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Abstract: An enantioselective composite membrane was prepared by polycondensation between -cyclodextrin ( -CD) 
on a polysulfone support (PS) and a heptane solution of 1,6-diisocyanatohexane (1,6-DCH). The flux and permselective 
properties of the composite membrane were studied using an aqueous solution of D,L-mandelic acid as the feed 

solution. The influences of a number of parameters, such as the air-drying time of the -CD solution on PS, the time of 
polymerization, the operating pressure and the feed concentration of the racemate, were studied. Chemical 
characterization was carried out using Fourier transform infrared spectroscopy and the top surface/cross-section was 

analyzed by scanning electron microscopy. The results showed that when using the enantioselective composite 
membrane for the optical resolution of the D,L-mandelic acid racemic mixture, an enantiomeric excess of over 85% could 
be obtained. The paper thus details, for the first time, how a poly( -CD crosslinked with 1,6-DCH)/PS composite 

membrane can be used as an optical resolution membrane material to isolate the optical isomers of D,L-mandelic acid.  

Keywords: Chiral separation, enantioselective composite membrane, polycondensation, D,L-mandelic acid, poly( -

cyclodextrin crosslinked with 1,6-diisocyanatohexane). 

INTRODUCTION 

From the study and recognition of chiral 

compounds, it is well known that many pharmaceutical 

and flavoring compounds are racemic mixtures. Chiral 

isomers function differently because of rigorous chiral 

matching and identification with large molecules in the 

body, producing marked differences in their 

pharmacological activity, metabolic processes and 

toxicity. Therefore, the increasing need for single 

enantiomers in the pharmaceutical and chemical 

industries has stimulated a significant demand for 

efficient processes to resolve racemic mixtures. 

Compared with many other separation methods for 

chiral compounds, membrane technology is 

advantageous because it enables a high throughput, is 

energy saving and thus more economical, and is very 

easy to scale up [1-8]. 

A large number of composite membranes have 

been successfully developed from different polymers, 

such as polyurea [9], polyamides [10], polyurea-amides 

[11], polyester [12], polysulfonamide [13], polyimide 

[14], for reverse osmosis, gas separation and 

nanofiltration. -Cyclodextrin ( -CD) and its derivatives 

have been widely used as stationary phases and an 

additive of mobile phases for chromatography due to 

their tridimensional selectivity [15]. Therefore, they 

have also been used as a membrane material to 
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separate some compounds [16-18] and racemates. For 

example, -CD modified membranes were applied in 

the chiral separation of salsolinol [19], D,L-tryptophan, 

D,L-phenylalanine and D,L-tyrosine [20]. Semi-

interpenetrating network-structured chitosan/ -CD 

composite membranes were prepared to investigate 

the enantiomer separation of tryptophan racemate [21]. 

A membrane-based chiral separation system for the 

separation of racemic tryptophan solutions has been 

developed by covalently binding -CD onto the surface 

of a commercial cellulose membrane [22-24].  

The mandelic acid enantiomer is an important 

intermediate reagent in the synthesis of chiral 

compounds and as a chiral selector in solvent 

extraction [25]. To the best of our knowledge, most of 

the enantiomers separated by membrane were amino 

acids. No examples of enantiomer separations by an 

enantioselective membrane formed by 

polycondensation of -cyclodextrin with 1,6-

diisocyanatohexane on a polysulfone membrane have 

been described prior to this report of its use in isolating 

the optical isomers of D,L-mandelic acid.  

EXPERIMENTAL 

Materials 

D,L-Mandelic acid was purchased from Acros 

(Belgium) and 1,6-diisocyanatohexane (1,6-DCH) from 

Alfa Aesar. -Cyclodextrin (Guangdong Guanghua 

Chemical Factory, China) was purified with double 

distilled water three times, then dried and kept in a 
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desiccator before being used. Polysulfone ultrafiltration 

membranes (PS) were obtained from Vontron 

Membrane Technology Corporation (China). All the 

reagents were of analytical grade and were used 

without any further purification. Pure water was used as 

the solvent of the feed solutions. 

Membrane Preparation 

-CD and 1,6-DCH were selected as the monomers 

for polycondensation (Scheme 1) and the hydrophilic 

PS flat membrane was used as the substrate 

membrane. After the membrane was immersed in 

deionized water to be washed for at least 24 h, the 

treated support was immersed first in an aqueous 

solution containing 0.007% -CD monomer at 20 . 

Then the membrane was removed and air-dried at 

room temperature in a vertical position for 60 min, 

thereby forming a thin solid layer of -CD on the 

substrate. The coated -CD surface was then 

deposited onto 25 mL of 4% 1,6-DCH–heptane solution 

on a glass plate where the crosslinking reaction 

immediately took place at the solid–liquid interface. 

After 10 s of reaction time, the composite membrane 

was removed and the membrane surface was washed 

three times with heptane to remove the remaining 1,6-

DCH from the membrane surface. After drying, the 

membrane was kept in deionized water at 4  until 

use.  

 

Scheme 1: The schematic diagram of polycondensation 
between -CD and 1,6-DCH. 

In the process of polycondensation, the 

concentration of -CD and 1,6-DCH were changed. 

However, when the aqueous solution contained 

0.007% -CD and the amount of 1,6-DCH in heptane 

solution was 4%, the highest enantiomeric excess was 

obtained. 

Permeation Experiment 

The permeation experiments were performed at 20 

 by using a membrane cell whose effective 

membrane area was 7.0 cm
2
 and volume was 100 mL 

[4]. An aqueous solution of 50 mL of 0.5 mg/mL  

D,L-mandelic acid was used as the feed solution. 

Constant pressure was applied to the membrane cell 

using nitrogen gas input through a knob located on top 

of the cell. The 0.5 MPa of operating pressure was 

controlled by adjusting the regulator attached to a gas 

container and the operation time was 120 h. All 

membranes were used once only.  

Chromatographic Analysis 

The concentration of D,L-mandelic acid in feed 

solution and permeate were measured by high 

pressure liquid chromatography (HPLC). The HPLC 

system was equipped with a Waters 515 liquid delivery 

pump and a Waters 2489 ultraviolet-visible detector 

(Waters Company, USA). A personal computer 

equipped with a N2000 HPLC Workstation system was 

used to process the chromatographic data. The chiral 

column was CHIRALPAK OD (4.6 mm i.d.  250 mm, 5 

m, Daicel, Japan) and n-hexane/isopropanol/ 

trifluoracetic acid (90:10:0.4, v:v:v) was used as the 

mobile phase with a 0.5 mL/min flow rate at 25 . The 

detection wavelength was 254 nm and each injection 

volume was 20 μL. 

The flux of D,L-mandelic acid was measured 

according to: 

Flux(mg / m2h) =
Q

At
 

where Q represents the mass of the solute that 

permeated in a given time, t is the permeation time, 

and A means the effective membrane area. 

The selectivity for enantioseparation was calculated 

in terms of the percentage enantiomeric excess (% 

e.e.) of the permeates: 

e.e.(%) =
AR AS
AR + AS

100  

Where AS is the S-enantiomer peak area and AR is 

the R-enantiomer peak area obtained from HPLC in the 

permeation. 

Fourier transform infrared (FTIR) spectroscopy 

(Bruker Tensor 27, Germany) was used to characterize 
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the membrane prepared by -CD crosslinking with 1,6-

DCH, and scanning electron microscopy (SEM) images 

of the composite membrane were obtained (XL30ES-

EM-TMP, Holland). 

RESULT AND DISCUSSION 

Fourier Transform Infrared Spectroscopy 

The FTIR spectra of the membrane prepared by the 

polycondensation between -CD and the heptane 

solution of 1,6-DCH showed strong peaks at 

1631.15cm
-1

, which indicated the presence of the 

carbamate group (Figure 1). This was formed by the 

reaction between –OH of -CD and N=C=O of 1,6-

DCH.  

R' N C

O

O R

H

R OH R' N C O+

 

Morphology of Composite Membrane  

Figure 2 shows the morphologies of the cross-

sections and top surfaces of the composite membrane 

as obtained from the SEM analysis. Before the 

analysis, the wet membrane was treated with propanol 

and heptane to retain the original structures, and then 

snapped in liquid nitrogen to give a generally clean 

break for the cross-section scan. The resulting 

membranes were coated with gold [5]. As can be seen 

by comparison with the cross-section of the PS 

membrane (Figure 2b), the thin active surface layers 

were formed through the polymerization process on the 

PS membranes. Further, it could be seen that the film 

thicknesses increased with the increasing 

polymerization time (Figure 2d and f). However, it is 

seen that there was little difference between the top 

surfaces of the composite membranes (Figure 2c and 

e) and the top surface of the PS membrane (Figure 2a) 

in Figure 2.  

Effect of Air-Drying Time of -CD Solution on 
Polysulfone  

Figure 3 shows the influence of the air-drying time 

of the -CD solution on the PS membrane when held in 

a vertical position from 1min to over 60 min. With the 

increase in the air-drying time, the flux decreased and 

the % e.e. increased. Possible reasons may be that 

when the air-drying time was short, the PS substrate 

contained so much water and such a low concentration 

of -CD that only a small amount of polymer was 

produced by -CD and 1,6-DCH, resulting in low 

enantioselective selection and high flux. When the air-

drying time extended beyond 60 min, thereby allowing 

the formation of a thin dry solid layer of -CD on the 

substrate, the enantioselective composite membrane 

was created by interfacial polymerization on the 

surface, and over 85% e.e. was obtained. 

Effect of Polymerization Time 

As shown in Figure 4, with the change in time of 

interfacial polymerization, the flux followed the order of 

1 s  20 s > 10 s, and % e.e. value followed the order of 

10 s>1 s>20 s. When this time was 10 s, over 85% e.e. 

 

Figure 1: The FTIR spectrogram of membrane. 
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Figure 2: Scanning electron micrographs of polysulfone membrane and enantioselective composite membrane. Polysulfone 
membrane (a and b). Enantioselective composite membrane prepared using different polymerization times: (c and d) 1 s; (e and 
f) 10 s. 

of enantioseparation was obtained, as the degree of 

crosslinking increased gradually from 1 s to 10 s. 

However, with the increase of the polymerization time 

to 20 s, the flux was increased and the 

enantioselectivity of the composite membrane 

significantly decreased, because we observed that the 

1,6-DCH eroded PS, which resulted in the surface of 

the composite membrane being broken off. Therefore, 

the optimal time for interfacial polymerization was 10 s. 
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Figure 3: Mass of permeated solute (Q) and % enantiomeric excess in the chiral separation of D,L-mandelic acid through an 
enantioselective composite membranes prepared with 1 min, 9 min, and over 60 min of air-drying time of -cyclodextrin solution 
on polysulfone in a vertical position. The time of interfacial polymerization, feed concentration and operating pressure were 10 s, 
0.5 mg/mL and 0.5 MPa, respectively. 

 

 

Figure 4: Mass of permeated solute (Q) and % enantiomeric excess in enantioseparation of D,L-mandelic acid through 
enantioselective composite membranes prepared with 1 s, 10 s and 20 s of interfacial polymerization. The air-drying time of -
cyclodextrin solution on polysulfone, operating pressure and feed concentration were 60 min, 0.5 MPa and 0.5 mg/mL, 
respectively. 

Effect of Operating Pressure  

Figure 5 shows the influence of the operating 

pressure on the optical resolution of the D,L-mandelic 

acid. When the operating pressure increased from 0.5 

MPa to 0.7 MPa, the flux increased and the % e.e. 

underwent a major reduction. The reason was that as 

the operating pressure increased, the diffusion of the 

D,L-mandelic acid was strengthened and the sorption 

to the D,L-mandelic acid was weakened, so the 

selectivity to the racemates was decreased and the flux 

was increased. The optimum pressure was 0.5 MPa. 

Effect of Feed Concentration of Racemate  

Figure 6 shows the influence of the feed 

concentration on the chiral separation of D,L-mandelic 

acid racemates through the enantioselective composite 

membrane. The flux increased significantly when the 

feed concentration was raised from 0.5 to 1.5 mg/mL; 

however, the enantiomeric excess decreased. This was 

probably because more and more active points 

became covered by the isomer, thus leading to the 

permeation of the other isomer. Another possible 

reason was that with the increase in feed 
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concentration, the diffusion of the isomers interfered 

with each other. The enantioselectivity of composite 

membrane was at its best when the feed concentration 

was 0.5 mg/mL. 

CONCLUSIONS 

Chiral separation of D,L-mandelic acid was possible 

through a poly( -CD crosslinked with 1,6-DCH)/PS 

composite membrane using a pressure driven process. 

Chiral recognition was a result of the steric fit of the 

conformation of the enantiomers in the chiral space of 

the membrane, and of the molecular interactions 

between the racemate and the membrane. The 

properties of the poly( -CD crosslinked with 1,6-

DCH)/PS composite membrane were influenced by the 

air-drying time of the -CD solution on PS in a vertical 

position, the time of interfacial polymerization, the 

operating pressure, and the feed concentration of the 

racemate. When the crosslinking reaction for 

membrane preparation was took place for 10 s on the 

hydrophilic PS flat membrane with an 0.007% -CD 

aqueous solution and 4% 1,6-DCH heptane solution, 

over 80% enantiomeric excess (e.e.) and 22.5 mg/m
2
h 

of flux could be obtained. 

 

Figure 5: Mass of permeated solute (Q) and % enantiomeric excess in the chiral separation of D,L-mandelic acid through 
enantioselective composite membranes at 0.5 MPa, 0.6 MPa and 0.7 MPa of operating pressure. The air-drying time of the - 
cyclodextrin solution on polysulfone, time of polymerization and feed concentration were 60 min, 10 s and 0.5 mg/mL, 
respectively. 

 

 

Figure 6: Mass of permeated solute (Q) and % enantiomeric excess in the chiral separation of D,L-mandelic acid through an 
enantioselective composite membrane prepared with air-drying times of -cyclodextrin solution on polysulfone, polymerization 
time and operating pressure of 60 min, 10 s and 0.5 MPa, respectively. The feed concentrations of D,L-mandelic acid were 0.5 
mg/mL, 1 mg/mL and 1.5 mg/mL, respectively. 
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