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xperimental studies on the
separation of cinnamyl acetate and
cinnamaldehyde by adsorption onto
a b-cyclodextrin polyurethane polymer†

Qinghua Liang,a Kungang Chai,*ab Ke Lu,a Zhijun Xu,b Guoyu Li,a Zhangfa Tong a

and Hongbing Ji *ac

In order to isolate cinnamyl acetate (CAc) and cinnamaldehyde (CA), which coexist in cinnamon oil,

a crosslinked polymer of b-cyclodextrin polyurethane (CDPU) was synthesized via a facile route and

investigated as a selective adsorbent. The successful crosslinking was confirmed by FTIR, TG-DSC, XRD,

SEM and N2 adsorption–desorption analysis. The adsorption mechanism was investigated through

a series of instrumental analyses and theoretical calculations, indicating that the combination of non-

covalent interactions (e.g., hydrogen bonding, hydrophobic interactions) accounts for the superior

affinity of CAc to CDPU, compared with CA. The adsorption behaviors of CAc and CA on CDPU were

performed in the static adsorption mode, in which CDPU exhibited a selective adsorption property to

CAc. The adsorption kinetics and isotherms in a single component system agreed well with the pseudo-

second-order kinetic model and Freundlich isotherm model, respectively. It is noteworthy that the

equilibrium adsorption amount was enhanced in the presence of the co-solute, presumably resulting

from the cooperative effect arising from Lewis acid–base and p–p stacking interactions between the

adsorbed CAc and CA molecules. Due to the stronger adsorption affinity of CAc to CDPU, adsorption

enhancement of CAc in the presence of CA is greater than that of CA in the presence of CAc, resulting

in higher CAc/CA selectivity with increasing concentrations of the equimolar mixture of CAc and CA.

Additionally, CDPU could be easily regenerated and maintained high adsorption capacities and

separation efficiency even after six adsorption/desorption cycles.
1 Introduction

Cinnamon, mainly derived from the cinnamon tree, is commonly
exploited as a natural essential oil in spices, food and medicine,
cosmetic products and agricultural chemicals.1–3 China is
currently the largest exporter of cinnamon oil, and the abundant
resources of cinnamon trees are mainly distributed in Southern
China, especially the Guangxi Province, which accounts for over
half of China's cinnamon oil exports.4 Natural cinnamon oil
contains a variety of chemical components, mainly including
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cinnamaldehyde (CA, 70–88%), o-methoxycinnamaldehyde (4–
12%), cinnamyl acetate (CAc, 0.5–10%), and benzaldehyde (0.5–
1%), and so forth.5 Each of the major components in cinnamon
oil can be widely utilized in many aspects of our society.6 For
example, the main component CA is widely used in medicine,
spices and chemical industry due to the characteristics of sterili-
zation, preservation and lasting aroma.7–9 Besides, another
component CAc is usually applied in the perfume, cosmetics and
food industry as an important fragrance and avor ingredient.10,11

Therefore, it is important to obtain puried components (such as
CA and CAc) from cinnamon oil. Compared to other components,
it is relatively difficult to separate CA and CAc from cinnamon oil
in view of their similar boiling points (248 and 265 �C for CA and
CAc). In the current industry, energy-intensive, costly distillation
methods (e.g., vacuum distillation, thin-lm evaporation coupling
distillation technology) have been employed for isolating CAc
from CA.12 Taking into account the thermal sensitivity of the
substratemolecules, these approachesmay destroy their chemical
structures, especially the unsaturated aldehyde groups of CA.
Thus, it is essential to explore facile industrially applicable alter-
natives to isolate CA and CAc from cinnamon oil.
This journal is © The Royal Society of Chemistry 2017
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Adsorption is considered as a facile and efficient approach
for separation applications, due to mild conditions, easy
product recovery and adsorbents regeneration.13,14 The design
and construction of highly selective and inexpensive adsorbents
plays a central role in adsorptive separation.15,16 b-Cyclodextrin
(b-CD) polymers, prepared by crosslinking b-CD or its deriva-
tives with functional groups have been studied widely as
adsorbents for chromatographic separation and water treat-
ment applications.17–20 The most notable feature of b-CD poly-
mers is the ability to selectively encapsulate a wide range of
molecules due to the preservation of the hydrophobic hollow
cavity that belongs to the b-CD molecule in their skeletons.21,22

Among the various investigated b-CD polymers, b-CD poly-
urethane (CDPU) polymers which formed by direct polymeri-
zation of b-CD's hydroxyl groups with diisocyanates, not only
retain the native b-CD moiety with dramatic host-guest recog-
nition, but also contain the carbamate crosslinking unit
ensuring high mechanical strength and hydrophobicity.23–26

Moreover, due to their relatively simple manufacturing process
and cost-effectiveness, CDPU polymers have been widely
applied in liquid-phase adsorption systems, especially used as
imprinting matrixes for selective adsorption.27–29

In this study, a CDPU polymer was easily prepared by
crosslinking b-CD and toluene 2,4-diisocyanate, then used as
adsorbent to separate CAc and CA. To our knowledge, no
attempt has been made to separate CAc and CA by adsorption
technique. The physical and chemical properties of the as-
prepared CDPU polymer were examined by several character-
istic methods. Prior to adsorption experiments, the nature of
the selective adsorption behavior was investigated based on the
results of instrumental analyses and theoretical calculations.
The single-component adsorption kinetics, adsorption equi-
libria in single- and binary-component systems, and regenera-
tion tests were systematically investigated. This work provides
a novel, convenient and efficient method for separating CAc and
CA.
2 Experimental
2.1 Material

b-CD (>99%) was purchased from Shanghai Boao Biotechnology
Co., Ltd., China. Toluene 2,4-diisocyanate (TDI) was provided by
Chengdu Huaxia Chemical Reagent Co. Ltd., China. Cinna-
maldehyde ($99%) and cinnamyl acetate ($97%) were ob-
tained from J&K Chemical Co. Ltd., (Beijing, PR China). N,N-
Dimethyl formamide (DMF, $99.5%, Tianjin Guangfu Tech-
nology Development Co. Ltd) was dried with anhydrous
magnesium sulfate before use. Dimethyl sulfoxide (DMSO, AR)
was from Tianjin Fuyu Fine Chemical Co. Ltd., China. All water
used was deionized.
2.2 Synthesis of b-CD polyurethane (CDPU) polymer

b-CD (4.0 g, ca. 3.5 mmol) was dissolved in 10 mL of dry DMF at
60 �C, and TDI (3.1 g, ca. 17.5 mmol) was added dropwise within
20 min under stirring (250 rpm). The resulting solution was
kept under constant stirring at 60 �C for an additional 4 h. Aer
This journal is © The Royal Society of Chemistry 2017
accomplishing polymerization, the solid product was poured
into acetone, and the resultant precipitate was ltered off and
sufficiently washed with water, acetone. Then the product was
dried at 60 �C for 24 h in vacuum and ground to ne powder. In
control experiments, CDPU samples were prepared under the
same conditions using different TDI dosages of 0.62 g
(3.5 mmol), 1.86 (10.5 mmol) and 4.34 g (24.5 mmol), respec-
tively. Thus, CDPU polymers with various TDI/b-CD molar ratio
from 1/1 to 7/1 were fabricated.

2.3 Characterization

FTIR spectra were recorded on a Bruker TENSOR II FTIR spec-
trophotometer using samples diluted in KBr pressed pellets
over the frequency range of 4000–400 cm�1. Power X-ray
diffraction (XRD) patterns were collected on a X'Pert PRO
diffractometer (PANalytiCA B.V., Holland), using Cu Ka radia-
tion (l ¼ 1.54060 Å) at 40 kV, 30 mA. The specic surface area
and the pore distribution were measured at �196 �C using an
ASAP 2020 sorptometer (Micromeritics, USA). Scanning electron
microscopic (SEM) imaging was conducted using a Hitachi
scanning electron microscope at 10 kV (Hitachi S-3400, Japan).
TG-DSC curves were performed on a NETZSCH instrument
(NETZSCH STA 449F5, Germany). The samples were heated up
to 850 �C under nitrogen ow, at a heating rate of 10 �C min�1.
Solid-state 13C CP/MAS NMR spectra were recorded on a Varian
Inova-500 NB spectrometer at 125.72 MHz, with a contact time
of 2 ms, a spinning rate of 7 kHz, and a recycling time of 12 s at
ambient temperature. X-ray photoelectron spectroscopy (XPS)
analysis was carried out on a Vacuum Generator ESCAAB
250 spectrometer with Al mono Ka X-ray source to investigate
the C, N, and O atoms present on surface of CDPU, with
a reduced power of 150 W and the pressure in the analysis
chamber at less than 10�8 Torr.

2.4 Quantication in solution

The concentrations of CAc and CA in aqueous solution were
quantied using liquid-phase extraction followed by gas chro-
matography (GC). Typically, a xed volume of aqueous solution
was withdrawn and extracted with the same volume of ethyl
acetate containing the internal standard naphthalene. The
concentrations of CAc and CA in extractant were analyzed by GC
(Shimadzu GC smart 2018) equipped with ame ionization
detector using a Wonda Cap 1 column (30 m � 0.25 mm �
0.25 mm). The chromatographic conditions were as follows:
nitrogen was used as carrier gas; detector temperature and
injector temperature, 260 �C; column temperature, 170 �C.
Under these conditions, the retention times were 4.01 min for
naphthalene, 4.34 min for CA, and 6.00 min for CAc, respec-
tively. All measurements were performed in triplicate and the
means were used.

2.5 Adsorption experiments

The single-component solution of CAc or CA was prepared by
dissolving certain amount of CAc or CA into 40% DMSO
aqueous solution (v/v). For preparing equimolar binary-
component solution of CAc and CA, different amounts of the
RSC Adv., 2017, 7, 43502–43511 | 43503
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equimolar mixture of CAc and CA were dissolved into the same
solvent. All the batch adsorption experiments were performed
in a water bath with shaker at 150 rpm. Each experiment was
conducted in triplicate and the mean values and standard
deviations are reported.

2.5.1 Single-component adsorption kinetic experiments.
The adsorption kinetic experiments were performed as follows:
2 g of CDPU with 200 mL of CAc or CA solution (25 mmol L�1)
were placed in a 500 mL conical ask, then shaken at 25 �C. At
various time intervals, aliquots (1 mL) were withdrawn from the
ask and immediately centrifuged at 4000 rpm for 5 min. The
content of CAc or CA in the supernatant was examined
as described above. The adsorbed amounts of CAc or CA
(qt, mmol g�1) at different time were calculated by the following
equation:

qt ¼ (C0 � Ct)V/m (1)

where C0, Ct, V, and m are the initial concentration of guest
(mmol L�1), the concentration of guest (mmol L�1) at time t, the
initial volume of solution (L), and the weight of adsorbent (g),
respectively.

2.5.2 Single-component adsorption isotherm experiments.
For single-component adsorption isotherm experiments, the
initial concentration of CAc or CA in the single-solute solution
varied from 15 to 35 mmol L�1. 0.2 g of CDPU was added into
10 mL of the single-component solution and shaken for 4 h at
25, 35 and 45 �C, respectively. Aer attaining equilibrium, the
equilibrium concentration of CA or CAc in the supernatant was
analyzed. The equilibrium adsorption capacity qe (mmol g�1)
was calculated according to eqn (2).

qe ¼ (C0 � Ce)V/m (2)

where C0 and Ce are the initial and equilibrium concentrations
of guests (mmol L�1), V is the volume of solution (L), and m is
the weight of adsorbent (g).

2.5.3 Binary-component adsorption isotherm experiments.
In the binary-component equilibrium adsorption experiments,
CDPU (0.2 g) was added into 10 mL of equimolar CAc–CA
solutions with varying concentrations in the range of
30–70 mmol L�1, being shaken at 25 �C for 4 h. The suspension
solutions were then ltered and analyzed. The equilibrium
adsorption capacity qe (mmol g�1) was calculated by eqn (2),
and selectivity (a, dimensionless) was calculated on the basis of
eqn (3):30

a ¼ (qe,CAc � Ce,CA)/(qe,CA � Ce,CAc) (3)

where qe,CAc and qe,CA are the equilibrium sorption capacities of
CAc and CA (mmol g�1), Ce,CAc and Ce,CA are the equilibrium
concentrations of CAc and CA (mmol L�1).

2.5.4 Desorption and recycling experiments. In the
adsorption process, 0.2 g of CDPU was added in 10 mL of
equimolar CAc–CA solution (70 mmol L�1), being shaken at
25 �C and 150 rpm for 4 h. Aer adsorption, the sorbent was
separated from supernatant by ltration. To strip the solutes
from CDPU, the spent sorbent was immersed in 20 mL of ethyl
43504 | RSC Adv., 2017, 7, 43502–43511
acetate, and the suspension was vigorously shaken at 25 �C for
3 h. Then the regenerated CDPU was retrieved by ltration,
followed by drying at 60 �C for 24 h in vacuum. To evaluate the
reversibility of CDPU, six consecutive cycles of adsorption
experiments were experimentally demonstrated.

2.5.5 Adsorption experiments using different adsorbents.
For comparison, four adsorbents including the commercial
bentonite and activated carbon (AC), b-CD crosslinked hexam-
ethylene diisocyanate polymer (CHP) and b-CD crosslinked
epichlorohydrin polymer (CEP) were used. And the specic
information for these adsorbents were listed in the ESI.† The
adsorption experiments were performed with 10mL of equimolar
CAc–CA solutions (70 mmol L�1) in 50 mL asks. Exactly 0.2 g of
different adsorbents was added to each ask, and the solution
was shaken at 25 �C for 4 h. Then the suspension solutions were
treated as the procedure as described in Section 2.5.3.

2.6 Computational methods

Before adsorption experiments, we carried out density func-
tional theory (DFT) calculations to investigate the theoretical
feasibility of using CDPU as adsorbent to separate CAc and CA.
Theoretical calculations were carried out with the program
package DMol3 in Materials Studio (version 8.0 from Accelrys
Soware Inc., United States). The calculation was performed
assuming that one b-CD molecular connected with two cross-
link units to simulate the basic unit of CDPU structure. The
geometry optimization of Dmol3 calculations were constructed
based on local density approximation (LDA) in the Perden-
Wang (PWC), and all-electron Kohn-Sham wave functions
were expanded in a double numerical basis set including the
polarization function (DND).9 All simulations were performed
with a max step size of 0.3 Å, the max interaction was 1000
times, the SCF tolerance was 0.00001 and the max SCF cycles
was 50. Besides, the orbital cutoff is 3.3 Å, and the other
parameters were set to default for geometry optimization.
Before the DFT calculation, the structures of CA molecule, CAc
molecule and CDPU unit were fully optimized, and the
optimum geometries are shown in Fig. S1.† In the DFT calcu-
lation, the adsorption behaviors in the horizontal binding of the
guests onto crosslink unit and encapsulation of guests into
b-CD cavity were investigated, respectively. In terms of inclusion
into b-CD cavity, the oxygen-containing functional groups of
guests entering from b-CD's narrow side (the primary hydroxyl
groups side) was named ‘head up’ and entering from its wide
side (the secondary hydroxyl groups side) was named ‘head
down’. To compare the stabilities of the studied complex
structures, the binding energy, Eb, of the minimum energy
structures were calculated using the following formula:

Eb ¼ Ecom � (ECDPU + Eads) (4)

where ECDPU, Eads and Ecom in kJ mol�1 stand for the energies of
CDPU unit, guest and complexes, respectively.

To verify the reliability of the calculating results by MS, the
binding congurations above were optimized with PM3 fol-
lowed by ONIOM2 calculation in Gaussian 09 computer
program. The substrate molecules were fully optimized using
This journal is © The Royal Society of Chemistry 2017
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a DFT methodology employing the B3LYP function with 6-
31G(d) basis set, and the optimization of the CDPU unit was
performed with a semiempirical method PM3. In order to keep
consistent with Dmol3 in Materials Studio, the simulations
were performed with a max step size of 0.3 Å, the max interac-
tion was 1000 times, and the other parameters were default
values. Finally, the calculated results were substituted into eqn
(4) to obtain the binding energy.

3 Results and discussion
3.1 Characterization of pristine CDPU

The structural characterization of the as-prepared polymer was
performed using various techniques by comparison with b-CD
as a reference. The FTIR spectrum of b-CD displays the bands at
3372, 2926, and 1031 cm�1 for the O–H, C–H and C–O stretch-
ing modes as well as the O–H bending vibration at 1644 cm�1

(Fig. 1a). For CDPU, the characteristic peaks of b-CD are
retained in its spectrum, and there are some new peaks at 3295,
1650, 1603, 1240 and 1544 cm�1, which are related to the
stretching vibrations of N–H, C]O, phenyl rings and C–O–C,
bending vibrations of amide groups, respectively.31 TG-DSC
curves (Fig. 1b) of b-CD and CDPU show a slight weight loss
in the temperature range of 25–150 �C which corresponds to the
evaporation of adsorbed water, followed by a plateau region
until 290 �C, where a large weight loss starts, indicating
decomposition of the materials. During the second weight loss
stage, an endothermic peak in DSC curve is also observed at
297.4 �C for b-CD and 318.7 �C for CDPU, respectively.
Compared to b-CD, CDPU exhibits higher decomposition
Fig. 1 FTIR spectra (a), TG-DSC curves (b) and XRD patterns (c) of b-
CD and CDPU, (d) nitrogen adsorption–desorption isotherms of
CDPU, SEM of (e) b-CD, (f) CDPU.

This journal is © The Royal Society of Chemistry 2017
temperature, whichmay be related to the more thermo-stable of
its network structure. The wide-angle XRD pattern of b-CD
(Fig. 1c) presents many sharp diffraction peaks from 10.0� to
28.0� (The main 2q values are, 10.6�, 12.4�, 15.4�, 17.1�, 18.9�,
19.5�, 22.7� etc.).23 Compared with b-CD, only two amorphous
peaks with the equivalent Bragg angles at 2q ¼ 12.4�, 18.9� were
recorded in the XRD pattern of CDPU, indicating the reduction
in crystallinity aer crosslinking reaction. The lack of crystalline
structure in CDPU may be attributed to the loss of regularity
throughout the polymeric chains due to the introduction of
bulky TDI molecules.32 The porosity of CDPU was conrmed by
reversible gas sorption experiments. A nitrogen adsorption–
desorption isotherm at �196 �C (Fig. 1d) exhibits slow increase
at low N2 pressures, a typical type III behavior of mesoporous,
followed by quick saturation at high pressures. The BET surface
area and pore volume of CDPU calculated from the isotherm
were 10.19 m2 g�1 and 0.0574 cm3 g�1, which are larger than
that of the original b-CD (data were collected in Table S1†). The
pore size distribution (Fig. 1d insert) obtained by BJH method
showed a wide range of pore distribution from 3 to 30 nm. The
SEM was used to observe microscopic morphological structures
of b-CD and CDPU (Fig. 1e and f). Compared with the surface
features of b-CD, the granules of CDPU exhibit a spongy and
rough surface. On the basis of the above-mentioned results, it is
obvious that the polymerization between b-CD and TDI has
occurred and the CDPU polymer was successfully prepared.

3.2 Characterization of CDPU aer adsorption

3.2.1 13C CP/MAS NMR analysis. In this work, the analysis
of the interaction between CDPU and CAc or CA is crucial. The
13C CP/MAS NMR spectroscopy was applied to conrm the
successful adsorption of CAc and CA onto CDPU. In Fig. 2a, the
Fig. 2 13C CP/MAS NMR spectra of CDPU before (a), and after
adsorption of CA (b) or CAc (c).

RSC Adv., 2017, 7, 43502–43511 | 43505
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Fig. 4 FTIR spectra: (a) CDPU, (b) CA adsorbed onto CDPU, (c) CAc
adsorbed onto CDPU.
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spectrum of CDPU exhibits the resonance signals for all carbon
atoms present in the structure of b-CD, at d ¼ 54, 66, 76 and
96 ppm, which is similar to the previous report.33 Meanwhile,
the spectrum also exhibits resonances associated with aromatic
carbamate unit in CDPU at 11, 20, 30, 115, 124, 130 and
150 ppm. Aer CA or CAc being adsorbed onto CDPU (Fig. 2b
and c), the intensities of phenyl resonances at 124, 130 and
150 ppm are signicantly enhanced. In addition, aer adsorp-
tion of CAc on CDPU, some new signals corresponding to C11,
C9, C8 of CAc appeared at 14, 59 and 117 ppm, respectively.
According to all the abovementioned, we can conrm that guest
molecules have been adsorbed onto CDPU.

3.2.2 XPS analysis. The interaction between substrate
molecules and CDPU was further veried by XPS. The high-
resolution C1s and O1s spectra of CDPU before and aer
adsorption of CAc or CA are presented in Fig. 3, and the cor-
responding XPS spectra of survey scan and N1s spectra are
provided in the ESI (Fig. S2†), besides, the relative contents of
deconvoluted components are listed in Table S2.† The C1s
spectrum of CDPU can be deconvoluted into four peaks at 284.8,
285.6, 286.5 and 288.6 eV, arising from C1 (C*–C/C*–H), C2 (C*–
NH–C]O), C3 (C*–OH/C*–O–C), and C4 (N–C*(O)]O),
respectively.34 Aer adsorption of CAc or CA, we can clearly
observe a notable increase of the relative content of C1 and
a signicant decrease of the relative content of C2. For the O1s
spectrum of CDPU, there exist two peaks at 531.1 eV and
533.3 eV, which are denoted as O1 (C–NH–C]O*) and O2 (C–
O*H/C–O*–C), respectively. Aer adsorption of CAc, the relative
content of O1 increased apparently due to the abundance of
ester group in the adsorbed molecules of CAc. On the other
hand, in the O1s spectrum of CDPU/CA, a new peak appeared at
532.3 eV (denoted as O3) due to the introduction of aldehyde
Fig. 3 XPS C1s (a) and O1s (b) of CDPU before and after adsorption of
CA or CAc.

43506 | RSC Adv., 2017, 7, 43502–43511
group in CA. In contrast to the C1s and O1s spectra, in the N1s
spectrum of CDPU (Fig. S2†), the single deconvoluted peak (C–
N*H–C]O) at ca. 400.12 eV remains essentially unchanged
during and aer adsorption, attributed to the absence of
nitrogen contained group in the substrate molecules. In addi-
tion, the binding energies of all peaks in the spectrum of CDPU
remain virtually unchanged aer adsorption, indicating that
main forces for adsorption are non-covalent interactions.

3.2.3 FTIR analysis. To further identify possible interac-
tions occurring between CDPU and guest molecules, the FTIR
spectra of CDPU before and aer adsorption were recorded
(Fig. 4). In the spectrum of CDPU/CAc, there existed a new peak
at 1740 cm�1 as a shoulder of C]O stretching vibration at ca.
1650 cm�1, corresponding to the stretching vibration of ester
groups in CAc molecules. Moreover, aer adsorption of CAc or
CA, the stretching vibrations of N–H (3295 cm�1) and C]O
(1650 cm�1) both slightly shi to lower frequency. Such red-
shi in the characteristic bands of polar functional groups is
a usual indication for the existence of intermolecular hydrogen
bond in the solid state.35 Thus, we can infer that intermolecular
hydrogen bonds have been formed during the adsorption
process. Furthermore, larger red-shi of n(N–H) and n(C]O)
can be observed in the spectrum of CDPU/CAc than that of
CDPU/CA, indicating that the former forms stronger intermo-
lecular hydrogen bonding interaction than the latter.
3.3 Analysis of theoretical calculations

To investigate the nature of the interaction between CAc or CA
and the adsorption sites of CDPU, we turned to quantum
chemical calculation. The optimized adsorption congurations
between guest molecules and adsorption sites as well as the
calculated binding energies are summarized in Fig. 5. The
results show that the binding energies of CAc onto adsorption
sites are always higher than that of CA, which accounts quali-
tatively for the superior affinity of CAc to CDPU over CA. Addi-
tionally, compared to the adsorption of guests onto the
crosslink unit, the encapsulation of guests into the b-CD cavi-
ties exhibits a higher binding energy, indicating that the guest
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Optimized geometries and binding energy, numbers of inter-
molecular hydrogen bonds between CDPU and guests obtained by
Dmol3.
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molecules are more likely to be included in the b-CD cavities. As
for the complexation of b-CD and guests, the binding energy in
the head up mode is higher than that of head down mode,
which may be assigned to the fact that more hydrogen bonds
could be formed between the oxygen-containing functional
groups of the guest molecules and the secondary hydroxyl
groups on the wide side of b-CD cavities.

The calculated binding energies (Eb) by Gaussian calcula-
tions are shown in Fig. S3.† The results show that the binding
energies of CAc onto adsorption sites are always higher than
that of CA, which is consistent with the results of Dmol3 and
accounts qualitatively for the superior affinity of CAc to CDPU
over CA. The binding energies by Gaussian calculations are
remarkably higher than the results obtained from the LDA/
PWC/DND calculations. This may be attributed to the hybrid
DFT methods, such as B3LYP, is more complex and ne
compared to the pure DFT, such as LDA. Thus, the congura-
tion obtained by hybrid DFT methods is more stable than of
pure DFT. In addition, by comparing the binding energies by
Gaussian calculations and MS calculated, the difference is in
the most likely adsorption sites, for Gaussian is head down, but
for MS is head up. Therefore, based on the results of theoretical
calculation, we canmake a conclusion that CDPU has a stronger
affinity for CAc than CA.

Upon comparing the binding energies based on Dmol3
between CDPU units and guest molecules, the intermolecular
hydrogen bonding interactions, existing in the optimized
adsorption congurations, were also analyzed. The detailed
results in terms of the detailed types, numbers, lengths and
angles of hydrogen bond are listed in Table S3,† and the
number of hydrogen bonds (NH) between the guests and the
adsorption sites in the optimized adsorption geometries are
listed in Fig. 5. It is clear that hydrogen bonds between CAc and
adsorption sites of CDPU are more abundant than CA-CDPU
adsorption system, which shows that hydrogen bonding inter-
action plays an important role in the selective adsorption of CAc
over CA.
This journal is © The Royal Society of Chemistry 2017
3.4 Adsorption properties of CAc and CA onto CDPU

The adsorption performance of CDPU toward CAc and CA has
been investigated, including sorption kinetics, isotherms,
thermodynamics, selective sorption in binary-component
systems, and regeneration of CDPU.

Firstly, due to the low solubility of CAc and CA in aqueous
solution, it is desirable to introduce organic solvent to enhance
their solubility. In this study, we therefore chose a range of
organic solvents that are low-toxic, miscible with water, inex-
pensive and commercially available. In addition, the degree of
crosslinking of polymer can affect the adsorption performance
of CDPU substantially. Before the single-component adsorption
experiments, we investigated the effects of the co-solvent
composition and the degree of crosslinking on the perfor-
mance of CDPU in the adsorptive separation of CAc and CA. The
detailed conditions and results are collected in the ESI.†

Fig. S3† shows not only the strong preference of CDPU for
CAc over CA, but shows also an increase of the maximum
uptake levels as the co-solvent becomes less hydrophobic in
nature. A high affinity is desirable in purication applications to
efficiently adsorb guests.36 Compared to other co-solvents,
CDPU shows the best adsorptive separation performance on
CAc and CA in the 40%DMSO aqueous solution (v/v). Therefore,
we chose this mixed solvent system as an excellent medium in
the following adsorption experiments. As for the effect of degree
of crosslinking, the equilibrium adsorption of CAc and CA onto
CDPU with different degrees of crosslinking (in terms of
different molar ratios of TDI to b-CD) is shown in Fig. S5.† The
adsorption amounts and selectivity of CAc over CA onto CDPU
increase gradually with increasing molar ratio of TDI/b-CD from
1/1 to 5/1. The enhanced adsorption of guests onto CDPU is
probably because of the introduction of more binding site into
the network structure of CDPU with the higher molar ratio of
TDI/b-CD. However, the further increasing of TDI/b-CD molar
ratio from 5/1 to 7/1 results virtually no change of the adsorp-
tion amounts of guests. Moreover, the highmolar ratio of TDI/b-
CD at 7/1 contributes to high rigidity of the polymer, so the
polymer is difficult to be ground into beads. Thus, the optimum
molar ratio of TDI/b-CD can be xed at 5/1 for the fabrication of
CDPU in further adsorption experiments. On the other hand, to
facilitate regeneration, a solvent should be used that lowers the
affinity, with pure ethyl acetate being a proper candidate.

3.4.1 Single-component adsorption kinetics. To investigate
the adsorption processes of CAc and CA onto CDPU, kinetics of
adsorption was conducted at 25 �C. The changes in the amount
of the guest sorption as a function of time are shown in Fig. 6a.
The guests exhibit rapid uptake within the rst 50 min due to
the existence of many available adsorption sites on CDPU
surface. With the reduction of available adsorption sites on the
surface, CAc or CA molecules have to pass through the surface
and get into the narrow channels of CDPU, where they
encounter much greater resistance, thus leading to a slow
adsorption progress. The adsorption reaches saturation within
about 3 h. In addition, the adsorption amount of CAc is always
much higher than that of CA during the adsorption process.
RSC Adv., 2017, 7, 43502–43511 | 43507

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07813g


Fig. 6 The adsorptive kinetic curves in single-component system (a)
and fitted by the pseudo-second-order model (b).

Fig. 7 Adsorption isotherms in single-component systems at 25, 35
and 45 �C (solid symbols: CAc, open symbols: CA).
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This agrees well with the theoretical observation that the
adsorption sites of CDPU interact with CAc stronger than CA.

Three kinetic models, that are, the pseudo-rst-order,
pseudo-second-order and intra-particle diffusion models as
shown in eqn (5)–(7),37 were employed to explore the adsorption
kinetic behavior.

qt ¼ qe(1 � e�k1t) (5)

qt ¼ k2qe
2t/(1 + k2qet) (6)

qt ¼ kpt
1/2 + C (7)

where qt and qe (mmol g�1) are the amount of CAc or CA
adsorbed at time t and equilibrium time; k1 (min�1), k2 (g
mmol�1 min�1) and kp (g mmol�1 min�1/2) are rate constants of
the pseudo-rst-order, the pseudo-second-order and the intra-
particle diffusion models, respectively; C (mmol g�1) is the
affinity coefficient related to the boundary layer thickness.

The adsorption kinetic parameters, calculated from the three
kinetic models above, are given in Table 1. For both CAc and CA,
the values of the regression coefficients obtained from the
pseudo-second-order model (>0.99) are greater than that of the
pseudo-rst-order model, indicating that the adsorption kinetics
can be more accurately represented by the pseudo-second-order
model (Fig. 6b). In addition, for the intra-particle diffusion
model, the regression coefficient R2 is larger than 0.95 during the
initial stage of the adsorption, revealing that the intra-particle
diffusion process is the rate-limiting step of the adsorption in
our study.

3.4.2 Single-component adsorption isotherms. The
adsorption isotherms of CAc and CA onto CDPU in single-
component systems at 25, 35 and 45 �C are plotted in Fig. 7.
The equilibrium sorption amounts of CAc and CA increase with
the initial concentrations of CAc and CA increasing, thus sug-
gesting that a high initial concentration provides a signicant
Table 1 Kinetic parameters for the adsorption of CAc and CA on CDPU

Guest qe (exp) (mmol g�1)

Pseudo-rst-order model Pseu

k1 (min�1) qe (mmol g�1) R1
2 k2 (g

CAc 0.69 1.07 0.64 0.55 0.40
CA 0.46 0.18 0.43 0.93 0.38

43508 | RSC Adv., 2017, 7, 43502–43511
driving force during adsorption between the aqueous and solid
phases. Meanwhile, the increase of the adsorption amount was
observed with decreasing adsorption temperature. At 25 �C, the
equilibrium amount of CAc (0.99 mmol g�1) is larger apparently
than that of CA (0.43 mmol g�1). This is probably because of the
stronger interaction of CAcmolecules with the adsorption sites of
CDPU by hydrogen-bonding, hydrophobic and p–p interactions.
The sorption proles of CAc and CA onto CDPU could be
adequately reproduced by the Freundlich isotherm model
(eqn (8)):38

qe ¼ KFC
1/n
e (8)

where qe and Ce are equilibrium adsorption capacity (mmol g�1)
and the equilibrium concentration of CAc or CA (mmol L�1),
KF (mmol g�1 (mmol L�1)�1/n) and n are isotherm constants,
obtained from the slopes and intercepts.

The parameters calculated from Freundlich isotherm at
different temperature are listed in Table 2. The experimental
data were well tted by the Freundlich isotherm, indicating the
adsorption of CAc and CA onto CDPU is a multilayer adsorption
behavior.

3.4.3 Adsorption thermodynamics. The dependence of
adsorption isotherms on temperature can be used to predict
thermodynamics parameters, including Gibbs free energy change
DG0 (kJ mol�1), enthalpy change DH0 (kJ mol�1) and entropy
change DS0 (J mol�1 K�1), which were calculated according to eqn
(9) and (10).39

DG0 ¼ �RT ln K (9)

DG0 ¼ DH0 � TDS0 (10)
at 25 �C

do-second-order model
Intra-particle diffusion
model

mmol�1 min�1) qe (mmol g�1) R2
2 kp (g mg�1 min�1/2) RP

2

0.69 0.99 0.04 0.98
0.46 0.99 0.08 0.97

This journal is © The Royal Society of Chemistry 2017
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Table 2 Freundlich model parameters for single-component adsorption of CAc and CA on CDPU

Parameters

CAc CA

25 �C 35 �C 45 �C 25 �C 35 �C 45 �C

R2 0.99 0.99 0.99 0.95 0.99 0.99
KF 17.5 � 10�3 11.5 � 10�3 4.5 � 10�3 0.65 � 10�3 1.3 � 10�3 4.2 � 10�3

n 1.03 0.96 0.77 0.38 0.46 0.61

Table 3 Thermodynamic parameters for adsorption of CAc and CA on CDPU

Guests

K DG0 (kJ mol�1)

DH0 (kJ mol�1) DS0 (J mol�1 K�1)25 �C 35 �C 45 �C 25 �C 35 �C 45 �C

CA 17.57 13.50 7.86 �7.10 �6.67 �5.49 �31.23 �87.00
CAc 19.20 16.06 12.18 �7.32 �7.11 �6.61 �17.95 �35.50
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where T is the absolute sorption temperature (K), R is gas
constant (J mol�1 K�1), and K is the equilibrium constant
(m3 mol�1). The value of ln K at a certain temperature was
determined by plotting ln(qe/Ce) versus qe and extrapolating qe to
zero.

The obtained thermodynamic parameters are listed in Table
3. The negative values of DG0 and negative values of DH0

conrm the thermodynamically feasible and exothermic nature
of the adsorption of CAc and CA onto CDPU, and the more
negative values of DG0 for CAc adsorbed onto CDPU than did CA
indicates that CAc is more favorably adsorbed onto CDPU than
CA. In addition, the negative values of DS0 show the decrease in
randomness at the solid–solution interface during sorption.
Normally, DH0 between �40 and �120 kJ mol�1 are attributed
to chemisorption, otherwise it indicates physisorption.34

Therefore, according to the DH0 values (CA: �31.23 kJ mol�1,
Fig. 8 Equimolar binary-component adsorption: (a) at different
C0,mixture by CDPU, (b) regeneration cycles of CDPU, and (c)
comparison of adsorption performances between CDPU and other
adsorbents.

This journal is © The Royal Society of Chemistry 2017
CAc: �17.95 kJ mol�1), it can be conrmed that uptake of CAc
and CA onto CDPU is a physisorption process, contributed by
the combination of hydrogen bonding, hydrophobic and p–p

interactions, etc.
3.4.4 Binary-component equilibrium adsorption. To

conrm the selective adsorption of CAc over CA under mixture
conditions, we performed two-component adsorption experi-
ments as a representative case. The adsorptive results of the
equimolar mixture of CAc and CA in Fig. 8a show that the
adsorption amounts of CAc and CA both increase with
increasing the initial concentrations of guests. The maximum
experimental uptakes of CAc and CA were 1.18 and
0.57 mmol g�1 at the highest initial concentration tested, which
are obviously higher than that in single-component isotherm,
indicating that the cooperative effect occurs in the adsorption of
CA/CAcmixtures onto CDPU. To interpret this nding we assume
that the lateral Lewis acid–base interaction is formed between
guest molecules as the lone-pair electrons on oxygen atom in
guest molecules (acting as electron donor) and the respective
emptymolecular orbital of carbon atom in carbonyl group (acting
as electron acceptor) can attract with each other through
formation of an electron donor–acceptor complex.40 In addition,
there is aromatic p–p stacking interaction between the
p-electron-decient phenyl ring group in CA and the p-electron-
rich phenyl ring units in CAc, similar to the observation reported
by J. Callison.41 Interestingly, such cooperative adsorption can
also permit improved selectivity of CDPU to CAc over CA, revealed
by the increased CAc/CA selectivity with increasing the initial
concentrations of guests. The highest selectivity (ca. 4.0) was
obtained at C0 ¼ 70 mmol L�1 (i.e., initial concentration of each
component was 35 mmol L�1). As the initial concentrations of
mixture increases, the uptake of CAc is more enhanced by the
cooperative effect than that of CA. This results in a signicant
increase of the CAc/CA selectivity with increasing concentration,
a characteristic that is favorable for application of CDPU to
industrial adsorptive separation of CAc and CA.
RSC Adv., 2017, 7, 43502–43511 | 43509
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3.4.5 Recycle adsorption in binary solute mode. Further
recycle experiments were conducted aer the guest-saturated
adsorbent was regenerated simply by desorption with ethyl
acetate, a very mild protocol for generation. As shown in
Fig. 8b, aer six successive adsorption–desorption cycles, the
adsorption capacity of CDPU decrease slightly from 1.18 to
1.10 mmol g�1 for CAc and from 0.57 to 0.48 mmol g�1 for CA,
respectively. More importantly, the selectivity is almost
unchanged aer six circles. Therefore, CDPU has potential in
industrial application due to its long-term stability and
continuous high level of separation efficiency.

3.4.6 Comparison of adsorption properties with other
sorbents. The adsorption capacity of CDPU and its selectivity for
CAc over CA was compared with a number of sorbents,
including the commercial bentonite and AC, two b-CD polymers
crosslinked with aliphatic crosslinking agents (EPI and HDI). As
shown in Fig. 8c, only a small portion of guests is adsorbed onto
bentonite, and no adsorption selectivity of CAc is observed. For
comparison, AC outperforms bentonite obviously, however, its
selectivity is inferior than that of b-CD polymers. In addition, it
is veried that CDPU exhibits the highest adsorption capacity
and selectivity for CAc among the b-CD polymers, which may be
attributed to p–p interaction between the aromatic skeleton in
the structure of CDPU and the guests.
3.5 Mechanism analysis

Based on the results of characterization, theoretical calculation
and adsorption experiments, the possible adsorption mecha-
nism of CA/CAc onto CDPU is given in Scheme 1. On the one
hand, the adsorption of CA/CAc onto CDPU probably originates
from non-covalent interaction (e.g., hydrogen bonding)
according to the results of XPS and FTIR of aer adsorption. On
the other hand, the binding energies of CAc onto CDPU are
higher than that of CA onto CDPU, which may be due to the
stronger multiple noncovalent interactions between CDPU and
CAc than that between CDPU and CA. Experimentally, we have
observed clearly that CDPU displayed selective adsorption of
CAc over CA, and moreover, the results of adsorption experi-
ments showed that adsorption amount was enhanced in the
presence of the co-solute, which was attributed to the
Scheme 1 The proposed adsorption mechanism of CAc and CA onto
CDPU.

43510 | RSC Adv., 2017, 7, 43502–43511
cooperative effect arising from the lateral Lewis acid–base and
p–p interactions between CAc and CA molecules on the
adsorbent surface. Therefore, based on the analysis above,
hydrogen bonding interaction and other non-covalent interac-
tions allow a preferential adsorption of CAc over CA. In addi-
tion, cooperative effect is found in CAc or CA adsorbed onto
CDPU, due to Lewis acid–base and p–p stacking between the
guests themselves on the CDPU surface.

4 Conclusion

For adsorptive separation of CAc and CA, a polymer adsorbent
of b-cyclodextrin polyurethane (CDPU) was synthesized by
crosslinking b-CD with TDI. The results of instrumental anal-
yses and DFT calculations demonstrated that CAc showed
superior affinity to CDPU than CA, due to the stronger non-
covalent interactions between CAc and CDPU than that
between CA and CDPU. Therefore, CAc could be adsorbed onto
CDPU more effectively than CA, indicating a selective adsorp-
tion property of CDPU. In single-component adsorption
systems, the adsorption of CAc or CA onto CDPU followed the
pseudo-second-order kinetics and Freundlich adsorption
isotherm models. And the thermodynamics study indicated
spontaneous and exothermic nature of CAc or CA uptake onto
CDPU. Moreover, the uptakes of CAc and CA in binary equi-
molar components adsorption systems were apparently higher
than the corresponding ones in single-component adsorption
systems, presumably resulting from the cooperative effect
caused by Lewis acid–base and p–p stacking interactions
between the adsorbed CAc and CA molecules. Furthermore, the
greater uptake enhancement and cooperative effect of CAc in
the binary-component adsorption systems are probably due to
its stronger adsorption affinity to CDPU than CA. In binary-
component systems, the maximum uptakes were 1.18 and
0.57 mmol g�1 for CAc and CA at C0 ¼ 70 mmol L�1, giving the
highest selectivity of ca. 4.0. Based on the theoretical analyses
and adsorptive results, the mechanism for selective adsorption
onto CDPU is assumed to be the combination of multiple weak
interactions, including hydrogen bonding, hydrophobic, and
p–p interactions. The results of this study indicate that the
CDPU exhibits an excellent adsorption capacity and high
separation efficiency even aer six adsorption/desorption
cycles, making this material promising for adsorptive CAc/CA
separation processes.
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