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Abstract
In the present article, we fabricated an artificial sorbents of D-mandelic acid (D-MA) on vinyl functionalized multiwalled
carbon nanotube (MWCNT) by molecular imprinting technology. Here molecular imprinted polymers (MIPs) were tai-
lored by D-MA as a template molecule on the surface of the vinyl functionalized MWCNTwith 4-vinyl pyridine (4-VP) as
the functional monomer, ethylene glycol dimethacrylate (EGDMA) as the crosslinking agent and 2,2′-azo-bis-
isobutyronitrile (AIBN) as the initiatorvia a thermal polymerization technique. For better evaluation, blank polymer
(MWCNT-NIP) was prepared by the same procedure, only without using the template molecule in the polymerization
process. To get a better knowledge of the role of MWCNT on chiral recognition, D-MA imprinted and non-imprinted
polymers without MWCNTwere also prepared and analysed. Fourier transform infrared spectra (FT-IR), X-ray diffraction
technique (XRD), Thermogravimetric analysis (TGA), Scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM) were used to characterize the composite structure, morphology and determine the grafted MIP quan-
tities in the composite. Selective adsorption and specific chiral recognition of synthesised polymers were examined using
the theory of kinetics and thermodynamics. The resulting MWCNT-MIP demonstrated favorable selectivity, good stability
and a higher adsorption capacity for the template particle compared to products created by bulk polymerization. The
thermodynamic studies revealed that the adsorption was controlled by enthalpy and that MWCNT-MIPs had higher
enthalpy and entropy than conventional polymers which contributed to the specific recognition of MWCNT-MIPs. D-
MA adsorption on MWCNT-MIP is in good agreement with Langmuir adsorption isotherm and kinetics obey second order
rate expression with rate constant k2 = 0.1482 mol−1 min −1. Kinetic correlation indicated that there was fast and selective
adsorption equilibrium for D-MA molecules in MWCNT-MIPs happen because of the homogenous binding sites of
template molecules on the surface of nanotubes.

Keywords D-mandelic acid . Molecular imprinting . Multiwalled carbon nanotube . Binding isotherm . Kinetics .
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Introduction

Molecular imprinting is one of the promising techniques
for the fabrication of artificial sorbents of the template
molecule on a polymer matrix [1]. The general mode of
synthesis of MIPs was depicted in Scheme 1. These poly-
mers possess predetermined selectivity, specificity and
high affinity towards the template molecule in which in-
volves arrangement of polymerizable functional monomers
around a target molecule [2]. Molecularly imprinted poly-
mers (MIPs) have the ability to specifically distinguish and
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separate a particular molecule from other molecules of
similar structures [3, 4]. This property makes MIPs appli-
cable in various fields such as in separation and purifica-
tion of structurally related compounds, catalysis, biosen-
sors, drug delivery, and in biotechnology [5, 6]. Among
the various approaches used during the synthesis of
MIPs, non-covalent interaction can be considered the best
one due to easy removal of template, applicable for a va-
riety of molecules, economical and easy method [7–9]. The
ultimate mechanisms for molecular recognition demon-
strated by the imprinting effect can be attributed to two
processes. They are (a) the pre-organization of comple-
mentary functional groups in the polymer by the template
and (b) the formation of a shape-selective cavity that is
complementary to the template [10].

The role of MIPs in chiral separation of racemic mix-
tures is most important because the classic techniques are
not efficient for these purposes. In the present work we
were selecting D-mandelic acid (D-MA) as the template
molecule which is a significant chiral analogue of amino
acids in the pharmaceutical synthetic industry, and is
employed for various application fields such as the treat-
ment of urinary tract infections [11], precursor for the
synthesis of cephalosporin and penicillin [12], chiral re-
solving agent and chiral synthon for the synthesis of
anti-tumour and anti-obesity agents [13]. Although many
approaches have been used for recognizing MA, design-
ing a simple and efficient system for enantioselective
recognizing MA enantiomer is still a challenging task
[14, 15]. Development of MIPs using D-MA as target
molecule will leads to an efficient chiral separating sys-
tem in separation science.

The main issues in molecular imprinting technology are its
low selectivity, low response towards the target molecule and
large template size limitations. Thus many efforts were done
to tenacity these problems in past decades [16–18]. One of the
techniques is based on the small dimension with extremely

high surface-to-volume ratio of nano-imprinting materials,
which enable the imprinting technique to generate more effec-
tive recognition sites than those obtained by traditional ap-
proaches which only use porogens [19–21]. The imprinting
of molecular recognition sites at nanostructures has greatly
improved the removal of templates and the binding capacities
and kinetics of molecular recognition, compared with the tra-
ditional imprinted bulky materials [22–24].

Multiwalled carbon nanotubes (MWCNTs) have enjoyed
widespread attention because of their high electrical, mechan-
ical and thermal conductivity properties [25–27]. MWCNTs,
with extremely large surface area, should be an excellent nom-
inee as the support material in molecular imprinting technol-
ogy. If the MIPs were prepared onto the surface of MWCNTs,
it increases the number of homogeneous binding sites
[28–30]. Consequently the binding sites in the outer layer of
the composite would improve the accessibility of template
molecule and reduce the binding time [31]. In order to get
homogeneous MIPs layer on MWCNTs, it is necessary to
modify MWCNTs with high density carboxyl functional
groups by strong acid treatment [32], subsequently obtain vi-
nyl group functionalized MWCNTs via covalent reaction,
then the cross-linker and monomer would couple with the
vinyl groups on the surface of MWCNTs, which forming uni-
form MIPs layer.

In the present study, a novel composite of MIPs with D-
mandelic acid as the template molecule was prepared by se-
lective polymerizingMIPs onto the vinyl group functionalized
MWCNTs surface. Vinyl group functionalized MWCNTs di-
rected selective polymerization of MIPs by covalent bonds on
the MWCNTs surface [16]. For the synthesis of MIPs, com-
pounds with functional groups reciprocal to those of the tem-
plate are selected as functional monomer and are used to form
a framework around the preferred template. Here 4-
vinylpyridine (4-VP) was selected as the functional monomer
because of its basic functionality and commercial availability
which could pre-associate with D-mandelic acid through

Scheme 1 Schematic representation of molecular imprinting process
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several non-covalent processes including electrostatic attrac-
tion, hydrogen bonding, and π-π stacking interaction. The
resulting MWCNT-MIP demonstrated favorable selectivity,
good stability and a higher adsorption capacity for the tem-
plate molecule compared to products created by bulk poly-
merization. For evaluation, blank polymers (MWCNT-NIP)
were prepared by the same procedure, only without using
the template molecule in the polymerization process. To ana-
lyse the role of MWCNTs on chiral recognition, D-MA
imprinted and non-imprinted polymer without MWCNTs
were also prepared.

Experimental

Materials & instruments

D-MA and L-MAwith 99% purity were purchased from SRL,
Mumbai. MWCNTs were obtained from Reinste Nano
Ventures Private Limited, New Delhi, India. Ethylene glycol
dimethacrylate (EGDMA) was from Sigma Aldrich. 4-Vinyl
pyridine (4-VP), vanillylmandelic acid (VMA) and
homovanillic acid (HVA) were from Alfa Acer. The initiator,
2,2′-azo-bis-isobutyronitrile (AIBN) was from Merck. The
solvent acetonitrile was analytical grade and purchased from
Merck. 4-VP was stabilized with hydroquinone and was
destabilized by distillation under reduced pressure.

Fourier Transform Infrared spectrometer 8400 s (DIN 206–
72,400), Shimadzu, Japan was used to record FT-IR spectra of
samples. The binding studies were carried out on a Shimadzu-
UV-vis Spectrophotometer model 2450. For the morphological
studies of the polymer samples, Transmission Electron
Microscope (TEM) Facility JEOL JEM - 2100 and Scanning
Electron Microscope (SEM) – JEOL-JSM-6390A were used.

PAN analytic X’PERT PRO was used for the X-ray diffraction
studies of polymer. Thermogravimetric analysis (TGA) was
conducted on a NETZSCHSTA449C instrument from room
temperature to 500 °C in N2 atmosphere.

Fabrication of vinyl group on the surface of MWCNTs

Carbon nanotubes were found to have great potential applica-
tions in various fields such as biosensors and nanobiotechnology.
The poor dispersibility and bundling between carbon nanotube
tubules are major problem which affected in various applications
of carbon nanotube. Surface modification of carbon nanotubes
through functionalization process is the way to overcome these
disadvantages. For the functionalization of MWCNT
(Scheme 2), crude MWCNTs (0.5 g) was added to 60 mL of
70% HNO3 under sonication for 10 min. Then the mixture was
stirred under 85 °C for 16 h. After cooling to room temperature,
the mixture was filtered through a 0.22 μm polycarbonate mem-
brane and washed thoroughly with distilled water until the pH
value of the filtrate became neutral. The filtered solid was dried
under vacuum, obtaining acid-functionalized MWCNTs
(MWCNTs-COOH).To get acyl functionalized MWCNTs,
MWCNTs-COOH (0.4 g) was suspended in the mixture of
10 mL of sulfoxide chloride (SOCl2) and 30 mL chloroform at
60 °C for 24 h under reflux. The solid was washed by anhydrous
tetrahydrofuran (THF) for several times to remove the excess
SOCl2 and dried under vacuum to give MWCNTs-COCl. Allyl
alcohol (1.16 g), 4-DMAP (0.244 g) and triethylamine (6.06 g)
were added to MWCNTs-COCl (0.2 g) in anhydrous
THF(30 mL). The mixture was stirred at 60 °C for 24 h and then
collected by centrifugation and washed with anhydrous THF.
After washing and centrifugation, the resulting solid was dried
overnight in a vacuum desiccator, obtaining vinyl group func-
tionalized MWCNTs (MWCNTs-CH=CH2).
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Synthesis of imprinted and non-imprinted polymer
on vinyl functionalized MWCNTs

MIPs with D-MA as a template molecule were prepared by
selective polymerizing MIPs onto the vinyl group functional-
ized MWCNT surface. The mode of synthesis is represented
in Scheme 3. MWCNT-CH=CH2(0.02 g) was added to 30 mL
of acetonitrile in a 250 mL round-bottom (RB) flask and
purged with N2 under magnetic stirring. D-MA (0.05 mmol)
and 4-VP (0.25 mmol) dissolved in 5 mL of acetonitrile were
added to the RB flask and mixed for 30min to form a complex
of template and functional monomer. The initiator
AIBN(10 mg) and cross-linker EGDMA (1.25 mmol) were
added. The temperature of the pre-polymerized solution was
raised to 65 °C, and the reaction was allowed to proceed for
8 h in nitrogen atmosphere. The resulting product was collect-
ed by centrifugation and washing thoroughly with ethanol to
discard the reagents. The template molecule was eluted by the
solvent acetonitrile until no D-MA could be detected by UV-
vis. (at 257.5 nm) in the eluent. The obtained polymers were
finally rinsed with ethanol to remove the remaining acetoni-
trile and subsequently ground, dried in vacuum desiccator and
sieved to get particles with a size less than 25 μm. For com-
parison, blank polymers (MWCNT-NIP) were prepared by the
same procedure, only without using the template molecule in
the polymerization process. D-MA imprinted and non-
imprinted polymers without MWCNTs were also prepared.

Adsorption studies

The adsorbed amount of D-MA on each polymer was moni-
tored by a UV-vis. Spectrophotometer at 257.5 nm. For this

10 mg of each polymer were transferred into a tube containing
7.0 mL of acetonitrile solution with specific initial concentra-
tions of D-MA ranging from 0.15 to 0.45 mmol L−1. The
binding process was allowed to proceed for about 3 h at
28 °C for the adsorption of D-MA. The mixture was centri-
fuged at 15000 rpm for 5 min. Finally, the extracted solution
was monitored by a UV-vis. Spectrophotometer and the con-
centration of free D-MA in the supernate was measured. The
amount of D-MA adsorbed, Qe (μmol g−1) onto the polymer
was determined according to the following equation

Qe ¼
Ci−C f
� �

V
m

ð1Þ

whereCi (mg/ml) and Cf(mg/ml) represent the initial and final
D-MA solution concentration, respectively. V (ml) is the sam-
ple’s volume and m(g) is the mass of the polymer. The exper-
iments were carried out in duplicate. Binding capacity can be
determined using the equation [33],

Binding capacity ¼ Ci−C f

Ci
*100 ð2Þ

Adsorption dynamics and kinetics

The experiments for the adsorption kinetics were implemented at
three temperatures (291, 301, and 311 K) for 10 to 180 min. The
thermodynamic parameters were achieved based on the effect of
these temperatures. The time taken for the saturated rebinding
specificity was investigated by incubating equal amount of poly-
mer in template solution of known concentration of D-MA at

Scheme 3 Schematic representation of synthesis route of MIP & MWCNT-MIP
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these different temperatures. For this, in a centrifuge tube, 10 mg
of MWCNT-MIPs was suspended in 10 mL of D-MAwith con-
centration 3.50 mmol L−1. The tube was incubated at these dif-
ferent temperatures with shaking at different adsorption time in-
tervals. The amount of D-MA adsorbed by MWCNT-MIPs was
noticed by UV-vis spectrophotometer at 257.5 nm.

The sorption kinetics data of D-MAwere analysed using the
Langergen pseudo-second-order equation based on adsorption
equilibrium capacity may be expressed in the form:

dQt=dt ¼ k2 Qe−Qtð Þ2 ð3Þ
where k2 is the rate constant of pseudo-second-order sorption.
Integrating Eq. 3 and applying the initial conditions Qt = 0 at
t = 0 and Qt =Qt at t = t,

1
�

Qe−Qtð Þ ¼ 1
�
Qeþk2t

ð4Þ

Or equivalently

t=Qt
¼ 1

�
k2Qe

2þ t=Qe

ð5Þ

Thermodynamic studies

As commonly known, the enthalpy of adsorption is a thermal
effect of the adsorption process, which is usually accompany-
ing with the specific adsorption of the adsorbent and adsorbate
and internal energy. The adsorption of MIPs is fundamentally
the result of the induction of the template to the polymer.
Hence, the change of adsorption enthalpy can indirectly define
the inducement between MIPs and the template molecule. A
larger adsorption enthalpy shows a stronger binding capacity
of the MIPs to the template molecule. Though, the adsorption
entropy is a function of the disordered state before and after
adsorption, which reflects the change of adsorbate from the
solution to the surface of theMIPs. Subsequently, according to
the change of adsorption enthalpy and adsorption entropy, the
adsorption process can be determined. Established on the ther-
modynamic theory, the correlation relationship of MIPs and
NIPs are expressed as follows [34]

ln 1−
QTx w
n0

� �
¼ ΔHad

RT
−
ΔSad
R

ð6Þ

where n0 is the initial molar number of the adsorbate; w is the
mass of MIPs; ΔHad and ΔSad are the adsorption enthalpy and
adsorption entropy, respectively; and T(K) is the absolute tem-
perature of the adsorption process.

Adsorption isotherms

The adsorption isotherms play a vital role for the theoretical
evaluation and interpretation of thermodynamic parameters
[15]. It is used to characterise the interactions of eachmolecule
with adsorbents. This provides a relationship between the con-
centration of the molecules in the solution and the amount of
ion adsorbed on the solid phase when the two phases are at
equilibrium [35]. In our systems considered, the Langmuir
and Freundlichmodels were found to be applicable in
interpreting D-MA adsorption on the D-MA-imprinted poly-
mers such asMIP andMWCNT-MIP. The Langmuir isotherm
is based on the assumption that: (a) the solid surface presents a
finite number of identical sites which are energetically uni-
form; (b) there is no interaction between sorbed species,
meaning that the amount of adsorbate molecules adsorbed
has no influence on sorption rate; (c) monolayer is formed
when the solid surface reaches saturation. The Langmuir ad-
sorption isotherm is represented as follows,

Qe ¼
QmbCe

1þ Ce
ð7Þ

The above equation can be rearranged to the following
linear form:

Ce

Qe
¼ Ce

Qm
þ 1

bQm
ð8Þ

where Ce is the equilibrium concentration, Qe the amount
of D-MA adsorbed at equilibrium, Qm is amount of D-MA
adsorbed for a complete monolayer, b is a constant related
to the energy or net enthalpy of sorption. The adsorption
data were analyzed using the linear form, Eq. (8) of the
Langmuir isotherm. The values for Qm (from slope) and
b (from intercept) can be obtained from the plots of specif-
ic sorption, Ce/Qe, against the equilibrium concentration,
Ce. The Freundlich expression is an exponential equation
and therefore assumes that as the sorbate concentration
increases, the concentration of sorbate on the adsorbent
surface will increase.
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Scheme 4 Chemical Structure of
VMA, HVA and L-MA
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Qe ¼ K f C
1=n
e ð9Þ

The above equation is frequently used in the linear form by
taking the logarithm of both sides as:

logQe ¼ logK f þ 1

n
logCe ð10Þ

where Kf and n are isotherm constants [36]. The applicabil-
ity of the Freundlich adsorption is also analyzed by plotting
log Qe versus log Ce. From the plot we could determine the

values of constants Kf and n. Langmuir and Freundlich iso-
therms were applied in both MWCNT-MIP and MIP and
compared their results to find out the appropriate isotherm
in our system.

Selectivity studies

For the selectivity studies, to the template desorbed polymer,
equal volume of the solutions of template and the compound
with structural analogues L-mandelic acid (L-MA), homovanillic
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Scheme 5 Proposed mechanism
for the synthesis of MWCNT-
MIP [(a) Dissociation of AIBN,
(b) Polymerization in the pres-
ence of pre-polymerized complex
of D-MA and 4-VP with cross-
linker EGDMA layered on
MWCNTs followed by extraction
of D-MA, which creates imprinted
cavities of D-MA on polymer
matrix]

Fig. 2 X-ray diffractogram of a) MWCNT-MIP, b) MWCNTand c) MIP
Fig. 1 FT-IR spectra of a) vinyl functionalized MWCNT, b) MIP and c)
MWCNT-MIP
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acid (HVA) and vanillylmandelic acid (VMA) having equal con-
centration were added in different tubes and the difference in the
extent of binding was estimated spectrophotometrically.
Scheme 4 depicted the structural similarity of selected analogues
for selectivity studies. The imprinting factor or separation factor
(α), which represents the effect of the imprinting process, is the
ratio of the amount of substrate bound by the MIP to that bound
by the corresponding NIP is determined using the enantiomer L-
MA as the analogue [33].

Separation factor,

αTemplate ¼ KMIP

KNIP
ð11Þ

K ¼ TemplateBound
TemplateFree

ð12Þ

The selectivity of the imprinted polymers towards the tem-
plate was calculated in terms of selectivity factor (a).

Selectivity factor,

a ¼ αTemplate

αAnalogue
ð13Þ

Reusability and robustness

The reusability capacity of MWCNT-MIP and MIP were
determined in ten sequential cycles of adsorption-
desorption technique. The extractions of D-MA from
the polymer matrix in each cycle were carried out using
the porogen acetonitrile.

Fig. 4 TEM images of (a) MWCNT, and (b) MWCNT-MIP

Fig. 3 SEM images of (a) MIP and (b) MWCNT-MIP
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Results and discussion

Vinyl group functionalized MWCNTs were used as a
supporting material for the synthesis of MIPs with D-MA
as the template molecule. Vinyl group functionalized
MWCNT was prepared by three step processes includes
conversion of pure MWCNT into MWCNT-COOH, con-
version of carboxylic acid functionalized MWCNT to
MWCNT-COCl and finally conversion of acyl chloride
functionalized MWCNT to Vinyl-MWCNT. During this
synthesis the carboxylic acid capacity of synthesised
MWCNT-COOH was calculated as 3.05mmolg−1. This
value indicates the successful conversion of MWCNT to
MWCNT-COOH with maximum acid capacity. The pro-
posed mechanism of fabrication of imprinted cavity of D-
MA layered on MWCNTs is depicted in Scheme 5.

Characterization of polymer particle

Ft-IR

The synthesis of MWCNT-MIP was primarily characterised
by FT-IR spectroscopy evaluation. The FT-IR spectra of vinyl
functionalised MWCNT, MIP and MWCNT-MIP are shown
in Fig. 1.

The vibrational peaks corresponding to each spectrum
are given below, a) 2924 cm−1 -C-H stretching, 1701 cm−1

-C=O stretching, 1653 cm−1 -C=C stretching, 1262 cm−1 -
C-O symmetric stretching (ester), 1005 cm−1 out of plane
C-H bending vibration b) 2951 cm−1 -C-H stretching,
1727 cm−1 -C=O stretching, 1043 cm−1 -C-N stretching,
1255 cm−1 -C-O symmetric stretching (ester), 1143 cm−1

-C-O asymmetric stretching (ester), 957 cm−1 -O-H
Bending. c) 2952 cm−1 -C-H stretching,1727 cm−1 -C=O
stretching, 1045 cm−1 -C-N stretching, 1230 cm−1 -C-O
symmetric stretching (ester), 1146 cm−1 -C-O asymmetric
stretching (ester), 959 cm−1 -O-H bending 1629 cm−1 -
C=C Stretching, 1456 cm−1 -C-H deformation.

The vibrational peaks at 2924, 1701, 1653,1262 and
1005 cm−1 could be found in the spectrum (a) indicates the
successful incorporation of vinyl group on the surface of
MWCNT. The characteristic peaks of pure MIP were also
appeared in the spectrum of MWCNT-MIP, which reveals
the successful fabrication of MWCNT-MIP.

X-ray diffraction analysis

The X-ray diffraction technique was used to examine the crys-
talline nature of MWCNT-MIP. Figure 2 shows the X-ray
diffraction patterns of MWCNT-MIP, MWCNT and MIP.
The significant XRD patterns of the MWCNTs are appeared
at 2θ of 25.3o and 43.6o, which is corresponding to the graph-
ite (002) and (100) reflection planes of MWCNTs [JCPDS
No: 01–0646]. The (002) reflection peak was observed at
the same 2θ values in both MWCNT and MWCNT-MIP pat-
terns. The intensity of diffraction peaks in MWCNT-MIP was
decreased as compared to MWCNT. The conventional MIP
scatter the X-ray beams to give a very broad peak (2θ = 5–20
o), which is characteristics of its amorphous nature. This is a
good indication of successful fabrication of MIP layer on the
surface of MWCNT. From XRD patterns, it can be concluded
that the MWCNT is still had same cylinder wall structure and
inter planar spacing after the attachment of MIP layer on
it.The spatial extent of stacking of graphene layers is calculat-
ed using Scherrer’s formula (L = 0.9 λ/B cosθ), where L is the
mean size of the MWCNT-MIP particles, λ is the X-ray wave-
length (Cu KR λKR1) 1.5418 Å), θmax is the maximum angle
of the (002) peak and B(2θ) is the half-peak width for
MWCNT-MIP(002) in radians [37]. The value of L was found

Fig. 5 Thermograms of a) MWCNT-MIP and b) MIP
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to be approximately 33 nm, which are in good agreement with
TEM results.

Scanning Electron microscope analysis

The morphological characteristics of MWCNT-MIP and MIP
were examined by SEM technique. In Fig. 3, MWCNT-MIP
showed nanosized tubular moieties with an average size about
25–34 nm. Generally MIPs showed a rough surface morphol-
ogy because of the extraction of template molecule from its

polymer matrix. Here also the conventional MIPs displayed
an agglomerated morphology which was significantly con-
verted into tubular forms by the incorporation of MWCNT
into the polymer matrix.

Transmission electron microscopy analysis

In order to know the detailed surface morphology, crude
MWCNT and MWCNT-MIP were characterized with TEM.
TEM micrographs of crude MWCNT before and after

Fig. 8 The adsorption kinetics on
MWCNT-MIP, MWCNT-NIP,
MIP and NIP with different
temperature
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fabrication of MIP are shown in Fig. 4. The image of MWCNT
revealed that the crudemultiwalled nanotubes are entangled with
one another and formed a cross-linked structure due to the pres-
ence of impurities. Their average size was about 20 nm and the
length was several micrometers. Compared to crude MWCNT,
the outer wall thickness ofMWCNT increased inMWCNT-MIP
and also it preserved its nano fibrillar morphology. The average
size was increased to 35 nm, which indicate the fact that an
imprinted layer with thickness about 10–15 nmwas successfully
wrapped around the vinyl functionalized MWCNT.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out to investigate the
thermal stability of MWCNT-MIP and MIP which is depicted

in Fig. 5.The nature of thermograms of both MWCNT-MIP
and MIP showed similar pattern. In comparison with
MWCNT-MIP, conventional MIP revealed a lower decompo-
sition temperature and higher weight loss. Conventional MIP
started its decomposition at 242 °C and became completely
dissociated at 423 °C, whereas MWCNT-MIP started its de-
composition at around a temperature of 341 °C. These factors
suggested that MWCNT-MIP possess better thermal stability
due to the incorporation of MWCNTs.

Adsorption experiments

In order to observe the binding performance of the surface
imprinted MWCNT-MIP against control MWCNT-NIP, an
equilibrium binding analysis was carried out. Hydrogen
bonding and π-π, interactions are the major interactions be-
tween the functional monomer 4-VP and template molecule
D-MA. The binding isotherm depicted a saturation curve
which indicate that a finite number of binding sites exist in
the imprinted polymer. As shown in Fig. 6, the adsorption
capacity of MWCNT-MIP was much higher than that of
MIP. This revealed that MWCNT-MIP has a distinctive ca-
pacity for D-MA, which could be attributed to the comple-
mentary cavities formed in the MWCNT-MIP materials. The
surface-imprinted MWCNT-MIP has a higher binding capac-
ity than that of the MWCNT-NIP. The weak adsorption of D-
MA to the MWCNT-NIP may be attributed to non-specific
interaction with the polymer matrix.

Scatchard analysis of the binding of D-MA to MWCNT-MIP

The data obtained from adsorption experiment was further
processed with the Scatchard equation to measure the binding

Fig. 10 Thermodynamically
correlating the relative adsorption
of D-MA

Fig. 9 Second order kinetics of the experimental data for MWCNT-MIP
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parameters of theMWCNT-MIP. Scatchard plot was construct-
ed by plotting the ratios of bound amount to free D-MA con-
centration against the bound concentration. As shown in Fig. 7,
one straight line fit the scatchard equation, B/F = (Bmax-B)/Kd,
and it gave two typical binding parameters. The equilibrium
dissociation constant Kd is 21.01 mmol L−1and the maximum
number of binding sites Bmax is (5 mmol g−1).

Adsorption dynamics and kinetics

Figure 8 shows the time dependence of the adsorption capac-
ities of D-MA towards imprinted polymer as a function of time
with three different temperatures. It revealed that the amount
of adsorption increased with an increase in temperature or
adsorption time. As shown, D-MA adsorption initially in-
creased and then increased slowly with the time extension.

In the case of MWCNT-MIPs, after 50 min the adsorption
process reached equilibrium, whereas in MIPs, it happened
only at 160 min. This is probably due to high complexation
between D-MA molecules and D-MA cavities in the imprint
polymer structure. At the initial stage a large number of
imprinted cavities existed on the support, so D-MA molecule
was easy to reach the specific binding sites. When the recog-
nition cavities were filled up, the rate of adsorption dropped
significantly and then the adsorption process achieved equi-
librium. The increased adsorption rate also implies that the
imprinted cavities situated in the surface which make the rec-
ognition cavities accessible for the template molecule and
hence take shorter time to reach adsorption equilibrium.

The plot of t/Qt against t, which given in Fig. 9, has high
correlation coefficient (0.9731) which revealed that the D-
MA adsorption using MWCNT-MIP is in good agreement

S = 0.33851321
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Fig. 11 Langmuir isotherms of MIP and MWCNT-MIP
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with the second order kinetics reaction with rate constant
k2 = 0.1482 mol1 min−1.

Thermodynamic studies

Based on Eq. (6), the plot of ln(1 - QTw/n) vs. (1/T) is shown
in Fig. 10 in which the plots are normally expected to be a
straight line. Compared with NIPs, the MIPs showed a signif-
icantly different adsorption behavior for D-MA. Relative to

NIPs (for MWCNT-NIP, ΔHad = 15.128 KJmol−1and for
NIP = 12.471KJmol−1), the adsorption enthalpy of MIPs was
obviously larger (for MWCNT-MIPs, ΔHad = 49.0526
KJmol−1 and for MIP ΔHad = 22.0321KJmol−1). This indi-
cates that the inducement of MIPs for D-MA is greater than
that of NIPs. Among MWCNT-MIP and MIPs, polymer
formed on nanotubes shows greater enthalpy value which will
again enhance the inducement of polymer for D-MA.
Conversely, the adsorption entropy of MIPs (for MWCNT-

Table 1 Adsorption isotherm
parameters of MIP and MWCNT-
MIP

Sample Langmuir parameters Freundlich parameters

Qm (μmol g−1) b (Lmmol−1) R N Kf [(mmol/g)(L/mmol)1/n] r

MIP 75.19 0.2398 0.5973 0.9389 1527.519 0.9905

MWCNT-MIP 315.23 0.5814 0.9979 0.2145 136.6155 0.9792

S = 0.05154665
r = 0.99050830
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Fig. 12 Freundlich adsorption isotherms of MIP and MWCNT-MIP
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MIP, ΔSad = 24.177 KJ mol−1 K−1 and for MIPs, ΔSad =
12.2698 KJ mol−1 K−1) was less than NIPs (for MWCNT-
NIP, ΔSad = 27.829 KJ mol−1 K−1 for NIP, ΔSad = 28.6417
KJ mol−1 K−1).The change in adsorption entropy, which re-
veals a difference in the adsorption behaviour of polymer fab-
ricated on MWCNTs and on conventional polymer matrix,
may be the result of the increased interaction between the
molecules due to the high specific imprint. According to the
results of the adsorption isotherms and kinetics, D-MA adsorp-
tion on MWCNT-MIP was the spontaneous process of enthal-
py control.

Adsorption isotherms

During the adsorption experiments, adsorption isotherms were
used to evaluate adsorption properties. The sorption data were
analysed using the linear form of the Langmuir isotherm and
Freundlich isotherm. All the calculations of adsorption iso-
therms were performed by Curve Expert- Version 1.4 soft-
ware. This program uses non-linear least square fitting of the
averaged experimental data by using the Marquardt-
Levemberg algorithm [38]. In Langmuir isotherm, the plots
of specific sorption, Ce/Qe, against the equilibrium concentra-
tion, Ce, for MWCNT-MIP polymer and MIP were plotted
which is depicted in Fig. 11.

From the above curve of Langmuir isotherms, correla-
tion coefficient (r) of MWCNT-MIP is found to be 0.9979.
Here adsorption isotherm data provided the information

that the adsorption process was mainly monolayer on a
homogeneous adsorbent surface. The Langmuir constants
Qm and b were found to be 315.23 μmol g−1and0.5814
Lmmol−1, respectively. It is also exciting to note that the
D-MA adsorption capacity calculated from Langmuir equa-
tion (315. 23 μmol g−1) is closely associated with that of
experimental data (317.87 μmol g−1) which was achieved
from the concentration study.

Freundlich adsorption isotherm was analysed by plotting
log Qe versus log Ce for MWCNT-MIP polymer and MIP
which is depicted in Fig. 12.

Freundlich adsorption isotherm is an empirical one for
non-ideal adsorption on heterogeneous surfaces. In the case
of MWCNT-MIP the theoretical and experimental values of
the Freundlich isotherm show an enormous deviation where-
as the Langmuir isotherm do not. Consequently it can be
determined that the Langmuir isotherm model was more suit-
able for the experimental data of MWCNT- -MIP than
Freundlich isotherm. Langmuir and Freundlich adsorption
isotherm parameters of both the MIP and MWCNT-MIP were
shown in Table 1. D-MA adsorption in MWCNT-MIP takes
place at specific homogeneous sites and no further adsorption
takes place at the site which has already been bounded by a
template molecule. The well fit curve of Freundlich model
obtained for MIP indicated the heterogeneity of the bulk
imprinted polymer.

Selectivity of the D-MA imprinted polymer

The chiral recognition ability of synthesized MWCNT-MIP
on D-MA was estimated using its enantiomer L-MA, HVA
and VMA. The concentration of D and L enantiomers, and
these structurally related compounds were chosen as
0.3418 mmolL−1, which is the maximum adsorption concen-
tration of D-MA revealed from binding analysis. Figure 13
revealed that the non-imprinted polymer prepared without
the template molecule were not able to recognize the chirality.
This is because of the production of non-specific binding sites
in the polymer matrix. The maximum adsorption quantity of
synthesised MWCNT-MIP towards D-MA and L-MA is about
356 and 109 μmolg−1 respectively. This result demonstrates
that the interaction between the functional monomer and the
template should have a crucial effect for creating the adsorp-
tion sites. The shape or sites constructed on the polymer

Table 2 Selectivity factor of the
polymer Separation factor

of D-MA
Separation factor
of L-MA

Selectivity factor,

a ¼ αTemplate

αAnalogue

αTemplate ¼ KMWCNT−MIP
KMWCNT−NIP 6.0396 1.0285 5.8720

αTemplate ¼ KMIP
KNIP

2.2981 1.0084 2.2789

Fig. 13 Evaluation of selectivity of the D-MA imprinted polymer
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surface were complementary to the imprinted D-MA should
have a vital role to recognize the molecular chirality.

From Table 2, it revealed that MWCNT imprinted polymer
have high selectivity factor towards target molecule than con-
ventional MIP. This indicates the homogenous binding site
formation on surface of MWCNT. Large number of template
recognition cavities was formed in the surface of MWCNT-
MIP and it shows high binding towards the D-MA molecule.
The high specificity is mainly attributed to the unique binding
of the imprinted sites to the target molecule, so they cannot
bind the other analogues tightly.

Reusability and robustness

Figure 14 shows the adsorption efficacy ofMWCNT-MIP and
MIP in ten consecutive adsorption-desorption cycles. The re-
sults revealed that the MWCNT-MIP showed 100% adsorp-
tion regeneration upto five cycles. The regeneration efficiency
then lowered due to the damage of some recognition sites in
MWCNT-MIP matrix during the extraction process and hence
not fit for further adsorption of D-MA molecule. The conven-
tional MIP showed unequal trends of regeneration from the
second cycle onwards due to the destruction of binding sites
and also difficulties in leaching out the entire D-MA from the
bulk polymer matrix during its extraction period. Hence it is
confirmed that MWCNT-MIP exhibits the properties of a bet-
ter adsorbent of D-MA than the conventional MIP.

Conclusions

A novel sorbent for enantioselective recognition for D-MA is
successfully fabricated on vinyl functionalized MWCNT via
molecular imprinting approach. The complementary nature of
the template and functional monomer were obtained in the

pre-polymerized complex studies. The results of the high ad-
sorption amountMWCNT-MIP particles for D-MA adsorption
suggest that the nanolayer MIP preparation on the surface of
the MWCNTs could improve the porous site availability com-
pared to bulk polymerization. FT-IR spectroscopy, TEM,
SEM and XRD confirmed the homogeneous formation of
MWCNT-MIP binding sites. The homogeneity was again
confirmed by Langmuir adsorption isotherm. The stability of
MWCNT-MIP was upto425 oC. The adsorption kinetics of D-
MA on MWCNT-MIP was in agreement with the second-
order rate equation. The high separation factor suggest that
non-covalent molecular imprinting with MWCNTs as
supporting material is a promisingmethod for analyzing chiral
compound with a simple structure.
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