral selectors to different extents depend-
ing on their relative association equilibrium constants. As a
consequence, not only do we compensate for the decelera-
tion of permeation rate but the deceleration rates themselves
also become different, i.e., the permeation deceleration of
the more strongly binding enantiomer is lower, resulting in a
higher accumulated permeation flux. Enantioselectivity can
hence be demonstrated by the selective permeation enhance-
ment (SPE) of the enantiomers. Moreover, this is also differ-
ent from the normal extraction process by a liquid membrane
system where two immiscible solvents are used in the feed
and the strip.22 As all solutions in this work are aqueous,
and the chiral selectors are fully constrained to be inside the
chamber by the small pore sizes of the membranes, the sta-
bility problems associated with ordinary liquid membrane
systems can be averted.

The enantioseparation effectiveness of the newly devel-
oped SPE approach is examined via three approaches in this
study: single permeation cell, two permeation cells in series,
and the preaddition of the racemic and chiral selectors to the
strip solution. HSA and tryptophan are chosen as the chiral
selector and enantiomer pair as the HSA has a high intrinsic

selectivity for the resolution of a racemic tryptophan mix-
ture. It has been reported that the L-tryptophan binds to the
indol-benzodiazepine site of HSA with an affinity 100 times
greater than that of D-tryptophan.23 Following a demonstra-
tion of the feasibility of enantioseparation by the single per-
meation cell process, the separation performance is further
improved by adding a racemic mixture to the strip solution
as well; both the selectivity and enantiomeric excess are
shown to increase with higher concentrations of racemic
mixture preadded to the strip solution. Finally, by connecting
two permeation cells in series, we show that the separation
performance is greatly enhanced; a new design suitable for
industrial application is proposed using hollow fiber mem-
brane modules. Mathematical modeling was exploited to
interpret and support the experimental data, through the solu-
tion of a set of ordinary differential equations representing
the mass balances and reaction equilibria.

Overall, this is an original work that not only demon-
strates the model designs of SPE for achieving high enantio-
selectivity but may also open up new routes and stimulate
new ideas for enantiomeric resolution.

Experimental

Materials

The cellulose dialysis membranes Spectro/Pro 7, [molecu-
lar cut-off ¼ 1000, membrane thickness ¼ 50 lm) were pur-
chased from Spectrum Medical Industries. HSA and BSA
from Sigma–Aldrich, a-cyclodextrin from Cyclolab, DL-
tryptophan from Alfa Aesar, and sodium phosphates were all
reagent grade and used without further purification.

Chiral separation by SPE in single permeation cell

The chiral separation test was carried out on a dialysis
permeation cell setup as shown in Figure 1.6 The permeation
cell was composed of two Teflon chambers between which
the dialysis membrane (with area of 9 cm2) was clamped.
The feed was a 35-mL racemic tryptophan solution of 0.1
mM and the strip chamber contained a 35-mL HSA solution
at various concentrations (2.5, 5, 10, and 15 g L�1). The pH
of each solution was maintained at 8.6 by 20 mM phosphate

Figure 1. Schematic diagram of SPE with single cell.
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buffer. Two Teflon impellers connected to an overhead stir-
rer (CAT R18, M. Zipperer GmbH, Staufen, Germany) oper-
ating at 200 rpm were used to stir the solutions. Samples
(200 lL) were taken from the feed chamber after 22 h and
analyzed by CE (P/ACE MDQ CE system, Beckman). The
CE buffer was a 50-mM a-cyclodextrin solution with pH
maintained at 2.2 by a 20-mM phosphate buffer. The sample
injection time was 7.5 s at 0.8 psi and the forward separating
voltage was 25 kV. The permeate concentrations were back
calculated by subtracting the feed chamber concentration
from the original feed solution. The enantiomeric excess and
selectivity was calculated with the following equations:

ee% ¼ CD � CL

CD þ CL

� 100% (1)

a ¼ QL

QD

¼ FL � CLð Þ � V=t
FD � CDð Þ � V=t ¼

FL � CLð Þ
FD � CDð Þ (2)

where ee% represents the enantiomeric excess of the retentate
and a is the apparent selectivity of the SPE system, defined as
the ratio of the flux of L-tryptophan permeating through the
membrane to that of D-tryptophan, CL, CD, FL, and FD are the
L-tryptophan and D-tryptophan concentrations in the retentate
and in the original feed solution, respectively, V is the solution
volume in the strip chamber, t is the permeation time, while QL

and QD are the fluxes of enantiomers.

Chiral separation by SPE with preaddition of feed

The experimental procedures were similar to those
described in the previous section except that a racemic enan-
tiomer mixture was added, with concentration varying up to
that of the feed, together with the HSA, into the strip solu-
tion. The mixture in the strip solution was prepared 4 h
before permeation experiments to ensure equilibrium. The
difference in the concentration gradients of the two enan-
tiomers across the membrane could then be increased from
the beginning of the experiment, and in such a way, products
with higher enantiomeric excess were harvested from the
feed chamber.

Chiral separation by SPE in two permeation
cells in series

The setup consisted of two permeation cells in series as
shown in Figure 2. The contents of cell 1 were similar to
those used in the single cell test, while the two chambers of
cell 2 contained HSA solution and phosphate buffer, respec-
tively. The protein chambers of the two cells were connected
with a circulating pump, such that the solution concentra-
tions of the two chambers could be assumed to be the same.
Samples (200 lL) were withdrawn periodically from the
strip side, analyzed by CE, and thereafter inject back into
the strip side to maintain an almost constant volume.

Control experiments of AD

In the AD control experiments, 10 g L�1 HSA were added
directly to the feed solution and formed complexes with
enantiomers which were retained by the membrane. The per-
meation experiment was conducted 4 h after solution prepa-
ration to ensure equilibrium. Samples were then taken from
the strip solution periodically and tested by CE.

Mathematical modeling of permeation tests

Matlab 7.4.0 was used for the calculation of theoretical
permeation results. The set of standard mass balance and
equilibrium equations listed below was solved with the aid
of the built in function ‘‘ode45.’’

V1

dCL1

dt
¼ �AD

d
CL1 � CL2ð Þ (3)

V1

dCD1

dt
¼ �AD

d
CD1 � CD2ð Þ (4)

V2

dCL2

dt
¼ AD

d
CL1 � 2CL2 þ CL3ð Þ � V2 kLCL2P� k0LPCL

� �

(5)

V2

dCD2

dt
¼ AD

d
CD1 � 2CD2 þ CD3ð Þ � V2 kDCD2P� k0DPCD

� �

(6)

Figure 2. Schematic diagram of SPE-AD unit with two cells in series.
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V1

dCL3

dt
¼ AD

d
CL2 � CL3ð Þ (7)

V1

dCD3

dt
¼ AD

d
CD2 � CD3ð Þ (8)

dP

dt
¼ � kLCL2P� k0LPCL

� �� kDCD2P� k0DPCD

� �
(9)

dPCL

dt
¼ kLCL2P� k0LPCL

� �
(10)

dPCD

dt
¼ kDCD2P� k0DPCD

� �
(11)

where V, A, d, t, and C represent the solution volume,
membrane effective area, membrane thickness, permeation
time, and concentration, respectively, D denotes the apparent
diffusion constant derived from experiments, and kL, kL

0, kD,
and kD

0 are association and dissociation constants between HSA
and DL-tryptophan obtained from literature sources.24 The
subscripts 1, 2, and 3 denote the feed chamber, HSA chambers,
and strip chamber, respectively, while subscripts L, D, CL, CD

refer to the L-tryptophan, D-tryptophan, HSA, HSA-L-
tryptophan complex, and HSA-D-tryptophan, respectively.

Results and Discussion

The concepts for the enhanced optical resolution of race-
mic mixtures proposed in this article were tested experimen-
tally using the membrane permeation cells described above.
In this section, we discuss the overall performance of the
three configurations and propose ways in which they might
be used industrially.

SPE performance by single cell permeation

The transmembrane fluxes of tryptophan were enhanced
with addition of HSA into the strip chamber as shown in
Figure 3a. This was expected as HSA formed complexes
with tryptophans such that the free tryptophan concentrations
in the strip chamber were suppressed to a low level and the
concentration gradients were maintained. A general increas-
ing trend of flux with HSA concentration was also observed
due to the more complexes formed with more concentrated
HSA.

As the concentration gradient was the only driving force
in this experiment, the initial permeation rates of both enan-
tiomers were similar. However, on formation of the HSA–
tryptophan complexes on the permeate side according to the
two equilibrium reactions

HSAþ L� tryp $ HSA� L� tryp ðAÞ
HSAþ D� tryp $ HSA� D� tryp ðBÞ

the free enantiomer concentrations in the strip solution were
reduced. As HSA is more selective to L-tryptophan, naturally
more L-tryptophan was bound to form complexes and the free
L-tryptophan concentration was reduced to a greater extent
than was the D-tryptophan concentration. A higher concentra-
tion gradient of L-tryptophan across the membrane was
therefore maintained, which resulted in a higher overall
permeation flux of L-tryptophan, i.e., selectivity of L-
tryptophan against D-tryptophan. This effect is clearly evident
in the data shown in Figure 3b, calculated with Eqs. 1 and 2;
furthermore, it is also shown in Figure 3b that the separation
performance increased with an increase in HSA concentration
in the strip solution, consistent with expectations, because a
high HSA concentration shifts the equilibrium concentrations
in reactions A and B further to the right, such that the
permeation fluxes of both enantiomers are enhanced. How-
ever, due to the stronger binding between HSA and L-
tryptophan, a preferential concentration decrease of the free L-
tryptophan prevailed, thus enhancing enantioselectivity.

It was also noted that the ee% and selectivity decreased
when HSA concentration was too high as indicated by the
results obtained with 15 g L�1 of HSA. One possible reason
could be that the binding of D-tryptophan is also greatly
enhanced in too great an excess of HSA as reflected in the
equilibria given in reactions A and B. As a result, the incre-
ment of D-tryptophan flux across the membrane was steadily
maintained while the flux of L-tryptophan had almost reached
its maximum as the free L-tryptophan concentration was close
to zero. Hence, we observed that both ee% and selectivity
obtained using this approach were maximized at an intermedi-
ate value of HSA concentration, i.e., further improvements in
separation performance cannot be achieved by simply increas-
ing the HSA concentration. New approaches were designed
and are presented in the following sections.

Figure 3. (a) Permeation fluxes of tryptophan against HSA concentration in strip; (b) enantioselectivity and enantio-
meric excess (ee%) of the retentate against HSA concentrations in strip with single cell SPE.
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SPE performance by single cell permeation with
preaddition of feed

Although the enantiomers could be partitioned success-
fully in the experiments outlined above, one shortcoming
was the low selectivity near the beginning of the experiment
when both enantiomer concentrations in the permeate side
were close to zero and their driving forces were similar. The
overall selectivity was therefore compromised. A higher
enantioselectivity would be possible if a difference in driving
forces could be induced from the beginning of the experi-

ments. Therefore, in the subsequent experiments, while the
HSA concentration in the permeate (or strip) side was main-
tained at 10 g L�1, certain concentrations of racemic enan-
tiomer mixtures were also added to the permeate side prior
to the permeation experiment. Under these conditions, the
initial driving force (i.e., concentration gradient) for the L-
tryptophan was higher than that for the D-tryptophan as the
HSA/L-tryptophan complexes formed preferentially on the
permeate side so that the actual concentration of free D-tryp-
tophan was higher than the free L-tryptophan concentration
in the strip solution, as depicted in Figure 4.

The permeation results from such experiments are pre-
sented in Figures 5a, b. It is evident that the results support
our hypothesis very well as both ee% in the final feed solu-
tion and selectivity were improved, with a commensurately
higher concentration of racemic tryptophan in the strip solu-
tion. With a higher free D-tryptophan than L-tryptophan con-
centration in the permeate side, the reduction in permeation
flux of D-tryptophan was much stronger than that in the flux
of L-tryptophan. This agreed well with Figure 5a, which
showed a greater increment in D-tryptophan yield from the
feed chamber, as reflected in its steeper increase with
increasing concentration of preadded tryptophan. As a result,
both the selectivity of L/D-tryptophan and the ee% of the
retentate increased with an increase in the concentration of
the racemic tryptophan mixture added to the permeate side.

The effect of HSA concentration on enantioseparation per-
formance was also studied by fixing the preadded racemic
tryptophan concentration at 0.1 mM and varying the HSA
concentration on the permeate side. The results in Figures
5c, d show a generally decreasing trend in tryptophan yield

Figure 4. Schematic diagram of enantiomer separation
with prefeed addition (upper); schematic rep-
resentation of change in concentration gradi-
ent by prefeed addition (bottom).

Figure 5. Trends of yield, enantioselectivity, and enantiomeric excess (ee%) in single cell SPE process with pread-
dition of racemic feed in strip.

(a) Yield of tryptophan from feed chamber in 22 h vs. preadded tryptophan concentration in strip; (b) Selectivity and ee% vs. preadded
tryptophan concentration in strip; (c) Yield of tryptophan from feed in 22 h vs. HSA concentration in strip; (d) Selectivity and ee% vs.
HSA concentration in strip.
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from the feed chamber but increasing trends in ee% in the
final feed solutions and selectivity with HSA concentration,
attributed primarily to the preferential permeation enhance-
ment of L-tryptophan induced by the complex formation
with HSA, as explained above. However, the selectivity at
the lowest HSA concentration was higher than that at other
HSA concentrations within the range of experiments. This
interesting observation may be attributed to competitive
binding between L-tryptophan and D-tryptophan with HSA
in the strip side solution when the HSA concentration (0.035
mM) is lower than the preadded racemic enantiomer concen-
tration (0.1 mM). Because of the selective binding of HSA
with L-tryptophan, the permeation of D-tryptophan did not
increase as much as that of L-tryptophan, resulting in a high
selectivity in the L/D-tryptophan separation.

Overall, the effect of HSA addition to the strip solution
was to increase the driving force for the permeation flux of

enantiomers, with a significantly greater enhancement in the
case of L-tryptophan. On the other hand, the effect of pread-
dition of feed in the strip was to decrease the permeation
flux of enantiomers but more so for D-tryptophan, which
resulted cooperatively in higher enantioselectivities.

SPE performance by two permeation cells in series

Although fair enantioseparations were attained in the proc-
esses described above, they were considerably inferior to the
optimized affinity ultrafiltration (AUF) systems reported by
researchers such as Romero and Zydney20 (selectivity �7).
In a typical AUF process, the complexes formed by incorpo-
rating a large enantioselective binding agent into a racemic
feed solution can be retained by a membrane with a suitable
pore size. Consequently, a higher transmembrane flux of the
less strongly bound enantiomer is achieved, with good ee%
in the filtrate and, after the removal of the binding agent, in
the retentate. For comparison, an AD process that mimicked
an AUF system without a transmembrane pressure was car-
ried out together with an SPE process using 10 g L�1 of
HSA and 0.1 mM racemic tryptophan mixtures. The selectiv-
ity and ee% in the AD approach can reach up to 3.01 and
62%, respectively, while the maximum selectivity and ee%
are 1.3 and 20%, respectively, in the SPE approach.

To overcome this limitation, we have introduced a novel
synergizing strategy by connecting an SPE and an AD unit
in series as depicted in Figure 2, which in turn provides an
outstanding enantioseparation performance in comparison to
that of each respective unit alone. The new approach can
integrate the advantages of both SPE and AD systems suc-
cessfully. In the SPE unit on the left side, the enantiomers
first diffuse from the feed chamber into the HSA chamber,
with a higher permeation flux of L-tryptophan as discussed

Figure 6. Enantioselectivity and enantiomeric excess
with various HSA concentrations in central
chambers. AD, affinity dialysis.

Figure 7. Graphs of tryptophan concentrations over time in the third chamber with the HAS concentrations in the
central chamber being (a) 1.5 g L21; (b) 5 g L21; (c) 10 g L21; (d) 15 g L21.
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in the previous sections. Thus, while the total concentration
of L-tryptophan in the HSA chamber was higher than that of
D-tryptophan, the free L-tryptophan concentration was lower
as most of the L-tryptophan was bound to HSA. This
resulted in a higher concentration gradient of free D-trypto-
phan than of free L-tryptophan across the membrane in the
AD unit on the right side. Hence, the output strip solution of
the AD unit showed an enantiomeric excess of D-tryptophan,
which was higher than that of the single SPE and AD proc-
esses operating individually, as shown in Figure 6.

As the free enantiomer concentrations in the HSA cham-
ber were suppressed by the complex formation with HSA,
the flux into the strip chamber of the AD unit was relatively
small; thus, the permeate product concentration in the third
chamber could be assumed to be linear with time, as shown
by the straight lines in Figure 7. The permeability coeffi-
cients were therefore calculated from the slopes of these
lines using the equation

P ¼ GVd

A CF � CSð Þ (12)

where G, V, d, and A are the gradient, strip chamber volume,
membrane thickness, and membrane area, respectively. CF and
CS are the corresponding enantiomer concentrations in the
feed and strip chambers. The selectivity is the ratio of the
enantiomer permeability coefficients, and as other parameter
values were the same for both enantiomers, it was calculated
from the ratio of gradients only.

a ¼ PD

PL

¼ GD

GL

(13)

It should be noted that the ee% of the strip solution was
calculated instead of that of the retentate in the feed chamber
as done in the previous section, as the direct product from the
setup was the strip solution, which had a higher ee%. Equation
10 was used by replacing the retentate concentration with the
strip concentration.

It is expected that the separation performance of the SPE-
AD system would outperform the normal AD system while
keeping other conditions equal, as it was observed that
higher selectivity and ee% of the product were obtained
given the same HSA concentration of 10 g L�1. One possi-
ble explanation was the instantaneous high HSA to enan-

tiomer ratio in the middle protein chamber. In our control
AD experiments, the ratio was around 3:2 (0.15 mM:0.1
mM) and slowly increased as the enantiomers permeated
through the membrane; however, this value was much larger
in the SPE-AD system. In the HSA chambers, the initial
HSA concentration was also 0.15 mM while the initial tryp-
tophan concentration was zero and slowly increased with
time, resulting in a much higher overall HSA to tryptophan
ratio. As a consequence, the free L-tryptophan concentration
in the HSA chamber was maintained always at a very low
level due to the formation of a complex with HSA. Thus, a
high selectivity was achievable due to the low permeation of
L-tryptophan.

A similar reasoning can be applied to explain the increasing
trend in selectivity and ee% with higher HSA concentrations
in the middle protein chambers. The increased HSA to enan-
tiomer ratio with an increase in HSA concentration in the mid-
dle chamber decreased the free L-tryptophan concentration in
the middle chamber to a greater extent, while the free D-tryp-
tophan concentration was less affected due to its weaker com-
plexation with the HSA. Hence, the permeation of L-trypto-
phan into the strip chamber was greatly reduced, resulting in a
higher enantioselectivity of D-tryptophan over L-tryptophan.

Overall, the complete process can also be viewed as a liq-
uid membrane system where the HSA chamber was the liq-
uid membrane with chiral selectors immobilized in the bulk
solution. However, this process exhibits much higher stabil-
ity relative to common liquid membranes. In this newly pro-
posed process, contamination of the product by the liquid
membrane solvent was eliminated as DI water was used as
the sole solvent within the experiments. The cellulose mem-
brane pore size was about 1 nm, much smaller than the size
of HSA, and thus contamination by chiral selector leakage
was highly unlikely as well.

Modeling of permeation processes

As the concentration gradient was the only driving force
for transport across the membranes, and the cellulose mem-
brane was hydrophilic, membrane fouling was negligible in
these experiments. The diffusion constant was calculated
simply from the data of one control experiment. The initial
conditions were 0.1 mM racemic tryptophan in the feed
chamber and phosphate buffer without HSA in the strip solu-
tion; samples from the feed and strip chambers were taken
periodically and analyzed by CE. The set of Eqs. 3 and 4,
together with

V2

dCL2

dt
¼ AD

d
CL1 � CL2ð Þ (14)

V2

dCD2

dt
¼ AD

d
CD1 � CD2ð Þ (15)

was used to find D, with an initial D value calculated from the
gradient of permeate concentration against time, and a built in
function ‘‘fminsearch,’’ the diffusion constant was estimated to
be 3.57 � 10�4 cm2 s�1.

The association and dissociation constants between HSA
and L,D-tryptophan were obtained from the work of Yang
and Hage.24 The validity of these constants, together with
the calculated diffusion constant, was supported by the close

Figure 8. Simulated and experimental results of affinity
dialysis with 10 g L21 HSA.
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agreement of the a priori predictions with experimental
results shown in Figure 8 for the control AD experiments.

A representative simulation of the SPE in series, with a
protein concentration of 10 g L�1, is depicted in Figure 9,
again showing good agreement between the experimental
and modeling results. This result not only validates the
model but also, to a certain extent, the accuracy of the ex-
perimental data and the applicability of the SPE system.
With this model, it would be possible theoretically to opti-
mize the experimental conditions to achieve the desired sep-
aration performance for any pair of chiral selectors and
enantiomers as long as their diffusion, association, and disso-
ciation constants were available.

Design for large scale applications

As the driving force for the two cells in series design was
the concentration gradient only, and the effective membrane
area in our experiments was small, the overall permeation
flux was relatively low; with the same experimental condi-
tions and 10 g L�1 HSA, the permeability coefficients of L-
tryptophan and D-tryptophan of an AD process were 4.97 �
10�8 cm s�1 and 1.5 � 10�7 cm s�1, respectively, whereas
that of an SPE-AD process were only 0.16 � 10�8 cm s�1

and 1.05 � 10�8 cm s�1. Thus, a simple, direct scale-up
would not be suitable for real industrial application despite
its high enantioselectivity. Inspired by the module designs in
other applications,25–28 we propose an improved design mak-
ing use of hollow fiber membranes instead; the schematic
diagram, which is a modification of that for an internally
staged permeator,25 is shown in Figure 10. The racemic feed
and the strip solution flow in the lumen side of each of the
two separate bundles of hollow fiber membranes, while the
stream containing the chiral selectors flows on the shell side.
This design has at least two advantages in comparison to the
current experimental setup that greatly increase the permea-
tion flux of the enantiomers. First, the total effective mem-
brane area of hollow fibers is much larger than that of the
flat membranes. Second, the hollow fibers in which the feed
and strip solutions flow can be closely packed such that the
diffusion distance of the enantiomers is shortened. Hence,
this new design can lead to a much higher permeation flux
while maintaining the enantioselectivity. Moreover, the flow
rate and concentration of each stream can be optimized with

the aid of mathematical modeling by adopting mass balance
equations for processes involving hollow fiber membranes.

Conclusions

In our systematic search for efficient enantioseparation
processes, we have studied the performance of a novel oper-
ation, SPE, using three different approaches: single cell per-
meation, preaddition of feed, and two cells in series permea-
tion. The feasibility of SPE was first demonstrated success-
fully in the single cell permeation system where trends in
selectivity and ee% were elucidated, but limitations on the
overall performance were also discovered. These limitations
were overcome by the preaddition of some of the feed solu-
tion to the strip solution; better performance was achieved
and an increase in the selectivity and ee% with increasing
preadded feed solution was observed. The enantioseparation
performance was further enhanced by exploiting the SPE
concept using two cells in series to give selectivities of up
to 9.76 and corresponding enantiomeric excesses of up to
75%. These performance metrics can be improved further by
using a more concentrated HSA solution. This impressive
performance was also predicted by the simulation results.
The overall rates of the enantiomeric separation were rather
slow in the experimental systems studied because of the
small membrane areas relative to the volumes being treated,
this limitation can be readily overcome using hollow fiber
membrane systems, with two bundles of fibers (for the feed
and the stripping solutions) being separated by the chiral se-
lector solution in the shell of the module; this new design
should provide for a greatly increased throughput.
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