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bstract

Copolymer of 1,2-bis(2-methyl-1-triethylsiloxy-1-propenyloxy)ethane and dialdehyde have been synthesized by Mukaiyama Aldol polymer-
zation using lipase as the catalyst. The chirality of the polymer was tested by optical rotation and circular dichroism study. The membrane forming
bility of this chiral polymer was examined by casting the membrane in three different solvents viz., N-methyl-2-pyrilidone (NMP), dimethyl
ormamide (DMF) and dimethyl acetamide (DMAc) using the phase inversion method and it was found that chiral polymer–NMP membranes
ormed more uniform and regular surface morphology as was evident from SEM analysis. The enantioselective membranes prepared in the solvents
as tested for resolution of racemic alcohol and it was found that NMP is the best solvent for obtaining highest enantioselectivity value. It was

lso found that the enantioselectivity for adsorption favoured the (S)-isomer whereas permeation favoured the (R)-isomer which is confirmed from
nterpretation of the adsorption isotherm by Langmuir model. Accordingly, the enantioselective permeation was caused by suppression of the

S)-isomer permeation. Optical resolution of (±)trans-sobrerol was achieved by pressure driven permeation through the membrane. The high-
st enantioselectivity, enantiomeric excess and permeation co-efficient was obtained as 98.59%, 20.42 and 13.627 m2 h−1, respectively. With an
ncrease in polymer content in the membrane, the permeation rate increases.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Optical resolution is a very important separation process,
n the field of medicine and agricultural chemicals because of
heir effectiveness and safety. Optically active compounds are
losely related to biological and pharmacological activity and
heir development as an effective method for producing opti-
ally active compound is very important. Conventional optical
esolution methods, such as preferential crystallization, chem-
cal modification to a diastereomer with an optical resolution
gent, and HPLC with a chiral stationary phase have the com-
on drawback, that is low amount of material treated in one
peration. But optical resolution by membrane permeation is
ery promising because a large amount can be handled in a
ingle operation.

∗ Tel.: +61 376 2370012; fax: +61 376 2370121.
E-mail address: shrrljt@yahoo.com.
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Enantioselectve transport had also been realized for combina-
ions of porous membranes with chiral selector groups, including
iomolecules [1,2]. Proteins, such as BSA, immobilized in the
ores of UF or MF membranes are presumably the best-studied
xample [3,4]. The surface modification of a MF membrane with
hiral polyglutamates had also yielded membranes with some
nantioselectivity [5]. Liquid membranes containing enantiomer
ecognizing carriers such as chiral crown ether show highly
nantioselective permeability [6] but low durability because
osses of the liquid and carriers cannot be avoided. Some works
n this area are reported by Keurentjes et al. [7].

Research towards solid membranes is focused on two alter-
atives: the use of chiral or achiral polymers. Optical resolution
hrough solid membrane is expected to be effective for a large
mount of racemic compounds. Enantioselective permeation

hrough a polymer membrane was first demonstrated using
oly-l-glutamates with amphiphilic n-nonylphenoxy-oligo-
thyleneglycol side chains [8]. In diffusion experiments with
ryptophan and tyrosin, selectivities of >8 for the D vs. the L

mailto:shrrljt@yahoo.com
dx.doi.org/10.1016/j.memsci.2007.10.055
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somers had been observed [2]. Aoki et al. and Teraguchi et al.
9–17] reported some chiral membranes for optical resolution.
owever, they have not yet been used for industrial production.
his is because when the membrane showed high selectivity,

he permeabilities are too low to be useful. Teraguchi et al.
17] reported polysubstituted acetylenes having chiral pendant
roups as optical resolution membrane materials because they
ave a good membrane forming ability combined with chiral
elicity in their main chain.

In this present study, we used solid membrane prepared from
chiral polymer for resolution of racemic compound. For this
urpose a chiral polymer have been synthesized by asymmet-
ic aldol polymerization of bis(silyl enol ether) and dialdehyde
y Mukaiyama aldol reaction (Scheme 1) where lipase from
. rugosa is used as the catalyst, is one of the most important
ldol reaction for chiral polymer synthesis (Scheme 1) from
hich we have also developed a new method for preparation
f enantioselective membrane and studied their performance in
nantioselective permeation.

. Materials and methods

.1. Chemicals and enzyme

Lipase, trans-sobrerol and polysulfone (average mol. wt.
0,000) were supplied by Aldrich Chemical Company, USA,
-methyl pyrrolidone (NMP), dimethyl formamide (DMF) and
imethyl acetamide (DMAc) was supplied by SRL-India. Tri-
thylsilane, ethylene glycol dimethacrylate (EGDA), succinoyl
hloride, 4-hydroxybenzaldehyde, sodium hydride and solvents
ere procured from Ranbaxy Fine Chemical Ltd., New Delhi,

ndia.

.2. Analytical methods

IR spectra were obtained on Perkin Elmer, System 2000

T/IR Infrared spectrophotometer. Data for 1H NMR and 13C
MR spectra were recorded using BRUKER ADVANCE DPX-
00 MHz spectrometer. Chemical shifts were reported in ppm
own field from tetramethylsilane with solvent resonance as the

2

d

.

nternal standard. Optical rotations were determined by JASCO
igital Polarimeter P-1020 using chloroform as the solvent. Cir-

ular dichroism study was done by JASCO J810C instrument
sing chloroform as the solvent at a speed 20 nm/min and wave-
ength range 240–550 nm. The cell path length was 1 cm with a
andwidth 1 nm at a temperature 20 ◦C.

Molecular weight of the polymer were determined by mea-
uring percentage of Silicon in the polymer assuming that
opolymer formed in the polymerization reaction was of the
ype (AB)n. Percentage of silicon in the polymer was measured
y X-ray fluorescence analysis (XRF) on a SPECTRO XEPOS
enchtop XRF Spectrometer (Version 1.0). Molecular weight
f the polymer was obtained as 74,500.

Thermogravimetry (TG) and differential thermogravimetry
DTG) were performed using a Shimadzu Thermal Analyzer
0 at a heating rate of 10 ◦C/min using 5 ± 1 mg of powdered
amples in the temperature range from 30 to 500 ◦C. Differential
canning calorimetry (DSC) was performed on a Perkin Elmer
C series DSC 7 with 3–5 mg of polymer samples weighed in
luminium pans at a heating rate of 10 ◦C/min. All experiments
ere carried out in nitrogen atmosphere and the measurement
as started as soon as the heat flow in the DSC cell had stabilized.
The HPLC measurements were carried out on a Waters mod-

lar system consisting of two 510 pumps, an automated gradient
ontroller, U6K injector and a 486 tunable absorbance detector.
he column was CHIRALPAK-WH, 5 �m particle size of the
acking material, 250 mm × 4.6 mm i.d. (DAICEL CHEMICAL
NDUSTRIES Ltd.). The mobile phase was 0.25 mM aqueous
uSO4. The sample was detected with UV 210 nm and flow rate
f 1 mL/min.

.3. Synthesis

As the monomers for the above polymerization reaction are
ot commercially available, hence it has been synthesized by the
rocedure reported in literature [18].
.3.1. Synthesis of dialdehyde (monomer 1)
To a stirred suspension of NaH (0.2 g. 8.33 mmol) in anhy-

rous THF, 1.02 g (8.33 mmol) of 4-hydroxybenzadehyde was
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dded under N2 atmosphere, and the mixture was stirred at 0 ◦C
or 1 h. Succinoyl chloride (2.7 ml, 24.5 mmol) was then added
nd the reaction mixture was stirred for 20 h. After the reaction
as completed, a separating funnel separated the organic layer

nd the residual aqueous layer was extracted twice with ethyl
cetate. The combined organic layer was dried over Na2SO4.
he mixture was then filtered and concentrated in a rota vapour

o give the solid product and recrystallized the crude product
rom hexane/EtOAc (yield 22.45%). 1H NMR (δ in ppm from
MS in CDCl3): 3.05 (br s, 4H), 7.30 (d, 4H), 7.93 (d, 4H),
0.00 (s, 2H), 13C NMR: 29.18, 122.23, 131.20, 134.21, 155.13,
70.01, 190.71; IR (KBr, cm−1) 2840, 2746, 1752, 1696, 1596,
317, 1205, 1136, 924, 834, 794, 675, 508.

.3.2. Synthesis of 1,2-bis(2-methyl-1-triethylsiloxy-1-
ropenyloxy)ethane (monomer 2)

Ethylene glycol dimethacrylate (2 g (10.4 mmol)) and 2.9 g
24.9 mmol) of triethylsilane was mixed with 200 mg of Wilkin-
on catalyst (Rh(PPh3)3Cl) and heated to 60 ◦C and stirred
or 10 min. After fractional distillation under reduced pressure
onomer 2 was obtained as a colourless oil (yield ∼80%). 1H
MR (δ in ppm from TMS in CDCl3): 0.73 (q, 12H), 0.99 (t,
8H), 1.54 (s, 6H), 1.58 (s, 6H), 3.87 (s, 4H); 13C NMR: 4.9,
.6, 16.4, 16.9, 67.5, 91.7, 148.4.

.3.3. Synthesis of polymer

.3.3.1. Lipase catalyzed polymerization reaction. Candida
ugosa lipase (20 mg/ml) was mixed with toluene solution at
oom temperature. After stirring for 30 min the solvent was
emoved and the resulting white solid was suspended in 10 ml
H2Cl2. Then a CH2Cl2 solution of 0.802 mmol/L of monomer
and 0.726 mmol/L of monomer 2 was added successively. The

esulting mixture was stirred for 70 h at 30 ◦C. After removal of
he solvent, the THF solution of the crude product was poured
nto MeOH/H2O (2:1). The precipitated polymer was filtered
nd dried in vacuo (yield 38%).
.4. Preparation of membrane

The membrane was cast by so-called phase inver-
ion method from a solution consisted of polysulfone,

p
r

m

able 1
hysical properties of chiral membrane

olvent wt.% of chiral
polymer

Membrane thickness
(�m)

Por
(nm

MP 2.0 130 0.0
7.5 131 0.0

10.0 135 0.2

MAc 2.0 12 0.0
7.5 14 0.0

10.0 17 0.2

MF 2.0 76 0.2
7.5 75 0.2

10.0 78 0.3

olysulfone = 15 wt.% and additive = 1 wt.%.
Science 310 (2008) 174–183

hiral polymer, polyethylene glycol as organic addi-
ive in three different solvents viz., dimethyl formamide
DMF), dimethyl acetamide (DMAc) and N-methyl-2-
yrrolidone (NMP). Composition of the casting solution with
ifferent amount of chiral polymer is reported in Table 1. All the
omponents were stirred at 45 ◦C until a homogeneous solution
as achieved. Film was cast on a glass plate with a Doctor’s
nife while the solution mixture was at that temperature by the
hase inversion method. The solvent was evaporated in an oven
t 80 ◦C for 2 h. Gelation was done in ice-cold water for 24 h.

.5. Characterization of membrane

The enantioselective membrane was characterized for pore
ize and surface morphology through microscopic observation.

icroscopic observation is carried out by a scanning electron
icroscope (LEO 1430VP, UK), which directly provides the

isual information of the membrane morphology such as pore
hape, size, their distribution and density. Computerized anal-
sis of SEM image is a standard and widely used method for
he investigation of perforated materials [19,20]. In the present
tudy, Image J Launcher Broken Symmetry Software is used
o measure the morphological parameters such as pore size and
ence the pore size distribution of each membrane. For this,
EM photographs are taken at different locations of the same
embrane sheet from which the pore sizes are measured. This

ives us the information regarding the number of pores in differ-
nt pore size ranges from which percentage of pores in various
ore size ranges can be calculated. Plotting percentage of num-
ers of pores against pore size gives the pore size distribution
urve. In this study, average (or mean) pore radius is considered
s a substitution for the true pore radius. The mean pore radius
s calculated by

m =
(∑

nir
2
i∑

ni

)1/2

(1)

here rm is the mean pore radius (�m); ri is the radius of the

ores of different size (�m) and ni is the number of pores of
adius ri.

Total pore area is calculated from the knowledge of the
ean pore radius and the total number of pores within a known

e diameter
)

Surface porosity
(ε%)

Pure water permeability
(×10−6 g m m−2 h−1)

1 1.15 4.46
5 2.23 5.09
5 2.24 5.59

3 0.27 6.89
1 0.30 6.99
2 0.59 7.29

3 0.19 3.10
1 0.22 3.11
2 0.34 3.19
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Fig. 1. (a) SEM photograph of enantioselective membrane in NMP. (b) SEM
S. Hazarika / Journal of Memb

embrane area. Assuming similar pore distribution for the
ntire membrane sheet, the surface porosity (ε) is calculated as
ollows [21]:

=
∑

(niπd2
i )

4A
(2)

here A is the total membrane area (�m2) and di is pore
iameter (�m). The total number of pores per unit membrane
rea gives the pore density:

ore density (%) =
∑

ni

A
(3)

The thickness of the prepared membranes is also calculated
rom SEM photographs of the cross-section of the membranes
sing standard technique reported in literature [22]. Such pho-
ographs also provide us with the information regarding the
tructure and the presence of any micro voids in the sub
ayer of the membrane sheets. Some SEM photographs of
hiral membranes obtained in various solvents are shown in
ig. 1.

Microscopic observation gives an approximate value of
ore size, and the values were confirmed by modified bubble
oint method [23], which is originally developed by Capan-
lli et al. [24]. In this method the water saturated iso-butanol
δ = 1.7 dynes cm−1) was used to displace water in prewetted
embranes at pressure 1 and 1.5 N/m2. The pore radii (r) and

he number of pores (n) were calculated using equation:

= 2δ cos
θ

P2
(4)

nd

=
[
J2 − J1P2

P1

]
8η1

πP2r4 (5)

here δ, θ, n, η, l, P and J are the water/water saturated polymer
ontact angle, number of pores, viscosity, pore length (mem-
rane skin layer thickness), applied pressure and the permeate
ow rate, respectively.

Pure water permeability for all membranes was measured
n a membrane cell of standard design. The membranes with
ffective area of 28.3 cm2 were set in the test cell and the
ure water permeability test was carried out by applying
.84 × 10−2 N/m2 pressure to the feed side. The quantity of
ater permeated through the membrane was measured as per-
eation rate (g m m−2 h−1). Some physical properties such as
embrane thickness, pore diameter, surface porosity and pure
ater permeability of chiral membranes are shown in Table 1.

.6. Adsorption experiment

For adsorption experiment, 20 ml of aqueous solution of
acemic compound was contacted with pre-weighed chiral mem-
rane in three different solvents viz., NMP, DMAc, DMF

ontaining different amount of chiral polymer between 0.05 and
.2 g and was placed in a thermo stated shaker maintained at
5 ± 0.5 ◦C. Preliminary run showed that adsorption equilib-
ium was achieved after 6 h of contact time for aqueous solution

photograph of enantioselective membrane in DMAc. (c) SEM photograph of
enantioselective membrane in DMF.
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Fig. 2. Flow diagram of permeation experiment. 1, membrane cell; 2, magnetic
s
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tirrer; 3, magnetic capsule; 4, membrane; 5, feed tank; 6, peristaltic pump; 7,

2 gas; 8, gas valve; 9, gas valve; 10, water vessel; 11, sample collecting valve;
2, pressure guaze; 13, pressure guaze.

f trans-sobrerol and accordingly, all equilibrium experiments
ere conducted at 7–8 h. The initial concentration of trans-

obrerol was taken between 2 and 8 mM. The samples were
ollected at a regular interval of time till the equilibrium is
chieved and analyzed by HPLC chiral column. The amount of
- or S-isomer adsorbed per gm of chiral polymer q (mmol g−1)
as calculated as q = V1�C/W1 where �C is the change in solute

oncentration (mM) V1 is the solution volume (l) and W1 is the
eight of adsorbent (g).

.7. Permeation experiment

A disproportionate two-compartment membrane cell (Fig. 2)
hose compartments volumes on the feed side and permeate

ide were 150 and 20 ml, respectively was used. The poly-
eric membrane was placed between the compartments with

ilicone–rubber packing and the cell was connected with a reser-
oir of 500 ml. The aqueous solutions of the model compound
as stirred continuously and circulated by peristaltic pump that
as connected to the reservoir. The area of the membrane was
8.3 cm2 and the transmembrane pressure of the experiment was
.95 N/m2. The sample solutions were collected from the per-
eate side after a permeation period and analyzed by HPLC

hiral column.

.8. Calculations

The transport rate for both S- and R-enantiomer through chiral
ctivated membrane, and the membrane enantioselectivity were
stimated. The transport rate is expressed in terms of recovery
ercentage (R), which is calculated as the ratio of S- or R-isomer
oncentration in the permeate phase at any time t (Cpt,E−) to the

nitial R- or S-isomer concentration in the feed phase (Cfo,E−):

=
(

Cpt,E−
Cfo,E−

)
× 100 (6)

H
a
p
s

Science 310 (2008) 174–183

he R-values are corresponding to the sum of the recovery per-
entage of the two enantiomers.

The normalized quantity (Qc (g m m−2)) was calculated from
he following equation [17]:

c = W2L

A
(7)

here W2 is the weight of solute after a permeation period
in g) which was calculated from HPLC data, L and A are the
hickness and area of the membrane. The permeation rate (Pc
g m m−2 h−1)) for racemic compound was estimated from the
lope of the Qc vs. permeation time (min) plot. The permeability
o-efficient (P in m2 h−1) was calculated by dividing Pc by the
ifference in the concentration between the feed and permeate
ides.

The enantioselectivity of the process is given in terms of alpha
alues (α) as well as in terms of enantiomeric excess (ee). Alpha
alues were calculated by the following formula [25]:

= Jt,R−
Jt,S−

(8)

here Jt,S− and Jt,R− apply for the fluxes of S-enantiomers and
-enantiomers (g m m−2 h−1), respectively, at time t. Flux can
e calculated as [26]

t,S− = −V2 �C

A �t
(9)

here V2 is the volume of feed or permeate phase, �C the con-
entration variation in the corresponding aqueous solutions at
he time increment �t and A is the membrane area.

The enantiomeric excess corresponds to the ratio of the dif-
erence between the concentration of both enantiomers in the
ermeate phase to the total amount of both enantiomers trans-
orted at any time and was calculated using the following
quation [27]:

e = (Ct,S−) − Ct,R−
(Ct,S−) + Ct,R−

× 100 (10)

here Ct,S− and Ct,R− correspond to the concentration of the
-enantiomer and R-enantiomer at any time t, respectively.

. Results and discussions

.1. Optical properties of the polymer

The important factors determining optical activity in syn-
hetic polymers are (i) the chirality of the repeat units and (ii) the
resence of a secondary structure, such as helix [28]. The extent
f contribution of the each factor to the optical rotation of the
olymer may be determined from the dependence of the mean
esidue rotation (rotation per repeat unit) on molecular weight.
or no contribution from a secondary structure, the observed
ean residue rotation will be independent of molecular weight.

owever, in general, the optical rotation value may increase by

bout 1–500◦ dm−1 g−1 cm3 on transforming a monomer into
olymer [29], which is because of the presence of secondary
tructure in the polymer.
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The affinity of solvents can be estimated by introducing the
“solubility parameter” δ which is defined as the square root of the
cohesive energy density and describes the strength of attractive
force between molecules. Polymer–solvent interactions (δ) in
Fig. 3. Circular dichrosm spectra for chiral polymer.

The optical rotation ([α]25, c = 1 in CHCl3) values of our chi-
al polymer was observed to be +9.8. The dihedral angle, which
s the main factor controlling the optical activity of biaryl com-
ounds, is not expected to depend on the Mw of the polymer.
he facts that the observed rotation is Mw dependent [30] sug-
est that the optical rotations are influenced by some secondary
tructure, perhaps in addition to the influence of the chirality
f the repeat unit. The high optical rotations observed and their
ependence on Mw led us to conclude that the cyclopolymers
dopt an ordered conformation, possibly a helix [28].

From the optical rotation value, the existence of secondary
tructure cannot be inferred in case of copolymer, but the same
an be obtained using circular dichrosm (CD) measurement.
ig. 3 shows the circular dichrosm spectra of the chiral polymer.
he spectrum shows a negative cotton effect at 245 nm and a
ositive one at 232 nm, respectively. The polymer showed large
alues of the molar ellipticity [31] in the UV region, which
s assigned to adsorption by the main chain, a fact leading to
he conclusion that the polymer has one handed helical main
hain, similar to the results as reported by Teraguchi and Masuda
15].

.2. Thermal behaviour of chiral polymer

During the use of this type of chiral polymers, the stability
f the chiral polymer against thermal stress is of great impor-
ance. Hence, thermo gravimetric analysis was carried out under
itrogen atmosphere at a heating rate of 10 ◦C/min. The decom-
osition curve of the chiral polymer is shown in Fig. 4 wherein
he derivative curve is also shown. The results of TGA study on
he chiral polymer under nitrogen supports apparent two-step
ecomposition. The first step decomposition starts above 160 ◦C
ith the second step decomposition starting above 280 ◦C. This

orresponds to the random scission within the polymer chain.
s the decomposition temperature is high enough, it can tolerate

he applied thermal stress during the usage. Furthermore, when
he chiral polymer degrades, it leaves nearly no residue at and
bove 450 ◦C. To make an accurate quantitative prediction on
hermal degradation of chiral polymers, the information of the

nderlying chemical mechanism is insufficient [32]. Therefore,
he development of a molecular level understanding of the ther-

al degradation of chiral polymers is an increasingly important
rea of research.
ig. 4. Thermogravimetric and differential thermogravimeric curve of chiral
olymer.

DSC measurements of the polymer were carried out at a
eating rate of 10 ◦C min−1 in a nitrogen atmosphere. Melt-
ng endothermic peak was obtained at 85–266 ◦C for this chiral
olymer (Fig. 5). The melting point and the heat capacity of the
olymer was determined from the endothermic peaks and was
ound to be 260 ◦C and 1.2 J/g ◦C, respectively. The chiral poly-
er exhibits a single peak indicating the formation of random

opolymer.

.3. Effect of casting solvent on the surface morphologies
f enantioselective membrane

The surface morphology of chiral membrane has been studied
n three different solvents viz., DMAc, DMF and NMP from
olymer–solvent interaction point of view. In a good solvent the
olymer is unfolded, obtaining to the maximum extent the more
avourable polymer–solvent interactions as reported by Guan et
l. [33]. The relative strength of polymer–solvent interactions
etermines the properties of casting solvent and presumably the
orphologies and properties of the final membranes [34].
Fig. 5. DSC thermogram for chiral polymer.
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Table 2
Hansen solubility parameters for selected solvents and the difference in solubility
parameters between solvent and chiral polymer

Solvent δd (MPa)1/2 δP (MPa)1/2 δh (MPa)1/2 δ (MPa)1/2 Δ

NMP 16.4 13.2 9.4 23.05 4.29
DMAc 17.8 11.1 8.7 22.70 3.20
D
C

p
s
o

δ

w
d

v

Δ

w
i
H

Δ

T
e
i
i
p
p
r

3

m
a
a
e
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q

F
t

a

q

w
(
t
S
X
e

b
d
v
d

3

3

t
m

T
P

S

N
D
D

MF 17.4 10.5 6.8 21.43 2.11
hiral polymer 16.2 10.2 10.5 21.83 –

olymer solution have been evaluated as the difference between
olubility parameters of polymer and solvents [33]. δ can be
btained as

2 = δ2
d + δ2

p + δ2
h (11)

here δd is the dispersive force, δp is the permanent
ipole–dipole interaction and δh hydrogen bonding forces.

The difference in Hansen solubility parameters between sol-
ent and polymer was calculated using equation:

=
√

(δP,d − δS,d)2 + (δP,p − δS,p)2 + (δP,h − δS,h)2 (12)

here P and S represent the polymer and solvent and d, p and h
ndicate dispersive, polar and hydrogen bonding components of
ansen solubility parameters.
The Hansen solubility parameter of three solvents and the
values between solvent and chiral polymer are shown in

able 2. The smaller the difference between the solubility param-
ters of polymer and solvent, the stronger the polymer–solvent
nteraction. Compared to other two membranes, the stronger
s the polymer solvent interaction between NMP and chiral
olymer results in more regular surface morphology of chiral
olymer–NMP membrane, which supports the hypothesis that
eported by Guan et al. [33].

.4. Adsorption isotherm

Assuming reversible one-to-one complexation of chiral
oiety and enantiomers, complexation can be described

nalogously to Langmuir adsorption isotherm. Considering
dsorption equilibrium, Langmuir has derived the classical
quilibrium isotherm for localized nonlinear monolayer adsorp-

ion [35]. Accordingly single enantiomer complexation can be
escribed as

nR = XmRKRCeR

1 + KRCeR
(13)

w
u
f
s

able 3
arameter values for the adsorption isotherm of R- and S-isomer of trans-sobrerol on

olvent qnR = XmSKSCeS
1+KSCeS

a

KS (mM−1) XmS (mM) R2

MP 9.6284 0.7623 0.9133
MAc 3.9205 1.7602 0.9922
MF 0.9394 2.0552 0.9958

a S-Isomer.
b R-Isomer.
ig. 6. Plots of quantity of permeated (Qc) vs. permeation time through enan-
ioselective membrane prepared in different solvents.

nd

nS = XmSKSCeS

1 + KSCeS
(14)

here K (mM−1) is the Langmuir affinity constant, Ce and qn
mM) are the equilibrium concentration of bulk and bound enan-
iomers, respectively. The indices R and S refer to the R and

enantiomers, respectively. The Langmuir saturation constant
m (mM) is the maximum attainable concentration of bound
nantiomer.

Table 3 shows the value of isotherm parameters estimated
y non-linear regression analysis. Comparing the co-efficient of
etermination (R2) of the models it appears that the isotherm pro-
ides the most satisfactory representation with the experimental
ata of S-isomer in chiral polymer–NMP membrane.

.5. Enantioseloective permeation

.5.1. Effect of solvent
The normalized quantity (Qc) of permeated (R)-isomer of

rans-sobrerol vs. permeation time through chiral polymeric
embranes in NMP, DMAc and DMF is shown in Fig. 6, from

hich it may be evident that the chiral membrane prepared by
sing NMP as the solvent gives the highest permeation rate
or (R)-isomer of trans-sobrerol. Probable reason is higher
electivity in NMP as indicated by Hansen solubility parameters

chiral polymeric membrane (Langmuir model)

qnS = XmRKRCeR
1+KRCeR

b

KR (mM−1) XmR (mM) R2

1.1745 3.0293 0.9951
0.3245 1.3629 0.9975
0.0369 1.4457 0.9862
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Table 4
Enantioselective permeation of trans-sobrerol through chiral membrane (6 h experiment)

Solvent Concentration of
trans-sobrerol (mM)

Permeability co-efficient
(×10−1 m2 h−1)

Enantioselectivity
(α)

Enantiomeric
excess (ee%)

NMP 2 5.08 5.03 66.82
4 9.37 13.56 88.03
6 16.57 18.00 97.56
8 136.27 20.42 98.59

DMAc 2 1.83 2.03 32.32
4 2.95 4.11 37.09
6 3.31 4.68 48.00
8 9.23 4.90 49.46

DMF 2 1.25 1.00 12.45
1.43 14.21
1.87 16.77
2.09 19.22

t
i
W
a
e
d
a
a
f
i
c
a
b

3

a
i
p
i
c
w
i
w
e
w
l
t
p
o
r
w
n
o
t

i
p
a
p

Fig. 7. Recovery percentage vs. time in different concentration of trans-sobrerol.
4 1.72
6 1.91
8 2.43

he values of which are given in Table 2. From Table 4 it may be
nferred that both ee and P increases with solute concentration.

hile the increase in P with solute concentration may be
ttributed to the concentration driven diffusion, the increase in
e cannot easily be explained in as much as the concentration
riving force alone is considered to provide the permeation
nd enantioselectivity. We believe that the highly selective
dsorption of the S-isomer results in high ee. Accordingly
urther works have been carried out with membranes prepared
n NMP. The value of permeability co-efficient is lower in
hiral polymer–DMF and chiral polymer–DMAc membrane
nd from this value we can conclude that NMP is perhaps the
est solvent for preparing this type of chiral membrane.

.5.2. Permeation rate and enantiomeric excess
The transport rate for both S- and R-enantiomer through chiral

ctivated membrane, and the membrane enantioselectivity were
nvestigated. The transport rate is expressed in terms of recovery
ercentage (R). The amount of chiral polymer in the membrane
nfluences the recovery of racemic alcohol. The recovery per-
entage vs. time for 6 h experiment is shown in Fig. 7 from
hich it is apparent that, the recovery percentage of R-isomer

ncreases with time whereas enantioselectivity as well as ee (%)
as found to decreases. In such a case, the higher R-values were

ncountered when the amount of chiral polymer in the membrane
as 10%. High amounts of chiral polymer in the membrane can

ead to slightly denser membranes exhibiting higher resistance to
ransport through itself and consequently, a decrease in the trans-
ort rate of racemic alcohol was found. Although the presence
f chiral polymer in the membrane facilitates the transport of
acemic compounds, relatively high amounts of chiral polymer
ould tend to hinder it, probably due to the change in inter-
al morphology of the membrane [36]. Therefore, the amount
f chiral polymer is a critical parameter may be controlling the
ransport rate of the racemic alcohol.

Fig. 8 shows the normalized quantity (Qc) of permeated (R)-

somer of trans-sobrerol vs. permeation time through chiral
olymer–NMP membrane. All the polymeric membranes were
menable for enantioselectively separation of a racemic com-
ound from an aqueous solution to give an (R)-isomer enriched

Fig. 8. Plots of quantity of permeated (R)-isomer (Qc) in different concentrations
of trans-sobrerol vs. permeation time through chiral polymer–NMP membrane.
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ig. 9. Enantioselectivity vs. time in different concentration of trans-sobrerol.

ermeate. Table 4 shows the enantioselectivity and permeation
ehaviour of trans-sobrerol through the chiral membrane. The
hiral polymer–NMP membranes showed higher enantioselec-
ivity than chiral polymer–DMAc and chiral polymer–DMF

embranes, perhaps due to the formation of more uniform and
egular microvoids in chiral polymer–NMP membrane.

As shown in Fig. 8 the permeation rate of R-isomer in
erms of Qc increases with time as the concentration of the
olution of racemic alcohol increases, as a result enantioselec-
ivity and ee (%) increases with concentration but decreases
ith time (Figs. 9 and 10). This is perhaps due to the self-

ssociation of S-isomer on the chiral site of the membrane. The
olymeric membranes we used showed (R)-isomer enantiose-
ectively in permeation. This result directly indicates that the

hiral main chain contributes to the enantioselective permeabil-
ty. Aoki et al. [14] reported the enantioselective permeation
f phenylalanine through depinanylsilylated polymeric mem-

ig. 10. Enantiomeric excess vs. time in different concentration of trans-
obrerol.
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rane and the enantioselectivities through this membrane were
ower than the original polymers. A membrane prepared by
ilylation of the backbone polymer provides helical confor-
ation on the chiral zone and a molecular scale void, which

nhances permeability of R-isomer as, reported in literature [16].
ence, the importance of the contribution of the chiral main

hain on enantioselective permeation was confirmed. Also, the
ilylated polymer of polyhydroxy containing phenylacetylene
xhibited molecular scale voids that provides enhanced perme-
tion rate for R-isomer of phenylalanine [17]. Molecular scale
oids generated by depinanylation were retained and effective
n enhancing the permeability values. Membranes from chiral
oly(hydroxyl-containing phenylacetylene) exhibits higher per-
eability because of swelling effect in aqueous solution [17].
iloxane-containing polymers are flexible and hence they are
uitable for membrane application. Rigid structure is not suitable
ue to poor mechanistic integrity. For racemic trans-stilbene
xide, the enantioselectivity was favoured for S, S selectivity
or this type of membrane. In our case enantioselective adsorp-
ion was occur and S-isomer was selectively adsorbed and heavy
ermeation of R-isomer becomes predominant. Thus selective
dsorption or dissolution on the membrane surface may be the
robable mechanism in our case.

Figs. 9 and 10 also reveal that both the alpha values and the
nantiomeric excess decrease due to the nonselective diffusion
ccurring after 6 h of the starting the experiment, which tends
o equal the concentration between the two enantiomers in both
queous phases. During the first 6 h experiment, the amount
f R-enantiomer encountered in the permeate phase was always
arger than that of S-enantiomer, implying that the R-enantiomer
f the racemic alcohol transported across the membrane to the
ermeate phase. So the permeate solution is enriched in the R-
nantiomer and consequently, the feed solution is enriched in the
-enantiomer. Thus, the free diffusion of the S-enantiomer from
he feed to the permeate solution is favoured due to its higher
oncentration gradient between both aqueous phases.

Since the S-isomer was enantioselectively adsorbed, this
electivity behaviour may be opposite to that of permeation.
herefore, the permeation of S-isomer was thought to be sup-
ressed by the relatively higher interaction with chiral polymer,
esulting in the selective permeation of R-isomer which may be
scribed to the asymmetric carbons present in the chiral poly-
er. Further work to understand the controlling mechanism is

n progress.

. Conclusion

Chiral polymeric membranes were prepared by casting
olutions containing polysulfone, chiral polymer and polyethy-
ene glycol as additive with three different solvents like
-methyl-2-pyrrolidone (NMP), dimethylacetamide (DMAc)
nd dimethylformamide (DMF), separately using diffusion
hase inversion method. From the polymer–solvent interaction

oint of view it was established that NMP is the preferred sol-
ent for obtaining more uniform and regular surface morphology
f the enantioselective membrane. The enantioselective mem-
ranes in three different solvents are tested for adsorption and
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esolution of racemic alcohols. The S-isomer adsorbed mostly
n chiral polymer–NMP membrane and follows Langmuir type
f adsorption for all cases. Again, enantioselective permeation
ith higher enantiomeric excess value was obtained when NMP

s used as the solvent, which is due to uniform and regular sur-
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oncentration of aqueous solution of recemate increases the
nantioselectivity as well as enantiomeric excess increases up
o a level of 98%.
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