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The film of carboxymethyl-�-cyclodextrin-intercalated Zn–Al layered double hydroxide (CMCD-LDH) has
been prepared by in situ crystallization on a porous anodic alumina/aluminum (PAO/Al) substrate. This
film can be used to enantioselectively separate racemic molecules, 1-phenyl-1,2-ethanediol (PED). The
adsorption isotherms of enantioselective as well as non-enantioselective adsorption of PED by CMCD-LDH
film have been investigated, and it was found that the Langmuir–Freundlich and Freundlich model can be,
respectively, used to describe the two different adsorptions satisfactorily. Furthermore, the plane sheet
diffusion model was successfully validated in this work. Diffusivities (D) of PED in CMCD-LDH film were
determined from the Fickian diffusion model at various temperatures. As the structured CMCD-LDH film
is conveniently used and exhibits high enantioselective adsorption ratio, it can be expected that this film
could be feasibly applied in the field of industrial chiral adsorption and separation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The enantioselective separation of chiral molecules by cyclodex-
trins (CDs) and chemically modified CDs is an important aspect of an-
alytical and pharmaceutical research and has been the subject with
growing interest both experimentally and theoretically (Lipkowitz
et al., 1997; Rekharsky and Inoue, 2002; Xiao et al., 2007; Xu and
McCarroll, 2005). CDs are cyclic (�-1,4)-linked oligosaccharides
composed of �-D-glucopiranose. They are truncated cone-shaped
molecules with a hydrophilic outside and a hydrophobic hollow
(Faucci et al., 2002; Szejtli, 1998), as a result, CDs can form inclusion
complexes with various organic molecules. Since they are derived
from glucose units, the CDs molecules are inherently dissymmetric
and are thus able to distinguish between stereochemical isomers
including enantiomers. The versatility of these macrocycles is re-
markable, and they are extensively used in chiral chromatography
due to their price-to-performance ratio. Both native and derivative
CDs have been used to separate enantiomers in planar chromatog-
raphy (TLC) (Sherma, 2002), high-performance liquid chromatog-
raphy (HPLC) (Sun et al., 2007), super and subcritical fluid-phase
chromatography, and more recently, they were used as additives
that enantioselectively bind and control the migratory aptitudes of
analytes in capillary electrophoresis (Nishi and Terabe, 1995).

Layered double hydroxides (LDHs, also known as anionic clays),
are a class of layered materials consisting of positively charged
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brucite-like layers and exchangeable interlayer anions, which have
recently received increasing attention, owing to their versatility
and usefulness in a wide range of technological applications such
as catalysis (Sels et al., 2005; Wei et al., 2007), functional materials
(Hou and Kirkpatrick, 2002; Williams et al., 2006; Xu and Brater-
man, 2007; Zou et al., 2007), two-dimensional solid-state nanoreac-
tors (Gerardin et al., 2005), bioactive nanocomposites (Choy et al.,
2000), and so on. LDHs can be represented by the general formula
[M2+

1−xM
3+
x (OH)2]

x+(An−
x/n) · mH2O, where M2+ and M3+ are divalent

and trivalent metal cations, such as Mg2+ and Al3+, respectively, and
An− is an anion, such as CO3

2−, SO4
2−, or NO3

−. The structure of
LDHs is most clearly described by considering the brucite-like struc-
ture, M(OH)2, which consists of M2+ ions coordinated octahedrally
by hydroxyl groups, with the octahedral units sharing edges to form
infinite, charge-neutral layers. In an LDHs material, isomorphous
replacement of a fraction of the divalent cations with a trivalent
cation occurs and generates a positive charge on the layers, which
necessitates the presence of interlayer charge-balancing anions. In
the commonly observed powder form, LDHs have a house-of-cards
structure involving edge-to-face particle interactions, which limits
their research and application (Gursky et al., 2006). The most effec-
tive solution to this problemmay be preparation of LDHs film on sub-
strates (Chen et al., 2006; Gardner et al., 2001; Lee et al., 2004, 2006;
Li et al., 2007; Liu et al., 2006; Lü et al., 2007). Gardner et al. (2001)
found that the colloidal LDH suspensions obtained by hydrolysis of
alkoxide-intercalated LDH derivatives were able to form transpar-
ent film. Lee and co-workers (2004, 2006) used the ultrasonification
method to prepare monolayer of LDH films with a high packing
density and a preferred orientation with the c-axis perpendicular to
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the substrate surface, whilst Liu (2006) and Li (2007) reported that
the exfoliation of LDH in organic solvents (formamide, for instance)
gives colloidal LDH particles which can be used as building blocks in
the preparation of transparent oriented LDH films by layer-by-layer
techniques. Our group has recently reported fabrication of NiAl-LDH
film with the c-axis parallel to the substrate, by means of employing
porous anodic alumina/aluminum (PAO/Al) as both substrate and
sole source of aluminum (Chen et al., 2006).

In recent years, the immobilization of CDs with layered sup-
ports has attracted much attention. Modified CDs have been used
as a “guest” molecule incorporating into layered hosts such as �-
zirconium phosphate (Kijima and Matsui, 1986), montmorillonite
(Kijima et al., 1984), and LDHs (Zhao and Vance, 1997; Mohanambe
and Vasudevan, 2005). In our previous work, the intercalation of sul-
fated �-CD into LDH as well as the structural characterization, ther-
mal decomposition behavior have been studied (Wang et al., 2004;
Wei et al., 2005). Recently we have shown that when the internal
surfaces of the layered anionic clay (Zn–Al LDH) are functionalized
by anchoring anionic carboxymethyl �-cyclodextrin (CMCD) cavi-
ties, neutral racemic guest molecule, 1-phenyl-1,2-ethanediol (PED),
can be enantioselectively included within it (Liu et al., 2007). Fur-
thermore, the adsorption isotherms of enantioselective and non-
enantioselective adsorption of PED by CMCD-LDH have been studied
by using a batch method. The parallel diffusion model is successfully
used in this adsorption process.

However, it was found in our previous work that the enantiose-
lective adsorption ratio of CMCD-LDH powder is not high (the max-
imum is less than 40%). The reason for this is that a large amount
of non-enantioselective adsorption by external surface of LDH pow-
der occurs. In order to improve the enantioselective adsorption ratio
and thus enhance the chiral separation, it is necessary to decrease
the ratio of external surface of LDH. From this point of view, in this
study, the structured CMCD-LDH film was fabricated by the method
of in situ crystallization on a PAO/Al substrate. In this film, the
ab-face of LDH microcrystals is perpendicular to the substrate, and
the edges of LDH plates are exposed to the outside, which is favor-
able to adsorb solute from solutions. Furthermore, the immobilized
LDH nanocrystals film can be conveniently used for manipulation
as structured adsorbents. In order to study the properties of enan-
tioselective adsorption of the CMCD-LDH film, we chose racemic
PED as the model molecule, for optically active PED is a valuable
and versatile chiral building block for the synthesis of pharmaceuti-
cals, agrochemicals, pheromones and liquid crystals. Of the racemate,
(S)-enantiomer can be further used as precursor for the production of
chiral biphosphines and chiral initiator for stereoselective polymer-
ization (Iwasaki et al., 1999). The adsorption isotherms of enantiose-
lective as well as non-enantioselective adsorption of PED by CMCD-
LDH film have been studied by using a batch method. Furthermore,
the plane sheet diffusion model was successfully validated in this
work. Diffusivities (D) of PED in CMCD-LDH film were determined
from the Fickian diffusion model at various temperatures. Compared
with the chiral adsorption by CMCD-LDH powder sample in our pre-
vious study (Liu et al., 2007), the structured CMCD-LDH adsorbent
film is more conveniently used and shows higher enantioselective
adsorption ratio. Therefore, a novel and simple method to fabricate
a CD modified LDH film has been developed in this work, and its
chiral adsorption properties for racemic PED were demonstrated. It
can be expected that this structured film could be feasibly applied
as the basis of a novel chiral separation system.

2. Experimental section

2.1. Reagents

All chemicals including Zn(NO3)2 · 6H2O, NH4NO3, NH3 · H2O,
chloroactic acid, �-CD and (R, S)-PED were of analytical grade.

�-CD was purchased from Aldrich, and the others from the Beijing
Chemical Plant Limited. Aluminum metal sheet was purchased from
Shanghai Jing Xi Chemical Technology Co., Ltd., purity: > 99.5%,
thickness: 0.1mm.

2.2. Preparation and characterization

2.2.1. Synthesis of CMCD (4.1)
CMCD was synthesized according to the procedure described in

the literature (Park et al., 2001) with some modifications. In brief,
CD (32.4 g) and NaOH (35.2 g) was dissolved in 200ml of water, and
monochloroacetic acid (37.8 g) was added with gentle stirring. The
mixture was heated at 80 ◦C for 3h. The solution was then cooled
in an ice bath and the pH was adjusted to 6.0 with concentrated
hydrochloric acid. Methanol was gradually added into the solution
with stirring to obtain CMCD precipitation. The average number of
carboxylate groups (4.1) per CMCD was calculated using 1H NMR
(Ravoo et al., 2001).

2.2.2. Synthesis of CMCD-LDH film
The CMCD-LDH film was prepared by a novel and simple strat-

egy, i.e., in situ crystallization on a PAO/Al substrate. The PAO film
was fabricated by anodizing an aluminummetal sheet for 50min in a
thermostatic bath of 1M H2SO4 at a temperature of 25 ◦C and with a
current density of 20mA/cm2 (Chen et al., 2006). In this experiment,
PAO/Al was used as both the substrate and the sole source of alu-
minum, and the CMCD-LDH film was prepared by one-step synthesis
method with easy manipulation. In a typical procedure, 0.01mol of
Zn(NO3)2 · 6H2O, 0.06mol of NH4NO3, and 0.001mol of CMCD were
dissolved in deionized water to form a clear solution with a total
volume of 100ml, and the pH was adjusted to 6.5 by adding diluted
ammonia (1% NH4OH). The PAO/Al substrate was then placed verti-
cally in the solution at 70 ◦C for 48h, to obtain the CMCD-LDHmicro-
crystals grown on the surface of the substrate. Finally, the substrate
was taken out, rinsed with water, and dried at room temperature.
Based on the difference between the initial and final mass of the sub-
strate, the weight of CMCD-LDH film per unit area of the substrate
was calculated to be 2.80×10−2 kg/m2.

2.2.3. Adsorption experiments
PED sorption experiments were carried out using a batch method.

Both the effects of contact time and PED concentration on the ad-
sorption were investigated, and the effect of contact time was used
to determine kinetic model of PED sorption and equilibrium time. A
series of 1.5×10−5 m3 of PED solution (typically ranging from 0.0 to
96.6mol/m3) were added to beakers, and the structured CMCD-LDH
film (with the area of 9×10−4 m2) was immersed into the solution (as
shown in Fig. 1). The beakers were placed in a water bath at certain
temperature (e.g. 303K) and gently shaken for specific time period
to reach adsorption equilibrium. The PED concentration was deter-
mined using UV–vis spectrophotometer at � = 256nm. The amount
of PED adsorbed by the CMCD-LDH film was calculated by the dif-
ference between the initial (C0) and equilibrium concentrations (Ce),
per kg of LDHs adsorbent: Qe = (C0−Ce)×V/m.

2.2.4. Characterization
Powder X-ray diffraction (XRD) patterns of the samples were

recorded using a Shimadzu XRD-6000 diffractometer with Cu-K�
radiation (� = 1.5406Å). The operating voltage and current were
40kV and 30mA, respectively. The step used was 0.02◦ s−1 in the
2� range from 2◦ to 70◦. The morphology of the CMCD-LDH film
was investigated by using a scanning electron microscope (SEM)
with an energy dispersive X-ray (EDX) attachment (SEM: Hitachi
S-4700, EDX: Genesis 60). Fourier transform infrared (FT-IR) spec-
tra were recorded using a Bruker Vector22 spectrophotometer in
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Fig. 1. Schematic representation for the adsorption of racemic PED by CMCD-LDH
film.

the range 4000−400 cm−1 with 2 cm−1 resolution. The standard KBr
disk method (1mg of sample in 100mg of KBr) was used. An UV–vis
spectrophotometer (Shimadzu UV-2501PC) was employed to mea-
sure the absorbance spectra of compounds in the 200–700nmwave-
length range. The concentration of PED in the solutions, before and
after adsorption experiments, was determined by the UV–vis spectra
at the wavelength of 256nm. Chiral HPLC (daicel chiralcel OB-H, 5%
iPrOH in hexane, flow rate 0.5ml/min) was used to determine e.e.%
of the solutions after the adsorption experiment.

3. Experimental results

3.1. Characterization of CMCD-LDH film

3.1.1. X-ray diffraction
The CMCD intercalated LDH film (CMCD-LDH film) was synthe-

sized by in situ crystallization on PAO/Al substrate as described in
the experimental part. Fig. 2 illustrates the XRD patterns of the
CMCD-LDH film as well as the PAO/Al substrate. The sequence of
strong (003), (0 06) reflections at low angle and the (012) re-
flection at high angle for the film (Fig. 2b) indicates formation of
well-crystallized hydrotalcite-like LDH phase. The reflection can be
indexed to a hexagonal lattice with R-3m rhombohedral symme-
try, commonly used for the description of LDH structures. The in-
terlayer distance of CMCD-LDH is 1.855nm, which is slightly larger
than that of the CMCD-LDH powder (Liu et al., 2007). Since the thick-
ness of the LDH hydroxide basal layer is 0.480nm, the gallery height
is 1.375nm. CD should be regarded as truncated cone rather than a
cylinder. There are seven primary and fourteen secondary hydroxyl
groups along the �-CD cavity, which has an approximate torus thick-
ness of 0.78nm, an outer diameter of 1.53nm and an inner diame-
ter of 0.78nm (Szejtli, 1998). Taking into account the dimensions of
the �-CD molecule and the rule of charge balance, the CMCD (4.1)
anions can only adopt a monolayer arrangement with their cavities
axis perpendicular to the LDH layer and carboxymethyl groups on
adjacent CD molecules attached alternately to the upper and lower
LDH layer surfaces. This is similar to the arrangement in our previ-
ous research of CMCD-LDH powder (Liu et al., 2007).

3.1.2. Infrared spectroscopy
The FT-IR spectra of CMCD and the CMCD-LDH powder scraped

from the film are shown in Fig. 3. In the infrared spectrum of the as-
synthesized sodium salt of CMCD, a broad strong absorption band at
3405 cm−1 is observed, which can be attributed to OH combination
stretching vibrations of hydroxyl groups and physically adsorbed
water. An absorption at 2929 cm−1 is due to the stretching vibration
of –CH2. Two strong bands at 1606 and 1423 cm−1 are attributed to

Fig. 2. XRD patterns of: (a) the PAO/Al substrate and (b) the CMCD-LDH film. Asterisk
denotes the reflections of Al substrate.

Fig. 3. FT-IR spectra of: (a) CMCD and (b) the CMCD-LDH powder scraped from the
film.

the asymmetric and symmetric stretching vibrations of carboxylate
–COO−, respectively. Bands at 1161 and 1034 cm−1 are assigned to
absorption of C–O, C–O–C of glucose units. In the case of the CMCD-
LDH powder scraped from the film, most bands of CMCD show no ob-
vious change upon intercalation into LDH (Fig. 3b). The asymmetric
stretching band of –COO− moves slightly toward to low frequency,
at 1593 cm−1. This spectral change may be related to the formation
of hydrogen bonding between the carboxylate and the hydroxyl in
LDH layer. Moreover, the metal–hydroxyl (M–OH) stretching modes
of LDH layer appear at 426 cm−1.

3.1.3. SEM and EDX
The morphology of the PAO/Al substrate and CMCD-LDH film was

studied by SEM. The top surface (Fig. 4a) of PAO/Al substrate shows
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Fig. 4. SEM images of: (A) the PAO/Al substrate, (B) surface-view of the CMCD-LDH film on PAO/Al substrate, (C) edge-view of the CMCD-LDH film, and (D) the energy
dispersive X-ray line scan of the edge-view of the film.

that the PAO film has porous structure with pore diameter of ca.
20nm. Fig. 4b exhibits the surface-view of the CMCD-LDH film after
crystallization on the PAO/Al substrate at 70 ◦C for 48h. The curved
hexagonal faces of the LDH microcrystal can be clearly observed
perpendicular to the substrate over the entire substrate surface. The
edge-view of the CMCD-LDH film (Fig. 4c) demonstrates that only
a monolayer of the LDH crystals with a thickness of ca. 0.5�m was
assembled on the PAO/Al substrate. These images indicate that the
ab-face of LDH microcrystals is predominantly perpendicular with
respect to the substrate. This observation can be confirmed by EDX
analysis, displayed in Fig. 4d. The Zn/Al distribution ranges from 1.3
to 2.0 along EDX line scanning over the LDH film and a part of the
PAO/Al substrate. At depths below 500nm, however, the Zn profile
of the EDX rapidly decreases to almost zero, indicating the absence
of the Zn species inside the substrate.

3.2. Adsorption equilibrium

Chiral HPLC (daicel chiralcel OB–H, 5% i-PrOH in hexane, flow rate
0.5ml/min) was used to determine e.e.% of the PED solution after
the adsorption experiment. The results indicate that R-PED was ad-
sorbed preferentially by CMCD-LDH film. It can be speculated that
the adsorption of PED by CMCD-LDH film includes two parts: the
enantioselective adsorption (Qs) resulting from the chiral reorgani-
zation of interlayer immobilized CMCD and the non-enantioselective
adsorption (Qnon-s) produced by the external surface of LDH, which
can be calculated by

Qs = Ct × V × e.e.%/m (1)

Qnon-s = (C0 − Ct) × V − Ct × V × e.e.%
m

(2)

Thus the adsorption isotherms, including enantioselective and
non-enantioselective adsorption, were plotted and shown in Fig. 5.

Fig. 5. The total, enantioselective, and non-enantioselective adsorption isotherms of
PED by CMCD-LDH film at 323K.

The total and non-enantioselective adsorption increase with the in-
crease in concentration of PED, while the enantioselective adsorp-
tion by CMCD cavities has a maximum adsorption capacity.

The enantioselective adsorption data were modeled using two
competitive adsorption-isotherm models: the Langmuir and the
Langmuir–Freundlich (L–F).

(1) Langmuir isotherm. This isotherm model is widely used for
physical adsorption from either gas or liquid solution. The
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Fig. 6. (A) The enantioselective adsorption isotherms of R-PED by CMCD-LDH film fitted by Langmuir and L–F model, (B) the non-enantioselective adsorption, and (C) the
total adsorption isotherms of (R, S)-PED by CMCD-LDH film fitted by Freundlich model at 303 and 323K, respectively.

mathematical form of Langmuir model is

Qe

Qm
= KLCe

1 + KLCe
(3)

where Qe is the adsorbed amount, Ce the equilibrium concentra-
tion, and Qm and KL are isotherm parameters.

(2) L–F isotherm. The L–F isotherm (Eq. (4)), also known as the Sips
equation (Sips, 1948), is a function that describes a specific re-
lationship between the equilibrium concentration of bound and
free guest in heterogeneous systems with three fitting coeffi-
cients: Qm, KL, and n. These coefficients have physical meaning:
Qm is the total number of binding sites; the variable KL is re-
lated to the median binding affinity; n is the heterogeneity index,
which varies from 0 to 1. For a homogeneous material, n = 1.
When n < 1, the material is heterogeneous.

Qe

Qm
= KLCn

e

1 + KLCn
e

(4)

According to the classification of Giles et al. (1960), although the
enantioselective adsorption of PED by CMCD-LDH film has a maxi-
mum adsorption capacity, the shape of its isotherm cannot be con-
sidered simply as pure L-type. Fig. 6a displays the enantioselective
adsorption isotherms of PED by CMCD-LDH film at different tem-
peratures, fitted by Langmuir and L–F model, respectively. The ex-
perimental conditions, the estimated model parameters and regres-
sion coefficients (R2) are reported in Table 1 for all enantioselective
adsorption experimental runs.

As can be seen from Table 1, the regress coefficients (R2) for the
L–F model are larger than that of Langmuir model, and the exper-
imental Qs ,e values agree well with the calculated ones obtained
from L–F model. This indicates that the L–F model can be used
to describe the enantioselective adsorption of PED by CMCD-LDH
film satisfactorily. Furthermore, it was found that the amount of
enantioselective adsorption increases with the increase of tem-
perature. The explanation for this behavior is straightforward. The
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Table 1
Langmuir and L–F constants for the enantioelective adsorption of R-PED by CMCD-
LDH film at different temperatures.

Temperature
(K)

Langmuir model L–F model

KL

(m3/kg)
Qm

(mol/kg)
R2 KL

(m3/kg)
Qm

(mol/kg)
n R2

303 3.61×10−2 7.44×10−2 0.981 1.74×10−2 6.25×10−2 1.37 0.990
323 3.55×10−2 7.56×10−2 0.982 3.97×10−2 6.32×10−2 1.26 0.994

Table 2
Freundlich constants for the non-enantioselective and total adsorption of (R, S)-PED
by CMCD-LDH film at different temperatures.

Temperature (K) Non-enantioselective Total

K n R2 K n R2

303 1.32×10−3 0.889 0.989 6.13×10−3 1.21 0.984
323 9.60×10−4 0.848 0.988 4.88×10−3 1.12 0.993

enantioselective adsorption is caused by the chiral inclusion of CD
accommodated in the interlayer region of LDH, which is an energy-
needed
process.

Fig. 6b and c display the non-enantioselective and total adsorp-
tion isotherms at 303 and 323K, respectively. Owing to the shape
of the isotherms, the non-enantioselective and total sorption data
were analyzed based on Freundlich equation (Agrawal et al., 2004):

Qe = KC1/n
e (5)

where Qe is the amount of PED per unit weight of the LDH; Ce is the
equilibrium concentration of PED in the solution (mol/m3); K and n
are Freundlich temperature-dependent constants. Table 2 lists the
Freundlich constants for the non-enantioselective and total adsorp-
tion at different temperatures. The experimental Qnon-s,e and Qtotal ,e

values are in high accordance with the calculated ones obtained from
Freundlich model, indicating that both the non-enantioselective and
total adsorption isotherms can be represented by the Freundlich
model. As the non-enantioselective adsorption falls into physical
adsorption by the external surface of LDH, the adsorption amount
decreases with increasing temperature.

3.3. Study on the diffusion kinetics

Experimental data are fitted with an appropriate model in order
to determine the value of the diffusion coefficient. Under the work-
ing conditions performed in the present experiments, mass-transfer
phenomena can be described by Fick's law of diffusion. With the
film thickness being low compared with its diameter, the CMCD-LDH
film can be considered as a monodimensional slab and the equation
describing one component diffusion in a nonstationary monodimen-
sional homogeneous system (Crank, 1975) can be used, where D is
the diffusion coefficient:

�C
�t

= D
�2C
�x2

(6)

In this experiment, the CMCD-LDH film was immersed in a large
volume of solution so that the amount of PED taken up by the film is
a negligible fraction of the whole; the solution is well stirred, so the
concentration of the solution remains constant. Taking into account
the substrate of thickness a and the case of the diffusion through a
plane sheet of thickness l, the boundary conditions can be written:

t = 0 − l − a/2 < x < − a/2 and a/2 < x < a/2 + l C = 0 (7)

t�0 x = −l − a/2 C = C0 (8)

Fig. 7. Sorption kinetic curves of the PED by the CMCD-LDH film with
C0 = 12.0mol/m3.

t�0 x = l + a/2 C = C0 (9)

Solving Eq. (6) with the conditions of Eqs. (7)–(9) gives the con-
centration profile C inside the film; the total mass balance to the
plane sheet then gives (Crank, 1975)

F = Qt

Qe
= 1 − 8

�2

∞∑

n=0

1

(2n + 1)2
exp{−D(2n + 1)2�2t/4l2} (10)

Initializing different values of D until the best fit was obtained.
As shown in Fig. 7, the experimental values were well correlated by
Eq. (10). The experimental values of D are 5.11×10−14 m2/s at 303K
and 6.06×10−14 m2/s at 323K, respectively.

3.4. Comparison study on the adsorption of PED between
CMCD-LDH film and powder

As discussed above, the structured CMCD-LDH film can be used
to enantioselectively adsorb racemic PED. In accordance with the
powder sample in our previous work (Liu et al., 2007), the enan-
tioselective adsorption capacity of CMCD-LDH film is related to the
interlayer CMCD molecules, while the non-enantioselective adsorp-
tion is produced by the multilayer adsorption of PED by the exter-
nal surface of LDH. It was found that the L–F and Freundlich model
could be respectively used to describe the two kinds of adsorptions
satisfactorily, which is similar to the powder sample. However, due
to the orientation of the CMCD-LDH microcrystals in the structured
film, both the enantioselective adsorption ratio and sorption kinetics
show differences from those of its powder sample. First of all, it can
be seen that the enantioselective adsorption ratio of CMCD-LDH film
is above 50% (Fig. 5) with low PED concentrations (0–20mol/m3),
which is significantly higher than that of CMCD-LDH powder (the
highest enantioselective adsorption ratio of CMCD-LDH powder is
less than 40%). Secondly, the effective diffusivity of PED in the film
is lower than that of the powder sample. These might be related to
the reason that the CMCD-LDH film has lower external surface ra-
tio compared with its powder form, which reduces the amount of
non-enantioselective adsorption and also decelerates the adsorption
process. As the structured CMCD-LDH film is conveniently used and
exhibits higher enantioselective adsorption ratio, it can be expected
that this structured film has prospective application in the field of
enantioselective adsorption and separation.
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4. Conclusions

We have demonstrated a facile method for the preparation of
oriented CMCD-LDH film with curved hexagonal microstructure on
a PAO/Al substrate. The as-prepared CMCD-LDH film shows excel-
lent enantioselective adsorption for (R, S)-1-phenyl-1,2-ethanediol.
The adsorption isotherms of enantioselective as well as non-
enantioselective adsorption of PED by CMCD-LDH film have been
investigated, and it was found that the Langmuir–Freundlich and
Freundlich model could be respectively used to describe the two
different adsorptions satisfactorily. Furthermore, the plane sheet
diffusion model was successfully validated in this work. Diffusivities
(D) of PED in CMCD-LDH film were determined from the homoge-
neous Fickian diffusion model. Compared with CMCD-LDH powder
sample reported in our previous study, the structured CMCD-LDH
film exhibits the advantages of more convenient operation and
higher enantioselective adsorption ratio. It can be expected that
this CMCD functionalized inorganic layered film may have potential
application in the field of industrial chiral adsorption and separation.

Notation

a thickness of the substrate, m
C PED concentration in the CMCD-LDH film, mol/m3

C0 initial aqueous-phase PED concentration, mol/m3

Ce aqueous-phase PED concentration at equilibrium,
mol/m3

Ct aqueous-phase PED concentration at time t, mol/m3

D diffusivity, m2/s
F fractional attainment of equilibrium
K Freundlich temperature-dependent constant
KL Langmuir equilibrium constant, m3/mol
l the thickness of the film, m
m the mass of CMCD-LDH, kg
Qe the adsorption capacity at equilibrium, mol/kg
Qm the Langmuir constant related to the capacity, mol/kg
Qnon-s,e the non-enantioselective sorption capacity at equilib-

rium, mol/kg
Qs ,e the enantioselective sorption capacity at equilibrium,

mol/kg
Qt total PED amount in a film at time t, mol/kg
Qtotal,e the total sorption capacity at equilibrium, mol/kg
t time, s
V the volume of the solution, m3

x generic coordinate along the direction of diffusion, m
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