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Abstract

The aim of the present study is the fabrication of electrochemical sensor and sorbent for toxic Cd(ll) ion using ion-
imprinting technique on vinyl-functionalized multiwalled carbon nanotube. Multiwalled carbon nanotube-based
ion-imprinted polymer (MWCNT-IIP) were synthesized using meth acrylic acid as the functional monomer, NN
methylene-bis-acrylamide as the cross linking agent, and potassium peroxo disulphate as an initiator. The template
and porogen used were cadmium chloride and water. To know the importance of MWCNT, ion-imprinted polymer
without MWCNT was also prepared. For the purpose of comparison, non-imprinted polymers were also synthesized.
The synthesized products were analyzed by FT-IR, XRD, TEM, EDAX, and TGA. An electrochemical sensor was made
up by modifying platinum electrode with MWCNT-IIP. Experimental factors that control the routine of the sensor
were investigated and optimized. Under optimal conditions, a calibration curve was obtained with a detection limit
of 0.03 uM by using differential pulse voltammetric technique. Selectivity studies show irrelevant significance with
Zn (), Cu (1), and Ni (I) ions. The feasibility of modified platinum electrode shows a prospective application in real
water sample collected from a lake, pigments, cosmetics, and fertilizers. The synthesized nanostructured material is
also used for the extraction of Cd(ll) ion from real water samples. The maximum adsorption of Cd(ll) by various
imprinted and non-imprinted sorbents was calculated, and it was found that maximum adsorption takes place at
pH 6. The kinetic studies show that the adsorption of Cd(ll) increases with time and reaches equilibrium at 70 min
and the kinetic data follow pseudo-second-order kinetics. The adsorption data fitted to the Langmuir adsorption
model which confirms the monolayer formation of an IIP layer on MWCNT surface. The selectivity co-efficient of the
imprinted sorbent shows high selectivity and specificity towards Cd(ll) ion than other metal ions.
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Highlights Introduction

Metal pollution in the environment is generally due to the

e A new method for Cd(II) ion sensing with the industrial development (Das et al. 2016). Heavy metal ions
advantage of ion-imprinted and electrochemical such as cadmium, lead, chromium, and arsenic are highly
Sensor. toxic to the human health (Das et al. 1997). Cadmium

e The sensor displays lower detection limit compared grades ninth among the toxic substance by US disease and
with the existed methods. poison registry. Cadmium is a dispensable heavy metal

e MWCNT-IIP sensor displays good selectivity which inhibits the enzyme, and it has been considered as
towards Cd(II) ion over other metal ions. the most hazardous pollutant due to its solubility and tox-

e Sensor with high sensitivity can be used for sensing icity in the surroundings. Cd(II) is classified as a type I
and extraction of Cd(II) ion in real samples. carcinogen. Exposure to cadmium leads to a variety of un-

desirable effects such as cancer, growth in the liver and
kidney, and softening of bones (Waalkes 2003; Parames-
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atomic absorption spectrometry (Parham et al. 2009), in-
ductively coupled plasma mass spectrometry (D’Ilio et al.
2005), and inductively coupled plasma atomic emission
spectroscopy (Zougagh 2002). Most of these techniques
are even though perceptive and precise but are costly and
laborious and cause difficulties for in situ sensing. Thus, it
is vital to build up an uncomplicated, fast, and cost-
effective method for Cd(II) ion detection.

Currently, molecular imprinting technique has been
widely used for the development of artificial receptors
with high selectivity and affinity towards the target mol-
ecule. Due to its advantage such as stable, inexpensive,
versatile, and easy to prepare, its application spread to
many fields in sensors, catalysis, separation technique, etc.
(Kan et al. 2008; Sooraj and Mathew 2014; Mazzotta and
Malitesta 2010). MWCNT has large surface area and pore
size, so it has been used for electrochemical sensing as the
supporting materials for the IIPs. The electrochemical de-
tection is usually performed with a three electrode system
containing a working electrode, a reference electrode, and
a counter electrode. The working electrode can be modi-
fied with different materials for specific recognition of
metal ions (Gumpu et al. 2015; Gong et al. 2004; Marti-
nez-Huitle et al. 2010). The presence of metal ions causes
the alteration of current, potential which can be used for
the sensing of metal ions. Voltammetric method is used
for this sensing because of their intrinsic specificity, fast
response, low cost, and soaring sensitivity and due to the
short analysis time (Wong et al. 2015; Lee et al. 2016a).

In the present work, cadmium ion-imprinted polymers
based on multiwalled carbon nanotubes (MWCNT-IIP)
for the sensing of cadmium ions have been developed
using cadmium ion as a template, methacrylic acid
(MAA) as a functional monomer, and N,N'methylene-bi-
s-acrylamide (NNMBA) as a cross linking agent. For
smooth interaction and bonding between carbon nano-
tubes and polymer, MWCNTs are modified with carboxyl
functional group which is then converted into acid chlor-
ide group and finally to vinyl-functionalized MWCNT.
Then, NNMBA and MAA would copolymerize with vinyl
groups on the surface of MWCNTs, forming uniform IIP
layer. Cyclic voltammetry (CV) technique and differential
pulse voltammetry (DPV) technique are used for the sens-
ing of Cd(II) ions using modified platinum electrode (Lee
et al. 2016b; Roy et al. 2014). The potential for the sensing
of MWCNT-IIP-Pt towards Cd(II) ion was tried against
real samples. Subsequent to the flourishing sensing of
Cd(II) ion, MWCNT-IIP was also utilized for the extrac-
tion of Cd(II) ions from the same sample itself.

Experimental

Materials and methods

MWCNT of 10-15 nm was obtained from Reinsto Nano
ventures private limited India; N,N'methylene-bis-acrylamide
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(NNMBA), potassium peroxo disulphate (K;S,Og), and
nafion were purchased from Sigma Aldrich (Germany).
Thionylchloride (SOCl,), dimethyl formamide (DMF), and
tetrahydrofuran (THF) were obtained from Merck (India).
Methacrylic acid (MAA) and metal chlorides were purchased
from SRL (India).

The FT-IR spectra were recorded on a Perkin-Elmer
400 FT-IR spectrophotometer. X-ray diffractogram
was recorded by PAN analytic XPERT-PRO. TEM-
EDAX was investigated by a JEOL-2100 model tunnel-
ing electron microscope. Surface area measurements
were carried out using Thermofisher Scientific Surfer
Analyzer SRFA13/0004. Absorption spectra of Cd(II)
ion were recorded by Perkin-Elmer Atomic Absorp-
tion Analyser 300. The wavelength selected for the
determination of Cd(II) ion is 228.80. Thermo gravi-
metric analysis was obtained from NETZCHSTA449C
instrument. Electrochemical studies were carried out
with an electrochemical work station (Biologic SP-
200), and cyclic voltammetry and differential pulse
voltammetry technique were conceded with platinum
wire auxiliary electrode, saturated calomel reference
electrode, and a platinum electrode modified with
imprinted MWCNT-IIP which was used as the work-
ing electrode.

Purification and functionalization of MWCNT
The purchased MWCNT was purified as reported in
literature (Shen et al. 2008). The pristine MWCNT
was heated in an air oven at 650 °C for 2 h and then
allowed to cool followed by the treatment with hydro-
chloric acid for 2 h. The above mixture was then cen-
trifuged to get the solid. It was then washed with
distilled water until the pH becomes neutral. The solid
thus obtained was filtered and dried under vacuum.
Purified MWCNT (0.5 g) was treated with 60 ml of
con.HNO3; and sonicated for 10 min. This sonicated
mixture was refluxed at 60 °C for 24 h. The mixture
was filtered and washed with distilled water until the
pH of the final wash came down to neutral. The
filtered solid was dried under vacuum to obtain carb-
oxyl group incorporated MWCNT (MWCNT-COOH).
Carboxylic acid capacity of MWCNT-COOH is calculated
by acid—alkali titration and found to be 1.8 mmol/g.
MWCNTs-COOH, 0.4 g, was suspended in a mix-
ture of 10 ml thionyl chloride and 30 ml chloroform
in a round bottom flask, refluxed for 24 h at 60 °C.
The solid was washed by anhydrous tetrahydrofuran
to remove the excess thionyl chloride present on it. It
is then dried under vacuum to obtain MWCNT-COCI.
For introducing vinyl group on MWCNT, MWCNTs-
COCl was dispersed in 30 ml THF. Twenty microliters of
allyl amine dissolved in 10 ml of DMF was added drop wise
to the mixture. The mixture was stirred at 60 °C for 24 h
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and washed with anhydrous THF to remove unreacted re-
agent. The solid collected was washed with THF and dried
under vacuum to get vinyl-functionalized MWOCNT
(MWCNT-CH=CH,).

Synthesis of IIP on the surface of vinyl-functionalized
MWCNTs

Vinyl group incorporated MWCNT (MWCNT-CH=CH,,
0.6 g) was added to the porogen in a 250-ml round bottom
flask. Cadmium chloride (0.6 g) and methacrylic acid
(0.025 mmol) were added to it and stirred well. Fi-
nally, NNMBA (8 g) and potassium peroxo disul-
phate (100 mg) were also added to it. Then, the
mixture was stirred at 70 °C. The obtained polymer
was washed with distilled water until no cadmium
chloride was detected by AAS in the eluent.
MWCNT-NIP was also prepared by the same pro-
cedure without using the template molecule. For the
purpose of comparison, imprinted polymer was syn-
thesized without using vinyl-functionalized MWCNT
and also non-imprinted polymer was prepared with-
out using template molecule.

Modification of platinum electrode and electrochemical
sensing

Platinum electrode was polished with 10 um alumina
slurry and sonicated in de-ionize water for 15 min. At
this point, the platinum electrode surface would look
like a shiny black mirror. At first, Cd(II) ion-imprinted
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MWCNT-IIP was mixed with 0.5% nafion and sonicated
for 10 min to get MWCNT-IIP nafion complex and coated
on platinum electrode and then allowed to dry at room
temperature; the same procedure was performed with
MWOCNT-NIP (Rezaei and Rahmanian 2011; Roy et al.
2014; Shen et al. 2008; Legeai and Vittori 2006; Diouf et al.
2017; Trani et al. 2017). MWCNT-IIP modified on the
platinum electrode was designated as Pt-MWCNT-IIP
(Scheme 1). Nafion were used to solubilize and immobilize
imprinted MWCNT-IIP, and they will provide strong ability
against electrode fouling. Phosphate buffer (pH 7) was used
to blend the reagents, and it contributes conductivity to the
paste. Cyclic voltammogram was recorded from -300 to
1000 mV for Cd(II) ion in 0.1 M phosphate buffer solution.
Differential pulse voltammetry was carried out in 0.1 M
phosphate buffer solution with successive adding up of dif-
ferent concentration of Cd(II) ion at a pulse amplitude
50 mV, sample width 50 ms, and pulse width 500 ms. Ef-
fects of scan rate and pH were also carried out (Veerakumar
et al. 2016; Sooraj and Mathew 2014, Trani et al. 2017Han
et al. 2013; Fotouhi et al. 2012; Rezaei and Rahmanian
2011). Selectivity studies were evaluated using different
metal ions such as Zn (II), Ni (II), and Cu (II) ion. All these
studies were carried out at room temperature.

Application of sensor using real samples

The modified platinum electrode was analyzed for Cd(II)
ion in real samples collected from a lake (Ashtamudi
Lake), pigments, cosmetics, and fertilizers. Real samples

COOH
Con.HNO, socl,
) [ e—
COOH
MWCNT

-CoCl

,HN-CH,-CH=CH,

) [l s—)

-CocCl

Pt-MW CNT-ITP

Scheme 1 Schematic representation of fabrication of MWCNT-IIP on plarinum electrode
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were filtered through the 0.22-pm polar size filter paper
and used for the analysis. The abovementioned procedure
was followed with the sample using MWCNT-IIP and
MWCNT-NIP. Electrochemical studies were carried out
at a potential range of — 300 to 1000 mV with a scan rate
of 100 mV/s.

Extraction procedure

Optimization of adsorption study

Adsorption studies were carried out to investigate the tar-
get molecule recognition on the sorbents such as imprinted
MWCNT-IIP, IIP, MWCNT-NIP, and NIP. For extraction
experiments, batch adsorption method was used. A 10 mg
of the sorbent is mixed with 10 ml of Cd(II) solution bear-
ing initial concentration ranging from 1 to 5 ppm. The
eluent obtained from the centrifugation was determined
with AAS at wavelength 228.80. The concentration range is
obtained from the calibration curve of Cd(II) solution bear-
ing different concentration. The amount of Cd(II) ion
bound by the sorbent was calculated by Eq. (1).

Q = Co-Ce/M'V (1)

where Q (pmol/g) is the adsorption capacity, V (ml) is
the volume of the solution, M (g) is the mass of the
polymer, and Co and Ce (mmol L") are the concentra-
tion of template before and after extraction process.

The kinetic studies were carried out at different time
interval varying from 0 to 100 min by keeping Cd(II) ion
concentration constant. The adsorption of Cd(II) ion on
MWCNT-IIP, IIP, MWCNT-NIP, and NIP were carried out
at different pH values. The selectivity studies were carried
out with other metals having ionic nature analogous to
Cd(II) ion. Separation and selectivity factor was calculated
by the below Egs. (2)—(4).

a = Dcq/Dm (2)
D =Q/Ce (3)
a—a;/an (4)

Dcq and Dy, represent adsorption ratios of Cd(II)
ion and other metal ions. a; and a,, are the selectivity
factor of imprinted MWCNT-IIP and MWCNT-NIP.
a, is the relative selective co-efficient. Factors which affect
the adsorption such as template—monomer ratio (Waalkes
2003; Wei et al. 2012; Rezaei and Rahmanian 2011;
Mhammedi et al. 2009), effect of mass, and effect of
solvent were also determined. Reusability studies were
carried out by adsorption desorption experiment
(Wong et al. 2015). Swelling studies were carried out,
and EWC% (equilibrium water content) was calcu-
lated by the below Eq. (5).
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(wt.of wet polymer—wt.of dry polymer)
wt.of wet polymer

EWC(%) = x 100

(5)

Application of the extraction method

The water samples collected from a lake, pigments,
cosmetics, and fertilizers were filtered using What-
man no. 1 filter paper. The Cd(II) ion extraction
using various ion-imprinted and non-imprinted poly-
mers were carried out using the above explained ex-
traction procedure.

Results and discussion

Characterization

FT-IR spectra were used to confirm the molecular arrange-
ment of all intermediate and product of MWCNT-IIP
(Fig. 1). The appearance of band at 1532 cm™* (C==C) and
1659 cm™* (N-H) stretching confirms the vinyl group forma-
tion on MWCNT-COCIL. IIP and MWCNT-IIP give remark-
ably dissimilar spectra. The peak in the section below
1000 cm ™" is assigned for M-L complexes. The main peaks
of bulk IIP and MWCNT-CH=CH, were present in the
spectrum of MWCNT-IIP which confirms the formation of
an IIP layer on MWCNT-IIP.

The X-ray diffraction technique is usually used to
find out the crystalline nature of polymers. X-ray
beams were completely scattered in the case of
non-crystalline polymer, thus getting the broad peaks.
An X-ray diffract gram of MWCNT, MWCNT-IIP, and
bulk IIP is shown in the Fig. 2. MWCNT shows two
distinctive peaks at 26 = 26° and 26 = 47.8° which verify
the crystalline nature of MWCNT. On comparing
X-ray diffract gram of MWCNT and MWCNT-IIP, the
intensity of the MWCNT-IIP peak decreased due to
the wrapping by the polymer layer. IIP shows no peaks
due to the amorphous nature.

Thermogravimmetric analysis was done to study the
thermal behavior of MWCNTs, MWCNT-IIP, and bulk
IIP (Fig. 3). Thermogram of pristine MWCNTSs shows a
linear model up to 800 °C representing its high thermal
stability. On comparing the thermogram of MWCNT-
IIP and bulk IIP, the degradation temperature and mass
loss were lesser and upper respectively for bulk IIP than
MWCNT-IIP. The thermal stability is greater for
MWCNT-IIP than for bulk IIP due to the encapsula-
tion of MWCNT to the IIP layer.

The surface morphological analysis of pristine
MWCNT, MWCNT-IIP, and bulk IIP was carried out
by HR-TEM. Pristine (Fig. 4) MWCNT shows a
thread-like nanotube structure with a diameter ran-
ging from 6 to 8 nm. On further functionalization and
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polymerization, it is found that the thickness of the
nanotube was started to increase from 22 to 26 nm.
This result clearly specifies the covering of imprinted
layer on the surface of MWCNT, thereby providing
binding cavities to the surface. Coagulated structure is
shown by the bulk IIP, which may be due to the ag-
glomeration on the polymer surface.

The EDAX is helpful to provide the elemental com-
position of Cd(II) loaded and eluted MWCNT-IIP
(Fig. 5a, b). On comparing EDAX images, the signal
due to Cd(II) can be observed on MWCNT-IIP and
the signal is absent in the case of Cd(II)-eluted
MWCNT-IIP. This result confirms the number of cav-
ities on imprinted MWCNT-IIP ease diffusion of the
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Fig. 2 Powder X-ray diffraction patterns of a MWCNT, b MWCNT-IIP, and c IIP
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A\

100 +
—_—
] —— MWCNT- IIP
80 — P
— MWCNT
g 4
=
5 60
@
; -
40 -
20 -
T l T T T T - T T 1
100 200 300 400 500 600 T00 800
Temperature('C)

target metal ions. This proved that imprinted MWCNT-
IIP has high warmth towards Cd(II) ions.

The surface area analysis of various tailored poly-
mers was investigated using BET method. The specific
surface area of the MWCNT-IIP and IIP calculated
was 296.8871 and 176.2139 m*/g. Compared with IIP,
MWCNT-IIP has a high specific surface area, due to
the presence of MWCNT which could effectively en-
hance the adsorption of Cd(II) on the surface of the
adsorbent.

The competence of the synthesized polymer was re-
alized by swelling studies. The extent of swelling is
influenced by the nature of polymer strength and ex-
tent of crosslinking. The swelling behavior of Cd(II)
ion on MWCNT-IIP, IIP, MWCNT-NIP, and NIP was
studied and tabulated in Table 1. The maximum

swelling behavior is obtained for Cd(II) ion-imprinted
MWCNT-IIP due to the cavity left by the Cd(Il) ion
on MWCNT-attached polymer network.

The dispersion of MWCNT, functionalized MWCNT,
and MWCNT-IIP is shown in Fig. 6, where it is clear
that the crude MWCNT was aggregated easily and
precipitated at the bottom of the container. On func-
tionalizing, it is clear by the naked eye that it shows
an increase in dispersibility. Crude MWCNT after
functionalization and polymerization is easily dis-
persed, and the dispersed solution has no change even
after 6 months.

Electrochemical studies
To confirm the formation of an electrochemical sen-
sor, cyclic voltammetry of a bare electrode and

Fig. 4 TEM images of a MWCNT, b MWCNT-IIP, and c IIP

(b)
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Fig. 5 EDAX images of a Cd(ll) ion-loaded MWCNT-IIP and b Cd(ll)-eluted MWCNT-IIP Cd(ll) ion eluted
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electrode modified with different adsorbent such as
MWCNT-IIP and MWCNT-NIP is compared and
shown in Fig. 7. From the figure, it is clear that there
is a great difference in the cyclic voltammograms.
When the electrode was modified with Cd(II) ion-
imprinted MWCNT-IIP, and introducing Cd(II) ion
into the modified electrode due to the conductivity of
the metal ion, more current is needed to sense the
Cd(II) ion; thus, the peak current increases apparently
and we get a redox peak. On comparing cyclic voltam-
mogram of Pt-MWCNT-NIP-modified electrode with
Pt-MWCNT-IIP electrode, Pt-MWCNT-IIP electrode
shows a better current response due to the cavity of
the template molecule additional to the good electrical
conductivity and high surface area of MWCNT. Thus,
MWCNT-IIP-modified platinum electrode was chosen
for further studies.

Effect of concentration

The influence of Cd(II) ion concentration in
MWCNT-IIP-modified platinum electrode was stud-
ied. The voltammetric experiments were limited to a
maximum Cd(II) ion concentration of 5 ppm, and the

Table 1 EWC% of Cd(ll) ion binding on MWCNT-IIP, IIP,
MWCNT-NIP and NIP

POLYMERS EWC %
MWCNT-IP 94.02
1P 88.36
MWCNT-NIP 65.98
NIP 4298

electrochemical measurement obtained was shown in
Fig. 8. The redox peak current increases linearly with
the Cd(II) ion concentration up to 5 ppm. This is due
to the increased availability of the electro active spe-
cies present in the solution. At higher concentration,
no evident peak current was observed because Cd(II)
ion gets adsorbed on the electrode surface.

Effect of pH

The routine of MWCNT-IIP sensor depends upon the
pH of the solution. The effect of pH on the modified
electrode has been investigated by varying over the pH
range 2—7. The redox peak current of Cd(II) ion was in-
creased with increasing pH (Fig. 9). At pH 6, maximum
redox current was obtained for Cd(II) ion sensing.
Above pH 6, the current goes on decreasing due to the
decrease of degree of the protonation of Cd(II) ion.

Effect of scan rate

The cyclic voltammogram of Cd(II) ion-imprinted
MWCNT-IIP sensor measured with different scan rate
ranging from 10 to 100 mVs™' in the potential range
from -1 to 1 V is shown in Fig. 10. As the scan rate
increases, the peak current moves to more current
values. As viewed from the figure, the redox peak
current was proportional to the scan rate in the range
10-100 mVs ™" with a correlation co-efficient of 0.9918
which confirms that the reaction occurring on the
modified platinum electrode was irreversible. Since
the plot of scan rate versus current is linear, it proved
that the redox process is diffusion controlled.
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Fig. 6 Picture showing the dispersion of a MWCNT, b functionalized MWCNT, ¢ MWCNT-IIP, and d MWCNT-IIP after 6 months
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Selectivity studies

Selectivity studies were carried out with platinum
electrode modified with Cd(II) ion-imprinted
MWCNT-IIP. Due to their closer ionic nature, Cu,
Ni, and Zn were chosen for selectivity studies. Se-
lectivity studies were carried out by successive
addition of metals into 0.1 M phosphate buffer solu-
tion with regular time intervals (Fig. 11). The result
shows redox peak current response for Cd(II) ion
compared to other metal ions. Since the platinum
electrode was modified with Cd(II) ion-imprinted
MWCNT-IIP, it can be selectively uptake Cd(II) ion
while other existed cations are not absorbed

noticeably due to non-specific cavity. From the
above result, it is clear that the modified electrode
reduced the influence of other metal ions and
showed greater selectivity for Cd(II) ions.

Differential pulse voltammetry

Differential pulse voltammetric measurements were
calculated to realize the lower detection limit of the
modified electrode. The DPV curve obtained for
Cd(II) ion concentration in phosphate buffer solution
is depicted in Fig. 12. The studies have shown that
DPV enables evaluation of Cd(II) ion down to 1 ppm.
Preconcentration time is also an important factor

Current(pA)

e Pt-MW CNTHIP/Cd(Il) in PBS
e Pt-MW CNT-NIP/Cd(Il) in PBS
== Bare Pt-electrode/Cd(ll) in PBS

L) 1
-200 0 200 400
Voltage(mV)

T T
600 800 1000

Fig. 7 Comparison of bare platinum electrode and modified platinum in the presence of Cd(ll) ion
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while carrying out DPV experiments. The relationship
between current and time would change from linear-
ity when the time taken for the experiment was lon-
ger and the preconcentration time was chosen as
5 min. This may be due to the surface saturation;
the cavities in the platinum electrode are not free to
accommodate Cd(II) ions. The calibration curve was

found to be linear with correlation co-efficient
0.9979 and slope of 0.1153. From the calibration
curve, the detection limit was found to be 0.03 uM.
When the metal concentration was greater than the
detection limit, the potential of current responses
decreases, due to the saturation of modified plat-
inum electrode.
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o
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Fig. 9 Effect of pH on the peak current of Cd(ll) ion
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Application of modified electrode

The applicability and practicability of the projected
electrode for the analysis of real sample with different
matrices were assessed by its application towards real
samples including lake water, pigments, cosmetics,
and fertilizers. The result obtained is shown in
Table 2. The obtained results confirm the applicability

of the method for the determination of Cd(II) ion in
a wide variety of real samples.

Comparison with other reported electrodes

The limit of detection of the modified electrode was com-
pared with other reported electrodes. It is comparatively bet-
ter with some of the previously reported electrodes (Table 3).
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Fig. 11 Selectivity studies of Pt-MWCNT-IIP towards various metal ions
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Extraction studies

Template-monomer interaction study

The structure and strength of the polymer affinity
are related to the complex formed between the tem-
plate and monomer. In the case of molecular im-
printing technique, the selection of functional
monomer is very significant whether it interacts with
the template molecule very strongly or not. Mono-
mer (MAA) with different concentration is titrated
against a particular concentration of template
(Cd(II)). From Fig. 13, it is clear that with the in-
crease of the concentration of MAA, the absorbance
also increases, which confirms the strong bond for-
mation between template and monomer.

Effect of solvent

A study of the effect of solvent on extraction of Cd(II)
ion in which definite quantity of MWCNT-IIP, IIP,
MWCNT-NIP, and NIP were treated with Cd(II) ion in
H,O, acetonitrile, and methanol was carried out. From
Fig. 14, it is clear that the binding is maximum in the
case where the binding medium and porogen used for
the polymerization are same.

Effect of concentration

The maximum amount of Cd(II) ion bound on dif-
ferent adsorbent with different concentration is
shown in Fig. 15a. The figure shows Cd(II) ion ad-
sorption increases from 1 to 5 ppm and the binding

Table 2 Sensing of Cd(ll) ion in real samples by the modified electrode

Modified Samples Cd (Il) ion Sensed
electrode (%)
Found Sensed
(ppm) (opm)
Pt/MWCNT-IIP Lake water 1.208 1216 + 0.0120 99.30 + 0.0020
Pigments 3.300 3.319 £ 0.0030 9942 + 0.0010
Cosmetics 0.989 0.997 £ 0.0010 99.28 + 0.0030
Fertilizer 4210 4.236 + 0.0020 99.38 + 0.0010
Pt/MWCNT-NIP Lake water 1.208 0.829 £ 0.0010 68.61 + 0.0030
Pigments 3.300 2210 £ 0.0012 66.96 + 0.0010
Cosmetics 0.989 0.6500 + 0.0030 65.70 + 0.0100
Fertilizer 4.200 2.659 + 0.0020 63.31 +£ 0.002
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Table 3 Comparative studies of modified platinum electrode
with other reported sensors

Reference

(Mhammedi et al. 2009)
(Afkhami et al. 2014)
(Wei et al. 2012)
(Veerakumar et al. 2016)
This work

Modified electrode Limit of detection(uM)

Platinum electrode 54
Carbon paste electrode 0.3
Glassy carbon electrode 0.1839
Glassy carbon electrode 0.041

Platinum electrode 0.03

capacity is greater for MWCNT-IIP as compared to
the other adsorbents due to the incorporation of
nanomaterials into the polymer matrix and thus the
number of binding sites and surface area increases.
The lower adsorption of MWCNT-NIP and NIP is
due to the absence of binding sites. Adsorption iso-
therm data of MWCNT-IIP is fitted with Langmuir
adsorption isotherm with R* value obtained which is
0.99633 (Fig. 15b). The results revealed confirm the
homogeneous distribution and monolayer coverage
on MWCNT-IIP.

Effect of pH

pH plays an important role on metal ion adsorption.
Cd(II) ion adsorption on different adsorbent such as
MWCNT-IIP, IIP, and MWCNT-NIP exhibits a high
affinity at pH 6 (Fig. 16). At low pH value, lower
adsorption of Cd(II) is observed because of the
protonation of the binding site of Cd(II) ion. Cd(II)
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ion adsorption increases as the pH value increases
until the pH becomes 6 and then the adsorption
was not carried out due to the precipitation forma-
tion between high concentration of hydroxide ion
and Cd(II) ion. On comparing Cd(II) ion adsorption
on MWCNT-IIP and MWCNT-NIP, the percentage
of adsorption was enhanced in MWCNT-IIP due to
the presence of cavities left by the template
molecule.

Effect of time

Kinetic studies were carried out to examine the ad-
sorption rate law and sorption mechanism of Cd(II)
ion on different adsorbent such as MWCNT-IIP, IIP,
MWCNT-NIP, and NIP. The pseudo-first- and
pseudo-second-order Lagregan rate equation was used
to study the kinetics of Cd(II) ion adsorption on
MWCNT-IIP. The adsorption of Cd(II) ion on
MWCNT-IIP, IIP, MWCNT-NIP, and NIP elevates
with time and reaches the upper limit. Figure 17a
shows two distinctive part in the graph; in the first
part of the graph, rapid uptake of Cd(II) ion takes
place due to the large binding site availability. And in
the second part, adsorption of Cd(II) ion is slow due
to saturation of binding sites and attaining equilib-
rium. Kinetic studies show that adsorption of Cd(II)
ion MWCNT-IIP follows the linear form of
pseudo-second-order kinetics with R* value 0.995 and
rate constant 0.136 (Fig. 17b).
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-05 —-
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-2.0 H
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——1ppm Cd(Il)+0.7 mmol MAA
———1ppm Cd(l1)+0.5 mmol MAA
—— 1ppm Cd(I1)+0.3 mmol MAA
— 1ppm Cd(I)+0.1 mmol MAA
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240 260

Fig. 13 Template-monomer interaction studies
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Fig. 14 Effect of solvent on the adsorption of Cd(ll) ion on MWCNT-IIP, [IP, MWCNT-NIP, and NIP
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Effect of mass of the polymer

To study the effect of mass of the polymer for the bind-
ing, different amount of adsorbent such as MWCNT-IIP,
IIP, MWCNT-NIP, and NIP were equilibrated with a
specific volume of Cd(II) ion solution. From Fig. 18, it
is clear that as the amount of adsorbent increases, the
Cd(II) ion binding also increases. On comparing bind-
ing of Cd(II) ion, MWCNT-IIP has the greater binding

capacity due to the large surface area and binding site
availability in MWCNT-IIP.

Selectivity studies

Selectivity of Cd(Il) ion-imprinted and non-imprinted
polymers were carried out by rebinding Cd(II) ion in the
presence of other metal ions such as copper, nickel, and
zinc since it is having similar ionic radius and charge
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S I P
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T
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Fig. 15 a Effect of concentration on the adsorption of Cd(ll) ion on MWCNT-IIP, [IP, MWCNT-NIP, and NIP and b Langumuir adsorption isotherm
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Fig. 16 Effect of pH on the adsorption of Cd(ll) ion on MWCNT-IIP, IIP, and MWCNT-NIP NIP

(Fig. 19). On comparing adsorption percentage of metal
ions, adsorption is greater for imprinted polymers rather
than non-imprinted polymers due to the lack of binding
site availability for non-imprinted polymers. The selectiv-
ity experiments show that binding capacity of other metal
ions is lower than that of Cd(II) ion due to the
complimentary cavities fitted for the Cd(II) ions that have

been created during imprinting procedure. The selectiv-
ity factor was calculated (Table 4). From the obser-
vation, it is revealed that Cd(II) ion-imprinted
polymers show high selectivity towards Cd-Cu mix-
ture. Cd-Zn mixture shows lower selectivity, and
Cd-Ni mixture shows considerable selectivity towards
MWCNT-grafted imprinted polymers.
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Fig. 17 a Effect of time on the adsorption of Cd(ll) ion on MWCNT-IIP, IIP, MWCNT-NIP, and NIP. b Pseudo-second-order kinetics for the
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Reusability study

Waste water treatment is more useful when the sub-
stance used for the conduct is reusable. Reusability
studies were carried out by adsorption—desorption ex-
periment using water as solvent. From Fig. 20, it is
clear that the synthesized adsorbent can be used for
five cycles of adsorption—desorption experiment and
after that adsorption decreased but not clearly. Thus,

it was shown that synthesized imprinted MWCNT-IIP
is efficiently favorable.

Extraction of Cd(ll) ion from real samples

The synthesized imprinted MWCNT-IIP and
MWCNT-NIP were applied to the analysis of Cd(II)
ion in water samples. The samples were introduced
into the imprinted MWCNT-IIP and MWCNT-NIP

3.0

254

Y =i N
o o o
Il ] i

Metal ions bound(meq/g)
o
o

0.0 4

MWCNT-IIP

MWCNT-NIP
Fig. 19 Selectivity of Cd(ll) ion-imprinted polymer and non-imprinted polymers

IIP NIP
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Table 4 selectivity factor various adsorbent verses Cd(ll) ion
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Table 5 Analysis of real sample

Metal ions A MWENTHIP / O MWCNT-NIP Qyp /AN
Cd (I),Cu(ln 6.6 46
Cd (I,Nidn 39 3.1
Cd (I1),Zn(1N) 1.9 18

by method as described above. The results obtained
are clearly depicted in Table 5. The results show the
appropriateness of Cd(II) ion-imprinted MWCNT-IIP
for the extraction of Cd(II) ion.

Conclusions

This study reveals a simple and well-designed approach
for the sensing of Cd(Il) ions from the real samples
through adsorption on mutiwalled carbon
nanotube-based ion-imprinting polymer. The modified
platinum electrode exhibited a low detection limit of
0.03 uM and a good selectivity, practical applicability for
the sensing of Cd(II) ions. At pH 5, maximum sensing
was obtained. The plot of current versus concentration of
Cd(II) ion gives a straight line passing through the origin,
portraying that it is acquiescent for electro analysis of
Cd(Il) ion. Extraction studies were carried out by batch
wise method. The effect of concentration, pH, contact
time, and reusability was studied in details. At pH 6, max-
imum adsorption was obtained. The Langmuir model of
cadmium sorption was fitted with Langmuir isotherm
which assumed that the sorption was monolayer

Polymer Real Cd (Il) ion Recovered
adsorbent Samples Found  Recovered (%)
(ppm)  (ppm)

MWCNT-IIP Lake water ~ 1.210 1221 +£0.0010  99.19 + 0.0120
Pigments 3.891 3905 £ 0.0020  99.64 + 0.0030
Cosmetics 1.100 1.110 £ 0.0010  99.19 £ 0.0010
Fertilizers 4.008 4027 £0.0120  99.52 + 0.0010

MWCNT-NIP  Lake water ~ 1.210 0819 £ 00010  67.68 £ 0.0030
Pigments 3.891 2.565 £ 00010  65.92 £ 0.0020
Cosmetics 1.100 0.742 £ 00020 6745 £ 0.0030
Fertilizers 4.008 2629 £ 00010 6568 + 00010

adsorption with no interaction between adsorbed ions.
The adsorption isotherm verified that a homogeneous dis-
tribution of binding site with monolayer coverage within
MWCNT-IIP takes place, and the sorption process is
chemisorption. A pseudo-second-order rate equation
can be used to determine the adsorption of Cd(II)
onto MWCNT-IIP. Investigations showed that the se-
lectivity of MWCNT-IIP was significantly higher than
that of bulk IIP and it can be used as perceptive sub-
stances for the sensing of Cd(II) from real samples.
This low cost, superficial synthetic route and strength
of the surface-imprinted nanostructure IIP provide a
useful intermediate for Cd(II) ion extraction from
other metal ions which was also confirmed by its high
selectivity coefficient.
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2.5 -

2.0+

Cd(ll)ion bound (meq/g)

I MWCNT-IIP
I 1P

I MWCNT-NIP
[ NIP

3 4 5
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Fig. 20 Reusability studies of MWCNT-IIP, MWCNT-NIP, IIP, and NIP towards Cd(ll) ion
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