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Chiral metal-organic frameworks (MOFs) used to discriminate chiral enantiomers are of great practical significance. In
this study, a novel homochiral [Ni2(L-asp)2(bipy)] membrane was fabricated on a porous ceramic support and used for
enantioselective separation of racemic diols. High-energy ball milling was applied to decrease the size of MOF crystals
to achieve homogeneous seed suspensions. A high-quality homochiral membrane was obtained after optimizing the prep-
aration process. Under the concentration-driven permeation process, racemic 2-methyl-2,4-pentanediol (MPD) was
readily separated by the as-prepared membrane. At 30�C, an enantiomeric excess value of 35.5 6 2.5% was obtained at
a feed concentration of 1.0 mmol L21. The chiral separation of racemic MPD via the membrane followed a preferential
sorption mechanism. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 4364–4372, 2013
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Introduction

In the last two decades, metal-organic frameworks
(MOFs) have interested many scientists because of their
large surface areas, chemically functionalized cavities, flexi-
ble skeletons, and intriguing electronic properties. These
unique features make them excellent candidates for applica-
tions in gas adsorption and storage,1,2 molecular separa-
tion,3,4 catalysis,5 sensors,6 and luminescent devices.7 More
excitingly, functional films and membranes have been devel-
oped based on MOF materials, which further extended their
applications in the energy and environmental fields.8–10 MOF
membranes have been intensively investigated over the last 4
years for their ability to separate small molecular gases (H2,
CO2, and hydrocarbons)11–18 and organic solvents.19–21

Recently, a new series of homochiral MOFs has been
developed by judicious selection of chiral building blocks and
templates.22–24 As an important subclass of MOF materials,
homochiral MOFs have special abilities that include asymmet-
ric catalysis and enantioselective separation via their open chi-
ral channels or cavities.22–26 A few recent studies further
confirm that some homochiral MOFs do exhibit good chiral
separation performance.27–31 A typical homochiral MOF
[Zn2(bdc)(L-lac)(dmf)] was synthesized by Kim and coworkers
and used for adsorption separation of racemic sulfoxides,27

and they obtained enantiomeric excess (e.e.) values of 20–
27% with the S enantiomer in excess. A better chiral separa-
tion performance was obtained on a packed column using this
MOF material.28 It had modest e.e. values (7–21%) for enan-
tioselective sorption of racemic alcohols.29 Cui and coworkers

investigated several homochiral MOFs for the separation of
racemic alcohols and observed that a homochiral helicate
[Zn8L4Cl8]�THF�H2O (THF, Tetrahydrofuran) cage exhibited
enantioselectivity for (S)21-phenylethanol (13.8% e.e.) and
(S)21-phenylpropanol (18.6% e.e.).30 The homochiral nano-
scale metallacycle [Zn4(L16)4]�4CH3CN exhibited remarkable
sorption for (R)23-methyl-2-butanol with an e.e. value of
99.6%.31

These studies give us some indication on how to prepare

homochiral MOF membranes for enantioselective separation

of chiral compounds. In a recent article, Fischer and

coworkers synthesized oriented enantiopure Zn2(cam)2

(dabco) thin films on modified gold substrates.32 The films

were used for enantioselective adsorption instead of mem-

brane separation of racemic 2,5-hexanediol; however, rela-

tively low performance was obtained. In our very recent

work, for the first time, a homochiral [Zn2(bdc)(L-lac)(dmf)]

membrane was successfully prepared on a porous ceramic

support and used for separating racemic methyl phenyl sulf-

oxides.33 Two enantiomers were readily separated by this

membrane. Therefore, homochiral MOFs may be useful as a

new generation of chiral separation membrane materials.
Considering that most pure enantiomers are used for the

synthesis of pharmaceuticals, the separation of biofunctional
chiral enantiomers is of great significance. Therefore, the
preparation of homochiral MOF membrane containing bio-
logically derived components is preferred. Amino acids are
the origin for the functional properties of many extended
biological structures, and they are attractive options as chiral
building blocks for the synthesis of bioanalogous homochiral
MOFs. [Ni2(L-asp)2(bipy)] (abbreviated as Ni-LAB) is a
homochiral MOF synthesized via L-aspartic acid, 4,4’-bipyri-
dine, and Ni cations by Rosseinsky and coworkers.34 The
internal surface of this material is assembled by the amino
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acids (aspartic acids), which provides the chiral sorption sites
for the enantioselective separation of diols. Diol enantiomers
are useful intermediates for the synthesis of chiral drugs and
fine chemicals.35–37

In this work, the preparation of Ni-LAB membranes on
porous ceramic supports for the separation of racemic MPD
was studied. To the best of our knowledge, no MOF mem-
brane has been reported for the purification of chiral diols.
For the preparation of integrated MOF membranes, second-
ary (or seeded) growth has been confirmed as a viable and
effective method.12,13,15–20 A key step for this method is to
synthesize suitable seed crystals and a seed layer. However,
for many MOF materials, suitable submicron-size seed crys-
tals are not readily available. To address this problem, we
applied the high-energy ball-milling method to reduce the
size of Ni-LAB crystals mechanically, as shown in Figure 1.
After a dip-coating seeding step, the seeded ceramic support
was used for membrane formation via a secondary growth
step. A high-quality Ni-LAB membrane was obtained after
optimizing the preparation process. The as-prepared mem-
brane exhibited good chiral separation performance.

Experimental Details

Materials

Nickel carbonate (NiCO3, Alfa Aesar, 99%), L-aspartic
acid (L-asp, Alfa Aesar, 98.5%), 4,4’-bipyridine (bipy, Alfa
Aesar, 98%), MPD (Alfa Aesar, 98%), n-hexane (C6H14,
99%), and aluminum oxide (Al2O3, 99%) were used without
further purification. Methanol (CH3OH, 99.5%) and deion-
ized water were used as solvents.

Preparation of Ni-LAB powders

Ni-LAB powders were synthesized according to the litera-
ture procedure.34 NiCO3 (0.24 g, 2 mmol) and L-aspartic
acid (0.27 g, 2 mmol) were mixed with 15 mL of deionized
water (100�C) and stirred for 30 min to form a homogeneous
solution. After cooling to room-temperature, 0.31 g of 4,4’-
bipyridine (2 mmol) and 15 mL of methanol were added
with stirring. The final solution with a molar composition of
1 NiCO3:1 L-asp:1 4,4’-bipyridine:416.5 H2O:185 CH3OH
was placed in a Teflon-lined stainless steel autoclave (45

mL) and maintained at 150�C for 24 h. After cooling, the
solution was centrifuged. Blue-green Ni-LAB powders were
obtained after being washed with methanol and dried.

Preparation of -LAB seeds

The prepared Ni-LAB powders with an average particle
size of 20–40 mm were ground to submicron-size particles
using a high-energy ball mill (PM-100, Retsch India). The
milling speed, the ball diameter, and milling time were 450
rpm, 3 mm, and 3 h, respectively. The ball-milled Ni-LAB
seeds were used for preparing dip-coating suspensions with
various concentrations: 10, 5, and 1 g L21.

Preparation of Ni-LAB membranes

The Al2O3 supports were home-made with an average
pore size of �110 nm and porosity of about 35% as in a pre-
vious report.17 The surfaces of the initial supports were very
rough, which made it hard to fabricate continuous Ni-LAB
membranes; one side of the support was polished by 1500-
mesh SiC sandpaper, washed in deionized water, and then
dried in an oven before being used for the growth of MOF
membranes.

The Ni-LAB membranes were prepared by a secondary
growth method. The polished Al2O3 support was seeded with
Ni-LAB seeds with the dip-coating method. The Al2O3 sup-
port was immersed into the Ni-LAB suspension for 20 s, and
then dried in an oven overnight at 45�C. During the second-
ary growth phase, NiCO3 (0.12 g, 1 mmol) and L-aspartic
acid (0.13 g, 1 mmol) were mixed with 15 mL of water at
100�C and stirred vigorously for 30 min. After cooling, 0.16
g of 4,4’-bipyridine (1 mmol) and 15 mL of methanol were
added and stirred. The seeded support was placed into a
Teflon-lined stainless steel autoclave (45 mL) with the
seeded side down. The precursor with the molar composition
of 1 NiCO3:1 L-asp:1 4,4’-bipyridine:833 H2O:370 CH3OH
was added and heated to 150�C for 12 h. After cooling, the
membrane was washed with methanol and dried at 100�C
under vacuum overnight.

Characterizations

The crystal phases of samples were determined by x-ray
diffraction (XRD) with Cu Ka radiation (D8 Advance,
Bruker). Diffraction patterns were collected at room-
temperature in the range of 5� � 2h� 50� with a step width
of 0.05� and scan rate of 0.2 s step21.

The morphologies of membrane and supports were exam-
ined by scanning electron microscopy (SEM; Quanta-200,
Philips FEI). The working parameters were: high voltage
20–30 kV, work distance 8–10 mm, and spot 2.0–3.0.

The particle-size distributions and the average particle size
of Ni-LAB seeds were analyzed by a particle-size analyzer
(NPA152-31A Zetatrac, Microtrac).

The thermal stability of the Ni-LAB powder was analyzed
by thermal gravimetric analysis (STA 449 F3, NETZSCH) in
the temperature range of 25–800�C with a heating rate of
10�C min21 in a nitrogen atmosphere.

Single-gas permeation experiments were performed on the
permeation setup as reported in our previous work.17 The
permeation of small gas molecules (H2, CH4, N2, and CO2)
through Ni-LAB membranes was measured at 25�C. The
permeate side was connected with the atmosphere (�0.1
MPa), and the feed side pressure was measured with an
exactitude manometer. The penetrated gas flow rate was

Figure 1. Schematic diagram of the preparation of
Ni-LAB membrane.

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

available at wileyonlinelibrary.com.]
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measured by a soap film flow meter. Ideal selectivity is cal-
culated as the ratio of permeances.

At the steady state, the membrane permeance (Fi) is
defined as

Fi5
Ni

DPi � A
(1)

Where Ni is the permeate rate of component i (mol s21),
DPi is the transmembrane pressure difference of i (Pa), and
A is the membrane area (m2).

Chiral sorption

Ni-LAB crystals (0.3 g) were activated at 100�C in vacuo
for more than 24 h to remove the guest molecules in the
channels. The activated crystals were added into a sealed
bottle with 3 mL of MPD. The vessel was transferred into a
refrigerator at 5�C or an oven at 30�C. After saturation of
adsorption (typically for 24 h), the crystals were collected by
filtration and washed with a small amount of methanol (10–
20 mL) to remove surface-adsorbed guest molecules. The
solid was then transferred to another vessel and extracted
with n-hexane (10 mL). After stirring for 3 h at room-
temperature, the extract liquid was collected for gas chroma-
tograph (GC, Shimadzu, model GC-14B, Japan) analysis.

Chiral separation

Chiral separation experiments were conducted on a home-
made side-by-side diffusion cell at 30�C. As shown in Figure
2, two chambers that were connected with a clamp serve as
the dialyzers. The Ni-LAB membrane was placed between
the two chambers and fluororubber gaskets were used to seal
the connection. The feed side and the permeate side were
continuously stirred by a magnetic stirring apparatus. Race-
mic MPD that dissolved in the n-hexane solvent was intro-
duced to the feed side, whereas the pure n-hexane solvent
was used at the permeate side. During the permeation experi-
ment, the variation of the MPD concentration at the feed
side did not exceed 2%.

All of the samples were derivatized with N-methyl-bis(tri-
fluoroacetamide) (MBTFA, Macherey-Nagel) before analyz-
ing via GC (Shimadzu GC-14B). Typically, 0.5 mL of
MBTFA was added to about 2 mg of diol. GC analysis was
carried out using a cyclodextrin-based Lipodex-E capillary-

GC column (length 25 m, inner diameter 0.25 mm, outer
diameter 0.40 mm) supplied by MACHEREY-NAGEL.

The enantiomeric excess (e.e.) is determined from the
peak areas of the two enantiomers, the S-isomer (AS) and
R-isomer (AR)

e:e:ð%Þ5 jAR2ASj
AR1AS

3100% (2)

The permeation flux of the Ni-LAB membrane can be
written as

flux 5
n

A � t (3)

Where n is the permeated enantiomer (mmol), A and t
refer to the effective membrane area (m2) and the permea-
tion time (s), respectively.

Results and Discussions

Preparation of Ni-LAB seeds

The morphology of the as-prepared Ni-LAB particles is
shown in Figure 3a. The particle size was about 50 mm. These
particles are not suitable to be used as seeds. This is because
the seeds can produce nonuniform seed layers on the supports,
which result in defects in the Ni-LAB membranes.38 There-
fore, the preparation of Ni-LAB crystals with smaller particle
sizes is required. However, it is difficult to control the growth
of MOF crystals. Up to now, only a small amount of nanoscale
or submicron MOF particles have been prepared.39,40 In our
study, when we used a hydrothermal synthesis method to syn-
thesize the Ni-LAB particles, we tried to vary the concentra-
tion of reactants, the synthesis temperature, and time to reduce
the particle size, but the synthesized Ni-LAB particles were
too large to be suitable for seeding. After these attempts, high-
energy ball milling was applied to prepare the submicron-size
Ni-LAB seeds. Figure 3b shows the SEM image of the ball-
milled Ni-LAB seeds. Obviously, the big Ni-LAB crystals
have been ground to be irregular particles with a size of about
1 mm. These particles tended to form clusters, indicating a
high surface energy after the ball-milling treatment. In Figure
3c, a single peak around 1 mm is observed for the particle-size
distribution of the ball-milled sample, which further confirms
the SEM results. Figure 3d shows the XRD patterns of the Ni-
LAB seeds before and after the ball-milling treatment. For the
ball-milled sample, no obvious change on the crystal structure
can be observed except for a light decrease in the intensities of
the characteristic peaks. This may be attributed to the breakage
of crystals at the grain boundaries and the reduction of the
crystallinity. Yang et al.38 and Kosanović et al.41 also observed
similar results when they prepared zeolite particles using the
ball-milling method. The thermogravimetric result of the Ni-
LAB powder after activation (without guest molecules) is
shown in Figure 4. Ni-LAB has a high thermal stability under
400�C. This is attributed to the extended array of NiAN and
NiAO bonds within the material.34

Preparation of Ni-LAB seed layer

The concentration of the seed suspension has a direct
impact on the thickness of the seed layer, and this may
affect the bonding strength between the membrane layer and
the support as well. Before preparing the Ni-LAB membrane,
the concentration of the ball-milled Ni-LAB seed suspension
was optimized. For the 10 g L21 seed suspension, as shown

Figure 2. Schematic diagram of the side-by-side diffu-
sion cell used for the measurement of chiral
separation performance of Ni-LAB mem-
branes.

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

available at wileyonlinelibrary.com.]
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in Figure 5a1, the surface of the seed layer cracked, and the
seed layer with a thickness of about 10 mm peeled off from
the support (Figure 5a2). By decreasing the concentration of
the seed suspension (5 g L21), the quality of the seed layer
is improved (Figures 5b1 and b2). For a 1 g L21 seed sus-
pension, as shown in Figure 5c, the seeds are uniformly dis-
tributed on the support, and no cracks are observed. In
Figure 5c2, the boundary between the seed layer and support
is not obvious, indicating good bonding between them.

To further check the feasibility of preparing seed layers
with low-concentration seed suspensions, two Ni-LAB mem-
branes were prepared based on the seed layers using 5 and 1
g L21 suspensions, respectively. The H2 and N2 permeation
behaviors of these membranes were studied. As shown in
Table 1, the H2/N2 ideal selectivity of the membrane based
on the 1-g L21 seed suspension is better, indicating a higher
membrane integrality. Therefore, the 1-g L21 seed suspen-
sion was used for the preparation of the Ni-LAB membrane
in the following work.

Preparation of Ni-LAB membrane

To prepare a high-quality Ni-LAB membrane, the solvo-
thermal temperature and time were optimized. At low tem-
peratures (�100�C), the Ni-LAB crystal grew too slowly to
form an integrated membrane layer. At relatively high tem-
peratures (�180�C), however, the fast crystallization of Ni-
LAB led to cracking and even peeling of the membrane
layer. An optimized solvothermal temperature for preparing
the Ni-LAB membrane is 150�C. Additionally, the effect of

solvothermal time on the morphology of the membrane was
studied. As shown in Figures 6a and b, short synthesis times
of 3 and 6 h could not form continuous and high intergrowth
Ni-LAB membranes. When the synthesis time is prolonged
to 24 h (Figure 6d), the size of the Ni-LAB grains reach
about 30 mm and the thickness of the membrane also greatly
increases, resulting in relatively low permeances. When the

Figure 4. The thermogravimetric result of the Ni-LAB
powder in a nitrogen atmosphere with a
heating rate of 10�C min21.

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

available at wileyonlinelibrary.com.]

Figure 3. (a) SEM image of as-prepared Ni-LAB particles; (b) SEM image of ball-milled Ni-LAB seeds; (c) the
particle-size distributions of the ball-milled sample; (d) the XRD pattern of (i) simulated Ni-LAB crystal
diffraction data, (ii) as-prepared Ni-LAB particles, and (iii) ball-milled Ni-LAB seeds.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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synthesis time is 12 h, the surface of the Ni-LAB membrane
is free of cracks and covered by grains with an average size
of 12 mm, as shown in Figure 6c. A high degree of inter-
growth within the Ni-LAB membrane was obtained, and the
membrane layer is well-bonded with the support and the
thickness of the membrane is about 20 mm (Figure 6e).
Energy-dispersive x-ray spectroscopy at the selected area in
Figure 6e illustrates that there is a sharp transition between
the Ni-LAB layer and the Al2O3 support (Figure 6f). Figure
7 shows the XRD pattern of the Ni-LAB seed layer and
membrane. For the seed layer, only a weak characteristic
peak can be observed, indicating a thin seed layer on the

support. In contrast, the XRD pattern of the membrane
matches well with the simulation result and is free of impu-
rity phases except for ZnO. The insert is a photograph of the
Ni-LAB membrane, which is homogeneous and green.

Gas permeation

To assess the integrity of the prepared Ni-LAB mem-
branes, we tested the permeation of small gas molecules
through the Ni-LAB membranes at 25�C. Before gas perme-
ation testing, the as-prepared Ni-LAB membrane was acti-
vated at 100�C for 24 h to remove the occluded methanol
and H2O molecules in the Ni-LAB channels. The disk was

Figure 5. SEM images of seeded supports with different seed concentrations: (a) 10, (b) 5, and (c) 1 g L21.
Top-view (1) and cross-section (2).

Table 1. Effect of Concentration of Seed Suspension on the Properties of As-Prepared Ni-LAB Membranes

Membranes
Concentration

(g L21)
Membrane

thickness (mm)
H2 permeances

(mol m22 s21 Pa21)
H2/N2 ideal
selectivity

01 5 25 3.61 3 1027 2.44
02 1 25 1.93 3 1027 3.78
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sealed in a permeation module with silicone rubber O-rings.
The N2 permeances through the support and the membrane
were measured under different transmembrane pressure
drops. As shown in Figure 8, the permeance of N2 through
the Al2O3 support enhances as the transmembrane pressure
drop increases due to the massive contribution of viscous
flow to the total flow which arises from the large pore size
in the support. Because of the relatively small pore size and
porosity, the permeance of the Al2O3 support used in this
study is lower than the typical values for such types of sup-
ports reported in the literature.42 The permeance of N2

through the membrane is almost independent of the trans-
membrane pressure drop, indicating the absence of macro-
scopic defects.

Figure 9 shows the single-gas permeation results for H2,
CH4, N2, and CO2 through the membrane under a constant

transmembrane pressure drop of 0.1 MPa. The permeances
of these small gas molecules increase in the order of
CO2<N2<CH4<H2. Moreover, the permeances exhibit a
linear relationship as the square root of the inversion of their
molecular weights increases, indicating that the permeation
behaviors of these gas molecules through the Ni-LAB mem-
brane mainly follow the Knudsen diffusion law.42,43 This
further demonstrates that the Ni-LAB membrane is continu-
ous. This result is consistent with the channel size of Ni-
LAB. The channels in Ni-LAB have a narrowest cross-
section of 3.8 3 4.7 Å, and the upper limit dimension of the
guest molecules that can be adsorbed is 4.98 3 6.58 Å.
Obviously, the channel size of Ni-LAB is larger than the
kinetic diameters of CH4, N2, CO2, and H2. In addition,
amino groups of aspartate molecules have been coordinated
with the nickel center,34 and they had almost no influence on

Figure 6. SEM images of Ni-LAB membranes synthesized with different solvothermal times at 150�C: top-view of
(a) 3, (b) 6, (c) 12, and (d) 24 h samples; (e) the cross-section of membrane (c); (f) the EDX spectroscopy
at a selected area of (e), color code: yellow, Al; green, Ni.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the permeation of CO2. Therefore, the diffusion of these
small gas molecules through the membrane follows the
Knudsen diffusion law instead of the molecular sieving
mechanism.

Chiral separation

The Ni-LAB crystals exhibit enantioselective sorption of
chiral diols, such as 1,3-butanediol, 1,2-pentanediol, 2,4-pen-
tanediol, and MPD, because of the chiral adsorption sites in
the channels.34 In this work, racemic MPD was used to mea-
sure the chiral separation performance. Before separation
tests, the adsorptions of racemic MPD onto the Ni-LAB
crystals at 5 and 30�C were measured. The results are listed

in Table 2. Ni-LAB shows preferential sorption for (R)-MPD
(R-MPD) over S-MPD. Generally, the amount of sorption
increases as the temperature decreases. At relatively low
temperatures, the sorption abilities of both R-MPD and S-
MPD improve. However, a higher e.e. value is obtained,
indicating that a low temperature is best for sorption
separation.

When a Ni-LAB membrane was used for chiral separation,
this process was driven by the concentration difference
across the membrane. As shown in Figure 10, the concentra-
tions of the R-MPD and S-MPD at the permeate side
increase as the dialysis time increases. After about 8 h,
steady-state permeation is reached and linear increases in the
enantiomer concentrations are observed. The permeation rate
of R-MPD through the Ni-LAB membrane is higher than
that of S-MPD. This is consistent with the sorption result.
Therefore, we can speculate that the chiral separation of
racemic MPD via the Ni-LAB membrane follows a preferen-
tial sorption mechanism. During the separation process, more
R-MPD can be adsorbed onto the surface of feed side of the
membrane and enter into the channel, which increases the
concentration gradient of R-MPD across the membrane,
resulting in the high permeation rate. This mechanism is fur-
ther confirmed by a recent simulation work,44 in which the
adsorption behavior of racemic 2,4-pentanediol on the Ni-
LAB crystal was simulated. It is reported that S-2,4-
pentanediol can only adsorb onto the Ni-LAB crystal at spe-
cial channel sites with specific conformations that match
with its space structure. In contrast, R-2,4-pentanediol can
adopt more channel conformations. Therefore, the saturated
adsorption amount of the R enantiomer is higher than that of
the S enantiomer. However, for membrane separation, the

Figure 7. The XRD pattern of (i) simulated Ni-LAB crys-
tal diffraction data, (ii) Ni-LAB seed layer pre-
pared with the 1 g L21 seed suspension, and
(iii) Ni-LAB membrane synthesized at 150�C
for 12 h.

The insert is a photograph of the Ni-LAB membrane.

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

available at wileyonlinelibrary.com]

Figure 8. Permeance of nitrogen through the Al2O3

support and homochiral Ni-LAB membrane
under different transmembrane pressure
drops at 25�C.

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

available at wileyonlinelibrary.com.]

Table 2. Sorption of Racemic MPD by Ni-LAB
a

Temperature (�C) Adsorption time (h) e.e.%b

5 24 73.5 6 2.5
30 24 42.4 6 2.0

aThe e.e. value of racemic MPD is 0.23%.
bThe e.e. values of R enantiomer over S enantiomer.

Figure 9. The single gas permeation results of H2, CH4,
N2, and CO2 through the membrane under a
constant transmembrane pressure drop of
0.1 MPa at 25�C.

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

available at wileyonlinelibrary.com.]
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permeance depends not only on solubility (or sorption abil-
ity) of the membrane but also on the diffusivity in the chan-
nels (or pores).12,45 From Figure 10, after 24-h permeation,
the e.e. value of R-MPD vs. S-MPD is 35.5 6 2.5%, which
is lower than the sorption result (42.4 6 2%). This difference
may be caused by S-MPD having a slightly higher diffusiv-
ity compared to R-MPD in the channels of Ni-LAB. The
simulated pure 2,4-pentanediol enantiomer adsorption iso-
therms in Ni-LAB also show that the uptake of S-MPD
reaches saturation more quickly.44

Figure 11 shows the effect of feed concentration on the
chiral separation performance of the Ni-LAB membrane. As
the concentration of racemic MPD in the feed side increases
from 1 to 20 mmol L21, the e.e. value of the permeate prod-
uct decreases somewhat, whereas the permeation flux
increases greatly. The high permeation flux results from the
large concentration gradient of racemic MPD across the
membrane. However, the high concentration of racemic
MPD in the feed side means more MPD molecules come
into contact with the membrane surface and occupy the
channels, leading to a low discrimination capability of the
membrane because the preferential sorption effect declines.
In view of this, a low feed concentration is beneficial for the
chiral separation in spite of a small permeation flux. Further-
more, to identify the effect of the Al2O3 support, we meas-
ured its baseline performance under the same conditions.
The results indicated that home-made Al2O3 supports did not
exhibit any chiral separation performance and its effect may
be negligible.

Conclusions

A new high-quality chiral Ni-LAB membrane was suc-
cessfully synthesized on a porous aluminum oxide support
by a secondary growth technique. High-energy ball milling
is an effective method to prepare submicron-size seeds. The
concentration of the seed suspension is a key factor for pre-
paring a continuous and thin seed layer. To prepare an inte-
grated Ni-LAB membrane, the optimization of the

solvothermal temperature and time is necessary. The permea-
tion of small gas molecules through the membrane follows
Knudsen diffusion law, whereas the chiral separation of race-
mic MPD via the membrane follows a preferential sorption
mechanism. The Ni-LAB membrane exhibits good separation
performance for R-MPD. Low-temperature and low-feed
concentration are beneficial for obtaining high e.e. values. In
this work, the highest e.e. value of 35.5 6 2.5% was obtained
at a feed concentration of 1.0 mmol L21 at 30�C. Consider-
ing the latest development in chiral MOF materials and
advanced techniques in membrane separation, chiral MOF
membranes have potential uses in enantioselective separation
applications in the future.
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