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The enantioselective adsorption of racemic 1-phenyl-1,2-ethanediol (PED) by
carboxymethyl-b-cyclodextrin-intercalated Zn–Al- layered double hydroxides (CMCD-
LDHs) has been studied. The adsorption isotherms of enantioselective as well as none-
nantioselective adsorption of PED by CMCD-LDHs have been investigated, and it was
found that the Langmuir–Frendlich and Frendlich model can be respectively used to
describe the two different adsorptions satisfactorily. Furthermore, the intraparticle diffu-
sion model is successfully validated in this work. Intraparticle effective diffusivities (Deff)
of PED in CMCD-LDHs macroparticle were determined from the homogeneous Fickian
diffusion model, increasing with the increase of PED bulk phase concentration (C0),
which indicates the existence of parallel diffusion (crystallites diffusion and pore diffu-
sion). The crystallites diffusivity (Dc) and pore diffusivity (Dp) for the parallel diffusion
model were determined from the intercept and slope of the plot of Deff(1þ1/a) vs. 1/a,
respectively.� 2007 American Institute of Chemical Engineers AIChE J, 53: 1591–1600, 2007
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Introduction

The study of enantioselective separation of chiral mole-
cules with cyclodextrins (CDs) and chemically modified CDs
has recently attracted much attention in the field of analytical
and pharmaceutical research.1–4 CDs are cyclic (a-1, 4)-
linked oligosaccharides composed of a-D-glucopiranose with
a hydrophilic outer surface and a relatively hydrophobic cen-
tral cavity, which provides a microenvironment into which
suitably sized lipophilic molecules may enter and be
included.5 CDs are usually used in capillary electrophoresis
(CE) and chromatography for chiral recognition and chiral
separation on the basis of the formation of transient diaster-
eomers with the chiral centre of CDs and on the difference
between their stability constants. Recently, studies dealing
with immobilization of CDs have been reported for the appli-

cation of ion uptake and separation, for instance, on the sur-
face of hydroxylated silicas6 and metals.7,8

Layered double hydroxides (LDHs), also known as hydro-
talcite-like materials and anionic clays, which can be pre-

sented by the general formula [M2þ
1�xM

3þ
x (OH)2]

xþ (An�)x/n
�mH2O, where M2þ and M3þ are di and trivalent metal cati-
ons, respectively. LDHs have positively charged layers and a
wide variety of charge-balancing anionic species, An�, have
been intercalated into the gallery region. As a result, these
layered solids based upon the alternation of inorganic and or-
ganic layers have received considerable attention, because of
their many practical applications, including as catalysts,9

functional materials,10 and nanocomposite materials.11,12 The
attractive feature of such materials is that they serve as a
template for the formation of supramolecular structures.13

The host layers can impose restricted geometry on the inter-
layer guests leading to enhanced control of stereochemistry,
rates of reaction, and product distributions. Therefore the
study of advanced materials based on LDHs is a rapidly
growing field, and has application in areas such as separation
science. The intercalation of chemically modified CDs into
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the galleries of LDH has been reported by Zhao14 and
Wang.15 However, to the best our knowledge, enantioselec-
tive separation of racemates with CDs functionalized LDHs
has not been previously reported.

In this study, the enantioselective adsorption of racemic
PED by CMCD-LDHs has been investigated. PED is not
only an important intermediate of chiral medicines and pesti-
cides, but also a necessary chiral additive for liquid crystal
material.16–18 Compared with other adsorbents which have
been used for chiral separation of PED, such as trans-1,2-
cyclohexanediyl-bisacrylamide and cellulose triacetate,19,20

CMCD-LDHs are easy and inexpensive to prepare and envi-
ronmentally friendly. The adsorption isotherms of enantiose-
lective as well as nonenantioselective adsorption of PED by
CMCD-LDHs have been studied by using a batch method.
Moreover, the parallel diffusion model is successfully vali-
dated in this work. Intraparticle effective diffusivities (Deff)
of PED in CMCD-LDHs macroparticle were determined
from the homogeneous Fickian diffusion model, increasing
with the increase of PED bulk phase concentration (C0),
which indicates the existence of parallel diffusion (crystal-
lites diffusion and pore diffusion). The crystallites diffusivity
(Dc) and pore diffusivity (Dp) for the parallel diffusion model
were determined from the intercept and slope of the plot of
Deffð1þ 1=aÞ vs. 1=a, respectively. Therefore, a detailed
understanding of the adsorption behavior of PED on CMCD
functionalized LDHs should facilitate the application of such
inorganic layered materials as chiral stationary phases for
chromatographic columns.

Theory

Because of the strong electrostatic attraction between the
LDHs layers and interlayer anions, we refer to the fact that a
single LDHs macroparticle is an agglomerate of spherical
crystallites, and the LDHs crystallites consist of LDHs layers
and anions between the sheets. The adsorbate molecules dif-
fuse into pores and are adsorbed on the crystallites walls,
and also diffuse into the interlayer of LDHs crystallites and
are adsorbed there. In order to simplify calculation, the
LDHs crystallites are considered as microspheres, which can
adsorb PED at the surface. Meanwhile, PED molecules can
diffuse from one adsorption site to the next adsorption site,
and also diffuse between the nearby crystallites. A macropar-
ticle of LDHs is made up of lots of these crystallites micro-
pheres (as shown in Figure 1).

In this experimental study, the intraparticle diffusion of
PED in CMCD-LDHs was analyzed based on a parallel
transport21–28 by PED diffused in the crystallites (hereafter
called crystallites diffusion) and the liquid-phase diffusion
inside the network structure between crystallites (hereafter
called pore diffusion). The following assumptions apply:

(1) Crystallites and pore diffusions occur in parallel inside
the CMCD-LDHs macroparticles.

(2) Crystallites and pore diffusives are constant throughout
the adsorption process.

(3) The void fraction of CMCD-LDHs macroparticle is
constant throughout the adsorption process.

(4) The liquid-phase concentration of PED inside the par-
ticle is in local equilibrium with the concentration of the
adsorbed PED in the LDHs crystallites.

(5) The bulk phase concentration of PED is constant dur-
ing the adsorption process.

The parallel diffusion model for this system can be written
as follows:

e
qC
qt

þ ð1� eÞ qq
qt

¼ Dpe
1

r2
q
qr

r2
qC
qr

� �

þ Dcð1� eÞ 1
r2

q
qr

r2
qq
qr

� �
(1)

where C (mol/m3) represents liquid-phase concentration of
PED inside the macroparticle, q (mol/m3 wet LDHs) corre-
sponds to solid-phase concentration of PED on the surface of
the crystallites micropheres, r (m) is the radial dimension of
an adsorbent particle, and e denotes the void ratio of LDHs
macroparticles. Dc and Dp (m2/s) are the effective diffusiv-
ities in the crystallites and in the pore, respectively. Using
the dimensionless variables, Eq. 1 is transformed into Eq. 2:
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where X ¼ C=Ce, Y ¼ q=qe, p ¼ Dpt=r
2
0, x ¼ r=r0,

a ¼ ð1�eÞqe
eCe

, b ¼ ð1�eÞqeDc

eCeDp
¼ a Dc

Dp
, and qe (mol/m3 wet LDHs) is

the concentration of PED on the adsorption sites, in equilib-
rium with the concentration of PED in the bulk solution Ce

(mol/m3). r0 (m) is radius of an adsorbent particle. The first
and second terms of the right-hand side of Eq. 2 represent
the contributions of pore diffusion and crystallites diffusion,
respectively.

In this parallel diffusion model, a and b are the most im-
portant parameters. According to the definition, a means a

Figure 1. (a) Intraparticle diffusion of PED within a sin-
gle LDHs macroparticle and (b) diffusion of
PED in the crystallites of LDHs.
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distribution coefficient, while b is the ratio of the rate of
crystallites diffusion to that of pore diffusion. The degree of
the contributions of crystallites and pore diffusions should be
evaluated from the value of b. There are two limiting cases
to consider here: when b ! 0 (eDpCe � ð1� eÞDcqe; pore
diffusion control) and when b ! 1 (eDpCe � ð1� eÞDcqe;
crystallites diffusion control). When b ! 0, the second term
on the right-hand side of Eq. 2 becomes zero and the equa-
tion for the pore diffusion control is obtained (Eq. 3). How-
ever, when b ! 1, the second term of Eq. 2 becomes infi-
nite consequently, the equation cannot be solved directly.
Therefore, Eq. 1 is transformed into Eq. 4:
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When a ! 1, the concentration of PED adsorbed in the
crystallites is substantially larger than that in the pore. In this
case, pore diffusion is negligible and the crystallites diffusion
is the rate-controlling step. This is confirmed by substituting
a ! 1 into Eq. 2. Dividing both sides of Eq. 2 by a and
using the definition of b ¼ ðDc=DpÞ, the terms related to the
concentration of PED in the pore disappear and the following
equation is obtained:
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� �
ðcrystallites diffusion control; a! 1Þ

(5)

When a ! 0, the concentration of PED in the pore is
much larger than in the crystallites. In this case, pore diffu-
sion is the rate-controlling step, and the terms relate to the
concentration in the crystallites disappear and the Eq. 6 is
obtained:
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q
qx

x2
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� �
ðpore diffusion control; a ! 0Þ (6)

Equilibrium as described by the equilibrium isotherms
holds at the interface between the liquid and solid phases. In
this case the model uses the Freundlich isotherm (Eq. 7):

q ¼ kC1=n (7)

Using the dimensionless variables, Eq. 7 is transformed
into Eq. 8

Y ¼ k0X1=n; k0 ¼ kC
1=n
e

qe
(8)

Using Eq. 8, Eq. 2 and Eq. 4 are transformed into Eq. 9
and Eq. 10, respectively, as follows:
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As mentioned previously, Eq. 9 includes the expression of
the pore diffusion control (b ¼ 0). In addition, the following
initial and boundary conditions apply:

ðICÞ X ¼ 0; Y ¼ 0 at tp ¼ 0 or tc ¼ 0 (11)

ðBCÞ qX
qx

¼ 0;
qY
qx

¼ 0 at x ¼ 0

X ¼ 1; Y ¼ 1 at x ¼ 1

(12)

Given that, only the change in the total concentration of
PED in the particle Qt (mol/m3 wet LDHs), in Eq. 13, can
be determined with time, while equilibrium adsorption
capacity Qe (mol/m3 wet LDHs), in Eq. 14, can be obtained
by adsorption at enough time.

Qt ¼ ð1� eÞqþ eC ¼ VðCa;0 � Ca;tÞ
VLDHs

(13)

Qe ¼ ð1� eÞqe þ eCe ¼ VðCa;0 � Ca;eÞ
VLDHs

(14)

where V and VLDHs represent the solution volume and the
wet LDHs volume. Ca,0, Ca,t, and Ca,e represent the aqueous-
phase PED concentration at initial, at time t, and at equilib-
rium, respectively.

Finally, the solution to the fractional attainment (F) of
equilibrium under the initial and boundary conditions in Eqs.
11 and 12 is given by Eq. 1529:

F ¼ Qt

Qe

¼ 3
R r0
0
Qtr

2 dr

r30Qe

¼
3 a
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0
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2Þ
9þ 9oþ l2no2
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where the ln values are the nonzero roots of

tan ln ¼ 3ln
3þ ol2n

(16)

and the parameter o is expressed in terms of the final frac-
tional uptake of solute by the LDHs macroparticles by the
relation:

VLDHsQe

VCa;0
¼ 1

1þ o
(17)

Experimental Section

Reagents

All chemicals including Zn(NO3)2�6H2O, Al(NO3)3�9H2O,
NaOH, NaNO3, methanol, chloroactic acid, b-CD, and (R,S)-
PED were of analytical grade. b-CD was purchased from
Aldrich, and the others from the Beijing Chemical Plant
Limited.
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Preparation and characterization

Synthesis of carboxymethyl-b-cyclodextrin, CMCD (3.8).
CMCD (3.8) was synthesized according to the procedure
described previously30 and the average number of carboxy-
late groups per b-CMCD was calculated using 1H NMR.31

Synthesis of CMCD-LDHs

The precursor Zn0.67Al0.33(OH)2(NO3)0.33 (NO3-LDHs)
was synthesized by a procedure similar to that of described
previously.32,33 Under N2 atmosphere through the conven-
tional route, a solution of Zn(NO3)2�6H2O (1.2 � 10�1 M)
and Al(NO3)3�9H2O (6.0 � 10�2 M) in deionized water
(2.0 � 10�4 m3) was added dropwise over 2 h to a solution
of NaOH (3.1 � 10�1 M) and NaNO3 (2.1 � 10�1 M) in
water (1.0 � 10�4 m3). The mixture was held at 343 K for
24 h. The precipitates were separated by centrifugation,
washed with water, and dried at 343 K for 20 h.

The CMCD-LDHs was obtained by the method of ion
exchange. A solution of CMCD (5.0 � 10�3 kg) in deionized
water (5.0 � 10�5 m3) was added to a suspension of NO3-
LDHs (1.0 � 10�2 kg) in water (1.0 � 10�4 m3) and the so-
lution pH was kept 6.0 by adding 1.0 � 102 mol/m3 NaOH
solution or 1.0 � 102 mol/m3 HCl solution during reaction.
The mixture was heated at 333 K under a nitrogen atmos-
phere for 48 h. The product was washed extensively with
deionized water, centrifuged, and dried at 343 K for 20 h.

As Ca2þ cannot be adsorbed on LDHs layers, the void
fraction of the CMCD-LDHs, e, was obtained by dissolving
the CMCD-LDHs whose pore was filled with CaCl2 solution
in HNO3 solution (1.0 � 102 mol/m3). The concentration of
Ca2þ in the filtrate was determined by ICP. The value of e
was calculated according to Eq. 18, where CCa is the concen-
tration of Ca2þ filled in the pore (mol/m3); W and y are the
weight of the wet CMCD-LDHs particles (kg) and the appa-
rent density (kg of wet CMCD-LDHs m�3), respectively;
Cf,Ca and Vf are the concentration of PED in the filtrate
(mol/m3) and the volume of the filtrate (m3), respectively.
The experimental physical properties of CMCD-LDHs are
listed in Table 1.

e ¼ Cf;CaVf

ðW=yÞCCa

(18)

Sorption experiments

PED sorption experiments were carried out using a batch
method. Both the effects of contact time and PED concentra-

tion on the adsorption were investigated, the effect of contact
time was used to determine kinetic model of PED sorption
and equilibrium time. CMCD-LDHs (3.0 � 10�4 kg) and
PED solutions (2.0 � 10�5 m3) (typically ranging from 0.0
to 1.08 � 102 mol/m3) were added to 5.0 � 10�5 m3 Erlen-
meyer stopper flasks. Subsequently, the flasks were capped,
vigorously shaken by hand, were placed in a water bath at
certain temperature (e.g. 303 K) and gently shaken for spe-
cific time period or until adsorption equilibrium. The suspen-
sions were filtered, and the PED concentrations were deter-
mined at l ¼ 256 nm using UV–vis spectrophotometer. The
amount of PED adsorbed by the CMCD-LDHs was calcu-
lated by the difference between the initial (Ca,0) and equilib-
rium concentrations (Ca,e), per kilogram of LDHs adsorbent:
Qe ¼ ðCa;0 � Ca;eÞ � V=m.

Characterization

X-ray diffraction pattern of the samples were obtained
using a Shimadzu XRD-6000 diffractometer with Cu-Ka
radiation (40 kV and 30 mA) at a scanning rate of 58 min�1.
Elemental analysis was performed with a Shimadzu ICP-
7500 instrument. The C, H, and N contents were determined
using an Elementarvario elemental analysis instrument.

An UV–vis spectrophotometer (Shimadzu UV-2501PC)
was used to measure the absorbance spectra of compounds in
the 200–700 nm wavelength range. The concentration of
PED in the solutions, before and after adsorption experi-
ments, was determined using the UV–vis spectra at the
wavelength of 256 nm.

Chiral HPLC (Daicel Chiralcel OB-H, 10% iPrOH in hex-
ane, flow rate 0.5 ml/min) was used to determine e.e.% of
the supernatants, by filtration after the adsorption experiment.

Experimental results

Characterization of NO3-LDHs and CMCD-LDHs. The
CMCD intercalated LDHs (CMCD-LDHs) was obtained by
an anion-exchange process as described in the experimental
part. Figure 2 displays the XRD patterns of the precursor
NO3-LDHs and the resulting composite. In each case, the
reflections can be indexed to a hexagonal lattice with R-3m

Table 1. Experimental Physical Properties of CMCD-LDHs

Chemical Composition
of MCD-LDHs

Zn0.65Al0.35(OH)2
(CMCD(3.8))0.037

(CO3)0.01(NO3)0.16�0.9H2O

Particle diameter (m) 2.10 � 10�4

True density (kg of dry
CMCD-LDHs m�3)

1.88 � 103

Apparent density (kg of
wet CMCD-LDHs m�3)

1.15 � 103

The void fraction of
CMCD-LDHs macroparticles

0.327

Figure 2. XRD patterns of (a) NO3-LDHs and (b) CMCD-
LDHs.
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rhombohedral symmetry, commonly used for the description
of LDHs structures. The basal spacing and lattice parameters
are listed in Table 2. The Zn/Al-NO3 LDHs precursor has an
XRD pattern similar to that reported previously,32 with an
interlayer spacing (d003) of 0.889 nm. After intercalation of
CMCD, the interlayer distance increased to 1.641 nm. The
expanded interlayer separation is consistent with the interca-
lation of the organic anions within the gallery spaces of the
LDHs. Since the thickness of the LDHs hydroxide basal
layer is 0.480 nm, the gallery height is 1.161 nm.

As shown in Figure 2b, the intensity of (006) reflection of
CMCD-LDHs is almost the same as that of (003) while the
(003) reflection has the strongest peak intensity in the dif-
fraction pattern of the LDHs precursor. This is possibly
related to the presence of a CO3-LDH impurity phase that is
often observed even when intercalation reactions are carried
out under nitrogen. The peak around 2y¼118 may be a
superposition of the (003) reflection of CO3-LDH and the
(006) reflection of the CMCD-LDHs, accounting for its
enhanced intensity. The peak around 2y ¼ 238 can be
assigned to the (006) reflection of CO3-LDH.

CD should be regarded as truncated cone rather than a cyl-
inder. There are 7 primary and 14 secondary hydroxyl groups
along the b-CD cavity. b-CD has an approximate torus thick-
ness of 0.78 nm, and outer diameter of 1.53 nm, and an inner
diameter of 0.78 nm.34 Taking into account the dimensions
of the b-CD molecule and the rule of charge balance, the
CMCD (3.8) anions can only adopt a monolayer arrangement
with its cavity axis perpendicular to the LDHs layer and car-
boxymethyl groups on adjacent CD molecules attached alter-
nately to the upper and lower LDHs layer surfaces. This is

similar to the arrangement reported by Zhao and Vance14 for
CMCD interlayered into Mg/Al-LDH.

Adsorption equilibrium

The UV–vis spectra of CMCD-LDHs before and after the
adsorption of PED are shown in Figure 3. Compared with
the as-synthesized CMCD-LDHs (Figure 3b), the spectrum
of the adsorption product shows three strong bands at 265,
256, and 251 nm (Figure 3c), respectively, which is in ac-
cordance with the characteristic of the pristine PED (Figure
3a). This indicates the occurrence of the adsorption of PED
on CMCD-LDHs.

Chiral HPLC (Daicel Chiralcel OB-H, 10% iPrOH in hex-
ane, flow rate 0.5 ml/min) was used to determine e.e.% of
the supernatants, by filtration after the adsorption experiment.

Table 2. Lattice Parameters of NO3-LDHs
and CMCD-LDHs

Lattice Parameter (nm) NO3-LDHs CMCD-LDHs

d003 0.889 1.641
d006 0.445 0.819
d009 0.297 0.518
d110 0.152 0.152
Lattice parameter a 0.304 0.304
Lattice parameter c 2.667 4.923

Figure 3. UV–vis spectra of (a) PED, (b) CMCD-LDHs,
and (c) adsorption product of CMCD-LDHs.

Figure 4. The total, enantioselective, and nonenantio-
selective adsorption isotherms of PED by
CMCD-LDHs at 303 K.

Figure 5. The enantioselective adsorption isotherms of
R-PED by CMCD-LDHs fitted by Langmuir
and L–F model at 303, 313, and 323 K,
respectively.
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The results indicate that R-PED was adsorbed preferentially
by CMCD-LDHs (see Supplementary Material). It can be
speculated that the adsorption of PED by CMCD-LDHs
includes two parts: the enantioselective adsorption (Qs)
resulting from the chiral reorganization of interlayer immobi-
lized CMCD and the nonenantioselective adsorption (Qnon-s)
produced by the surface of LDHs layers, which can be calcu-
lated by

Qs ¼ Ca;t � V � e:e:%=m (19)

Qnon�s ¼ ðCa;0 � Ca;tÞ � V � Ca;t � V � e:e:%

m
(20)

Thus the adsorption isotherms, including enantioselective
and nonenantioselective adsorption, were plotted (Figure 4).

As for the enantioselective adsorption of PED by CMCD-
LDHs, two models were used to fit the experimental data:
(1) Langmuir model (Eq. 21);35,36(2) Langmuir–Frendlich
(L–F) model (Eq. 22)37

Qe

Qm

¼ KLCa;e

1þ KLCa;e
(21)

Qe

Qm

¼ KLC
n
a;e

1þ KLCn
a;e

(22)

where Ca,e is the equilibrium concentration of PED in the so-
lution (mol/m3); Qe is the adsorption capacity at equilibrium

(mol/kg); Qm and KL are the Langmuir constants related to
the capacity and energy of adsorption, respectively, and n is
also a model parameter. According to the classification of
Giles et al.38 although the enantioselective adsorption
by CMCD has a maximum adsorption capacity, the shape of
its isotherm cannot be considered simply as pure L-type. Fig-
ure 5 displays the enantioselective adsorption isotherms of
PED by CMCD-LDHs at different temperatures, fitted by
Langmuir and L–F model, respectively. The experimental
conditions, the estimated model parameters and regress coef-
ficients (R2) are reported in Table 3 for all enantioselective
adsorption experimental runs.

As can be seen from Table 3, the regress coefficients (R2)
for the L–F model are larger than that for Langmuir model,
and the experimental Qs,e values agree well with the calcu-
lated 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-LDHs satisfactorily.

Figures 6 and 7 display the nonenantioselective and total
adsorption isotherms at 303, 313, and 323 K, respectively.
Owing to the shape of the isotherms, the nonenantioselective,
and total surface sorption data were analyzed according to
Freundlich equation36:

Qe ¼ KC1=n
a;e (23)

where Qe is the amount of PED per unit weight of the
LDHs; Ca,e is the equilibrium concentration of PED in the
solution (mol/m3); K and n are Freundlich temperature-de-

Table 3. Langmuir and L–F Constants for the Enantioelective Adsorption of R-PED by CMCD-LDHs
at Different Temperatures

Temp. (K)

Langmuir Model L–F Model

KL (m3/kg) Qm (mol/ kg) R2 KL (m3/kg) Qm (mol/kg) N R2

303 3.82 � 10�2 2.37 � 10�1 0.915 3.80 � 10�4 8.12 � 10�2 5.09 0.995
313 2.27 � 10�2 5.26 � 10�1 0.908 1.48 � 10�4 9.52 � 10�2 4.16 0.989
323 1.11 � 10�2 1.29 0.914 3.92 � 10�3 1.04 � 10�1 3.37 0.994

Figure 6. The nonenantioselective adsorption iso-
therms of (R,S)-PED by CMCD-LDHs at 303,
313, and 323 K, respectively.

Figure 7. The total adsorption isotherms of (R,S)-PED
by CMCD-LDHs at 303, 313, and 323 K,
respectively.
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pendent constants. Table 4 lists the Freundlich constants for
the nonenantioselective and total adsorption at different tem-
peratures. The experimental Qnon-s,e values and Qtotal,e agree
well with the calculated ones obtained from Freundlich
model, indicating that both the nonenantioselective and total
adsorption isotherms can best be represented by the Freund-
lich model.

Study on the diffusion kinetics

Intraparticle effective diffusivity. To determine the crys-
tallites diffusivity Dc (m

2/s) and the pore diffusivity Dp (m2/s)
based on the parallel diffusion model, the intraparticle effec-
tive diffusivity Deff (m2/s) at 303, 313, and 323 K for the
homogeneous model was calculated. Assuming Fickian diffu-
sion with a constant intraparticle effective diffusivity, the
mass balance equation over the particle is given by the fol-
lowing equation:

qQ
qt

¼ Deff

1

r2
q
qr

r2
qQ
qr

� �
(24)

The initial (IC) and boundary conditions (BC) are given as
follows:

ðICÞ Q ¼ 0 at t ¼ 0 (25)

ðBCÞ qQ
qr

¼ 0 at r ¼ 0

Q ¼ Qe at r ¼ r0

(26)

In the adsorption experiments, the change of bulk concen-
tration before and after adsorption is about 7%, as a result
the bulk concentration can be considered to be constant
approximately during the adsorption process. This gives the
above boundary condition at the surface of the adsorbent par-
ticle, i.e., the adsorbent-phase concentration at the surface of
the particle is constant.

The value of the intraparticle effective diffusivity (Deff)
was determined by fitting the experimental adsorption data
with Eq. 15.

Initializing different values of Deff until the best fit was
obtained. As shown in Figure 8, the experimental values
were well correlated by Eq. 15. The experimental values of
Deff are listed in Table 5. Deff increased with increasing
bulk-phase PED concentration, indicating an existence of a
parallel transport by both crystallites and pore diffusions in
the LDHs macroparticles.

Crystallites diffusivity and pore diffusivity

The relationship between crystallites diffusivity, pore dif-
fusivity, and intraparticle effective diffusivity based on paral-

lel diffusion model is given by the following equation, which
is derived from the relation between the fluxes based on the
parallel diffusion model and the Fickian model:

Deff ð1� eÞ þ e
dC

dq

� �
¼ ð1� eÞDc þ eDp

dC

dq
(27)

Table 4. Freundlich Constants for the Nonenantioselective
and Total Adsorption of (R,S)-PED by CMCD-LDHs at

Different Temperatures

Temp.
(K)

Nonenantioselective Total

K n R2 K n R2

303 2.38 � 10�3 0.867 0.983 8.27 � 10�3 1.09 0.981
313 2.19 � 10�3 0.867 0.990 8.53 � 10�3 1.11 0.981
323 1.99 � 10�3 0.869 0.987 8.65 � 10�3 1.13 0.980

Figure 8. Effect of concentration on the uptake curves
for adsorption of PED on CMCD-LDHs at (a)
303 K, (b) 313 K, and (c) 323 K, respectively.
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Since, in our experimental method, the adsorption isotherm
could be considered linear in the concentration range exam-
ined. By taking dC/dq ¼ Ce/qe as an approximation, Eq. 27
is transformed into Eq. 28:

Deff 1þ 1

a

� �
¼ Dc þ Dp

1

a
(28)

Figure 9 shows the plot of the experimental effective dif-
fusivities based on Eq. 28 at 303, 313, and 323 K, respec-
tively. The value of the intercept of the line gives the crystal-
lites diffusivity Dc and the slope of the line provides the
pore diffusivity Dp, which are listed in Table 5. It can be
seen that the values of Deff, Dc, and Dp increase continuously
with temperature from 303 to 323 K, indicating that higher
temperatures favor diffusion of PED in LDHs.

Parallel transport by crystallites and pore diffusion

The theoretical adsorption curves for PED in CMCD-
LDHs were calculated based on the parallel transport by
crystallites and pore diffusions, given in Eq. 2, using the ex-
perimental values of crystallites diffusivity (Dc), pore diffu-
sivity (Dp), and the dimensionless parameters in Table 5.

Figure 10 shows the experimental and theoretical uptake
curves for adsorption of PED by CMCD-LDHs with different

PED concentrations at 303 K. The solid lines are the theoret-
ical ones determined from Eq. 2, which correlated reasonably
well with the experimental adsorption data. The theoretical
lines for the crystallites diffusion control and the pore diffu-
sion control were likewise calculated, represented by broken
and chain lines, respectively. The theoretical lines for the

Table 5. Determined Parameters against Initial Concentration

Temp. (K) Ca,0 (mol/m3) Deff (10
12 m2/s) Dc (10

12 m2/s) Dp (10
11 m2/s) a b

303 72.5 7.67 1.46 6.65 9.69 0.213
36.3 6.21 12.1 0.266
29.0 5.83 13.5 0.297
18.1 5.40 16.3 0.359

313 72.5 7.79 1.53 6.84 9.62 0.212
36.3 6.93 11.6 0.256
29.0 6.07 13.5 0.298
18.1 5.91 14.3 0.316

323 72.5 8.49 1.58 7.05 9.08 0.199
36.3 7.18 11.0 0.242
29.0 6.52 12.9 0.283
18.1 6.37 13.7 0.292

Figure 9. Plots of intraparticle effective diffusivities
based on Eq. 28.

Figure 10. Experimental and theoretical uptake curves
for the adsorption of PED by CMCD-LDHs
for (a) C0 ¼ 72.5 mol/m3 and (b) C0 ¼ 18.1
mol/m3, respectively.
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crystallites diffusion control were obtained by setting 1/a ¼
0 (see Eq. 5) and using the experimental values of Dc in
Table 5. However, pore diffusion is the rate-controlling step,
when b ¼ 0 (Dc ¼ 0), and thus the theoretical lines for the
pore diffusion control were determined based on Eq. 3 and
using the experimental values of Dp in Table 5.

In Figure 10, the adsorption data are very close to the the-
oretical lines of the pore diffusion control model (chain line)
and significantly deviated from the crystallites diffusion
control model (broken line). This indicates that only the con-
tribution of pore diffusion is significant in this system. As
mentioned earlier in the theoretical section, there are two
limiting cases to be considered: b ? 0 (pore diffusion con-
trol) and b ? ? (crystallites diffusion control). When b <
0.4 (Table 5), it can be assumed that pore diffusion is the
rate-controlling step. The results are consistent with the work
conducted by Yoshida et al.21 in the study of Phosphates
adsorbed by an OH-type strongly basic ion exchanger, DIA-
ION SA10A.

Conclusions

The CMCD-LDHs has been demonstrated to represent
enantioselective adsorption for (R,S)-1-phenyl-1, 2-ethane-
diol, which suggests that this CMCD functionalized inorganic
layered material may have prospective application as the ba-
sis of a novel chiral separation system. The adsorption iso-
therms of enantioselective as well as nonenantioselective
adsorption of PED by CMCD-LDHs have been investigated,
and it was found that the L–F and Frendlich model could be
respectively used to describe the two different adsorptions
satisfactorily. Moreover, the parallel transport of PED by
crystallites and pore diffusion in CMCD-LDHs macroparticle
was investigated. The values of the intraparticle effective dif-
fusivity (Deff) obtained from the homogeneous Fickian model
increased with increasing bulk phase concentration for the
whole rang of PED concentration. The crystallites (Dc) and
pore (Dp) diffusivities were determined from the intercept
and slope of the plot of Deff(1þ1/a) vs. 1/a, respectively.
The parallel diffusion model is successfully validated in this
work. The theoretical lines of the parallel diffusion model
using Dc and Dp agreed well with the experimental data, and
the contribution of pore diffusion is significant in this system.
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Notation

C ¼ liquid-phase concentration of PED inside the macroparticle
(mol/m3)

Ca,0 ¼ initial aqueous-phase PED concentration (mol/m3)
Ca,t ¼ aqueous-phase PED concentration at time t (mol/m3)
Ca,e ¼ aqueous-phase PED concentration at equilibrium (mol/m3)
CCa ¼ the concentration of Ca2þ filled in the pore (mol/m3)
Ce ¼ the equilibrium concentration of PED in the pore (mol/m3)

Cf,Ca ¼ the concentrate of Ca2þ in the filtrate (mol/m3)
Deff ¼ intraparticle effective diffusivity (m2/s)
Dp ¼ pore diffusivity (m2/s)
Dc ¼ the effective diffusivity in the crystallites (m2/s)
F ¼ fractional attainment of equilibrium

KL ¼ Langmuir equilibrium constant (m3/mol)
m ¼ the mass of CMCD-LDHs (kg)
q ¼ solid-phase concentration of PED on the surface of the

crystallites micropheres (mol/m3)
qe ¼ the equilibrium concentration of PED on the adsorption sites

(mol/m3)
Qe ¼ the adsorption capacity at equilibrium (mol/kg)
Qt ¼ ((1– e)qþeC) total concentration of PED in the particle

(mol/m3) wet LDHs
Qs,e ¼ the enantioselectively sorption capacity at equilibrium

(mol/kg)
Qnon-s,e ¼ the nonenantioselectively sorption capacity at equilibrium

(mol/kg)
Qtotal,e ¼ the total sorption capacity at equilibrium (mol/kg)

Qe ¼ ((1�e)qeþeCe) total concentration of PED in the particle in
equilibrium (mol/m3) wet LDHs

r ¼ radial dimension of an adsorbent particle (m)
r0 ¼ radius of an adsorbent particle (m)
t ¼ time (s)

Vf ¼ the volume of the fitrate (m3)
W ¼ weight of the wet CMCD-LDHs particles (kg)
X ¼ (C/Ce) dimensionless constant
Y ¼ (q/qe)) dimensionless constant

Greek letters

a ¼ ð1� eÞqe=eCe

b ¼ aðDc=DpÞ
e ¼ void ration of LDHs macroparticles
ln ¼ the nonzero roots of Eq. 16
x ¼ r/r0
o ¼ final fractional uptake of solute by the LDHs macroparticles
tp ¼ Dpt=r

2
0

tc ¼ Dct=r
2
0

y ¼ the apparent density, kg of wet CMCD-LDHs (m�3)
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