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ABSTRACT

A highly selective electrochemical sensor for lead ions was fabricated using muti-
walled carbon nanotube as the backbone. The binding sites for lead ions were
sculpted with lead ion as template and NNMBA-crosslinked polyacrylamide as the
solid matrix on MWCNTs (MWCNT-IIP) on lead ion sensing and selectivity. System
without lead ions was also synthesized (MWCNT-NIP). To check the role of the
MWCNT, ion-imprinted polymer (IIP) and non-imprinted polymer (NIP) without
MWOCNT were also synthesized. In both systems, the ion-imprinted polymer showed
high specificity towards lead ion. The developed materials were characterized using
various analytical techniques. The sites left by the lead ions in MWCNT-IIP are highly
selective to lead ions and resulted in electrochemical response when a platinum
electrode was modified with this nanostructure. Cyclic voltammetry (CV) and dif-
ferential pulse voltammetry (DPV) were employed to explore the features of the
developed electrochemical sensor towards lead ions. The developed material could
sense Pb(Il) ions in the presence of other metal ions, and the limit of detection was
found tobe 2 x 1072 pM. The sensing system could successfully discriminate Pb(II)
ions from different real samples which includes environmental sample such as lake
water, mining effluent, food sample and cosmetics. Also the same was exploited for
the extraction of Pb(Il) ions. The recoveries from various samples using MWCNT-IIP
were > 99%. But those of MWCNT-NIP were in the range 62-68%.

Introduction metals are non-biodegradable and can accumulate in

living tissues causing dangerous physiological dis-
Monitoring of heavy metals at low concentration is orders. The major environmental metal pollutions are
important as in the case of human health and envi- the collective effect of toxic heavy metals such as

ronmental protection [1]. The hazardous heavy  lead, copper, mercury and cadmium [2]. Lead is a
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leading toxic heavy metal that produces many threats
to human health. The highly toxic Pb(II) ion disturbs
almost all organs and systems in the body [3]. The
main origins of Pb(II) ions are aquatic system, food,
painting industry, cosmetics, automobile exhausts,
old paints, mining wastes and water from lead pipes.
Lead ion poisoning produces constipation, gastroin-
testinal disorder, central nerve system damage and
abdominal pain [4, 5]. It can also affect our kidney
function, reproduction system, liver, brain functions
and so on. The toxicity symptoms of Pb(Il) ions are
headache, renal damage, anaemia, dizziness and
hallucination [6]. The poisonous Pb(II) ion should be
removed from our environment in order to protect
human health. Several methods have been reported
for metal detection such as chemical precipitation,
membrane filtration, ion-exchange, cloud point
extraction [7], optical emission spectroscopy [8], lig-
uid-liquid extraction [9] and solid-phase extraction
[10]. However, majority of these methods have some
disadvantages like expensive instruments [11], usage
of toxic solvents, needs of large volume of solvents
and lack of selectivity and specificity. But an elec-
trochemical sensor shows high selectivity, inexpen-
sive solvents and with very low detection limits.
There are large number of voltammetric methods for
the electrochemical sensing of Pb(Il) ions. But it
shows some limitations, such as low sensitivity, high
over potential, electrode contamination and low
reproducibility [12]. Different methods have been
reported to improve sensitivity and selectivity prop-
erties of electrochemical sensors.

Considering all these limitations, we have devel-
oped an electrochemical sensor based on molecular
imprinting technology on MWCNT. Molecular
imprinting technology has some special features that
help to improve the selectivity of an electrochemical
sensor [13, 14]. Nowadays imprinted polymers con-
sidered as selective adsorbents for some exact
chemical form of the given element have got much
more attention [15]. In addition, they show tremen-
dous applications in sensors, membrane separations
of the imprinted toxic metal ions and in solid-phase
extractions [16]. MIPs have some unique properties
such as chemical stability, low cost, high selectivity
and easy to preparation [17-21]. MIPs are normally
synthesized by polymerizing a mixture of template,
functional monomers and a crosslinker [22]. The
specific cavities complementary to the size and shape
of the template molecules are created after the
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removal of template from the polymer. Nowadays,
MIPs explore all the areas for large applications such
as materials for solid-phase extraction [23], artificial
enzymes sensor for detection of drugs [24, 25], pro-
teins [26-29], peptides [30] and cancer viruses [31].
However, some limitations that MIPs exhibit are poor
site availability for templates, slow binding kinetics
and low conductivity [32]. These drawbacks will
reduce the sensing possibilities of MIPs. In order to
alter the situation, the nanomaterial MWCNTSs can be
an exceptional choice as a supporting material to
defeat the troubles that are associated with the use of
MIPs. Current studies demonstrated that MWCNTSs
show tremendous electrocatalytic properties because
of their significant mechanical and electronic prop-
erties. The exceptional properties of MWCNTs make
them to be a striking electrochemical sensor [33, 34].
Because of their nanodimension, high electrical con-
ductivity, good chemical stability, electronic structure
and topological imperfection, MWCNTs exhibit
excellent electron transfer reactions when it
employed as electrode objects [35-37]. Therefore,
MWCNTs have been successfully applied in the
fabrication of electrochemical sensor for a wide range
of applications [38—42]. The electrochemical sensors
have got great attention during these years, because
of their low cost, portability and ease of operation
techniques [43].

In the present study, the fabrication of an electro-
chemical sensor and sorbent for Pb(Il) ions using
molecular imprinting technology on MWCNTs is
effectively contemplated. Pb(Il) ion-imprinted poly-
mer layered on MWCNTs was applied as the elec-
trode modifier. To find out the role of MWCNT on
the specific rebinding of Pb(Il) ions, conventional IIP
and NIP without MWCNT were also synthesized
from acrylamide and NNMBA. Electrochemical
sensing studies using these IIP/NIP-modified plat-
inum electrodes were carried out using cyclic
voltammetry (CV) and differential pulse voltamme-
try (DPV). In both cases, the imprinted system
showed high specificity towards Pb(II) ions. Due to
the nanosize and easy accessibility of the binding site
and covering of the surface of MWCNT with the
imprinted layer, the MWCNT-IIP/PE brings inno-
vative possibilities for electrochemical sensing owing
to the combined effect of IIPs and functionalized
MWCNTs. The effect of p', scan rate and selectivity
of the developed sensor was studied by the use of
cyclic voltammetry. The limit of detection of the
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sensor was analysed wusing differential pulse
voltammetry. The developed system was successfully
used for the fast sensing and extractions of Pb(Il) ions
in various real samples such as lake water, mining
effluent, food sample and cosmetics.

Experimental
Materials and apparatus

MWCNT, Nafion solution (5 wt%) and 2, 2’ azobi-
sisobutyronitrile (AIBN) were purchased from
Sigma-Aldrich (USA). Allyl alcohol, thionylchloride
(SOClp), chloroform, tetrahydrofuran (THPF),
4-dimethylaminopyridine (DMAP), lead nitrate,
cadmium chloride, zinc chloride and ferric chloride
were obtained from Merck (India). Triethylamine
(TEA), acrylamide (AA) and N,N’-methylene-bis-
acrylamide were purchased from SRL (India). FTIR
studies were done by Perkin-Elmer 400 FTIR spec-
trometer. The morphological studies were carried out
using JEOL-2100 model transmission electron
microscope. X-ray diffraction studies by PAN ana-
lytic XPERT-PRO. The entire electrochemical studies
were done by Biologic SP-200 electrochemical work-
station. Atomic absorption spectral studies of metal
ion solutions were carried out in a Perkin-Elmer
Atomic Absorption Spectrometer (Pinnacle 900H).

Electrochemical sensing of Pb(II) ions
Synthesis of vinyl functionalized MWCNTs

For MWCNT functionalization, crude MWCNTs
(0.5 g) were suspended in 60 mL Conc.HNO; and
sonicated for 10 min. The mixture was stirred at
85 °C for 16 h and cooled to room temperature. Fil-
tered through a 0.22-pm polycarbonate film and
washed with distilled water until the filtrate became
neutral. The solid was dried out using vacuum, and
acid-functionalized MWCNTs (MWCNTs-COOH)
was obtained.

For acyl functionalization, MWCNTs-COOH
(0.4 g) was suspended in the mixture of 10 mL of
sulfoxide chloride (S5OCl,) and 30 mL chloroform at
60 °C for 24 h under reflux. The solid was washed by
anhydrous tetrahydrofuran (THF) for a number of
times to take away the excess SOCl, and dried under
vacuum to give MWCNTs-COCL
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For vinyl functionalization of MWCNTs-COCI,
1.16 g of allyl alcohol, 0.244 g of 4-dimethylaminopy-
ridine and 6.06 g of triethylamine were added to 0.2 g
of MWCNTs-COCI in anhydrous 30 mL THEF. The
mixture was stirred at 60 °C for 24 h, then collected by
centrifugation and washed with anhydrous THEF.
After the washing and centrifugation, the solid was
dried in vacuum desiccators.

Synthesis of Pb(Il) ion-imprinted and non-imprinted
polymers

MWCNT-IIP with lead ion as template was synthe-
sized by polymerizing IIP onto the surface of vinyl
group fabricated MWOCNT. Molar amounts of
MWCNT-CH=CH,, Pb(I) ion and NNMBA were
taken for the synthesis. Lead and acrylamide were
dissolved in distilled water and added to the
MWCNT-CH=CH, and mixed. The crosslinker
NNMBA and initiator AIBN were also added. The
reaction temperature was increased to 70 °C, and the
reaction was permitted to continue for 5 h. The
obtained polymer was centrifuged and washed with
water to remove unreacted monomer and crosslinker.
The polymer was eluted by water for several times to
pull out the template Pb(II) ions until no lead ions
could be identified by AAS in the eluent. The poly-
mers obtained were dried in the vacuum desiccator
for 24 h. For evaluation, MWCNT-NIP without using
template lead ion was also prepared in the same way.
To decipher the role of MWCNT on the sensing and
extraction of the template Pb(II) ions, conventional
IIP and NIP without MWCNT were also prepared.

Fabrication of modified platinum electrodes

Before the electrode modification, the platinum elec-
trode was cleaned with 3.0 M nitric acid for 10 min,
after washing with water. The platinum electrode
was wiped with cotton to clean the surface and dried.
The respective polymer paste was prepared by mix-
ing the powder with Nafion solution using a mortar.
The paste was taken in a syringe to avoid unwanted
contamination and placed it on the electrode and
kept it for 30 min for complete drying.

Detection of Pb(Il) ion

For the detection of Pb(II) ion, the MWCNT-IIP/PE
was dipped in 10 mL of 5 ppm Pb(I) ion solution.
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The solution p™ was preserved as 5.0 using acetate
buffer solution (ABS). Provide maximum of 10 min to
MWCNT-IIP/PE for the equilibration of Pb(II) ion
from the solution. It leads to the assembly of Pb(II)
ion in the imprinted cavities of MWCNT-IIP on the
surface of platinum electrode. Then, the electro-
chemical studies like cyclic voltammetry and differ-
ential pulse voltammetry were carried out in a
potential range of — 400 to + 1200 mV with a scan
rate of 100 mV/s.

Sensing of Pb(1l) ion by MWCNT-IIP/PE from real
samples

For the demonstration of practical application of the
developed system, four different real samples were
selected which include lake water, mining effluent,
food sample and cosmetics. Before the sensing, the
samples were centrifuged to remove unwanted
interfering substances. MWCNT-IIP/PE was intro-
duced into the samples and equilibrated. The elec-
trochemical measurements were carried out. For
comparison, the experiments were repeated with
MWCNT-NIP/PE.

Lead ion extraction by imprinted and non-
imprinted polymers

Extraction procedure

Definite amount of the respective imprinted and non-
imprinted polymer was equilibrated with different
concentrations of Pb(Il) ion solutions ranging from 1
to 5 ppm. The metal ions bound by the polymer were
calculated by the equation,

Qe = (CO_CC)V/M (1)

where C, (ppm) and C. (ppm) are the initial and
equilibrium concentrations, V' (L) is the volume of
Pb(Il) ion solution and M (g) is the weight of the
adsorbent.

Adsorption isotherm helps to know the theoretical
values of adsorption capacity. Langmuir and Fre-
undlich equations are used for this purpose. The
Langmuir adsorption is suitable for monolayer
adsorption. The equation of Langmuir isotherm
model is represented as:

Ce/ge = Ce/q0 +1/bg (2)

where g, is the amount of adsorbate on the surface of
adsorbent, C. is the equilibrium concentration of
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template solution, g, is the maximum surface density
and b is the Langmuir adsorption constant.

The equation of Freundlich isotherm model is
represented as:

logge = log K+ (1 —n) log C, (3)

where K is the Freundlich constant and 7 is the Fre-
undlich exponent.

Time study

In order to check the adsorption kinetics of Pb(II)
ions, a batch equilibrium method was conducted.
0.01 g of MWCNT-IIP/IIP/MWCNT-NIP/NIP was
treated with 10 mL of template solution. At regular
intervals of time, the sorbent particles were removed
from the mixture by centrifugation. The Pb(II) ion in
the supernatant was analysed by AAS. The amount of
Pb(Il) ion at each time interval was calculated with
Eq. (D).

The adsorption kinetic parameters were deter-
mined using pseudo-second-order rate equation. The
equation was represented as:

dQ;/dt = Ka(Qe— Q1)? (4)

where Kj is the rate constant of pseudo-second-order
rate equation. Q. is the amount of Pb(Il) ion (mg L™
at equilibrium, and Q; is the amount of Pb(I) ion
(mg L") at time ¢ (min). From the graph t/Q, versus
t, the time needed for the maximum adsorption of
template at equilibrium was calculated. Moreover,
corresponding rate constant of the reaction was
determined.

Adsorbent dosage

To determine the effect of adsorbent dosage of
MWCNT-IIP/IIP/MWCNT-NIP/NIP towards Pb(II)
ion, different masses of adsorbent ranging from 10 to
50 mg of MWCNT-IIP/IIP/MWCNT-NIP/NIP were
added to optimum concentration of Pb(Il) ion solu-
tion. The Pb(II) ion bound by the polymer was cal-
culated using Eq. (1).

Reusability

The reusability of the polymer was tested for 6 cycles
under the same conditions with the same polymer.
For this purpose, 0.01 g of the polymer (MWCNT-
IIP/IIP/MWCNT-NIP/NIP) was mixed with Pb(II)
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ion solution having concentration 5 ppm. The mix-
ture was then equilibrated for 4 h. After equilibra-
tion, the solution was filtered and the amount of
Pb(Il) ion bound by the polymer was tested by AAS.
Then, the samples were washed and dried for the
next cycles.

Selectivity study

The selectivity of the imprinted polymers towards the
template Pb(II) ion was carried out by batch equi-
librium method. For this, 5 ppm solution of Pb(l),
CddI), Zn(II) and Fe(II) ion solutions was used. The
selectivity parameters were calculated using the fol-
lowing equations.

o = pr/DM
D = Q/C.
o = 0 /oty

where Q denotes adsorption capacity (mg L"), C, is
represented as concentration of metal ions at equi-
librium (mg L™Y. Dpp, and Dy (mg L™ notes the
distribution ratios of Pb(Il) ion and other competitive
ions, respectively. o, represents relative selectivity
coefficient, o; shows the selectivity factors of
imprinted adsorbent, and «,, is the selectivity factor of
non-imprinted polymers, respectively.

Swelling study

MWCNT-IIP/IIP/MWCNT-NIP/NIP (0.01 g) was
permitted to swell in water for 24 h. After equilibra-
tion, sorbents were filtered and excess water was
rubbed off carefully. The swollen weights of the
polymer were noted. The equilibrium water content
of the sample was calculated using the equation

EWC = (Weight of wet polymer
— Weight of dry polymer)/
Weight of dry polymer x 100

Effect of p*'

MWCNT-IIP/IIP/MWCNT-NIP/NIP (0.01 g) was
equilibrated with 10 mL of Pb(II) ion solution having
concentration 5 mg L™" at different p"'. The solution
was filtered, and the amount of Pb(II) ion removed by
the polymer at each p'' was analysed by AAS.
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Dispersion test

The dispersibility of MWCNT, MWCNT-CH=CH,
and MWCNT-IIP was checked with water as the
solvent. 0.01 g of each sample was dispersed in
30 mL solvent and sonicated for half an hour. The
dispersibility of the samples was observed very clo-
sely and recorded.

Extraction of Pb(Il) ion from real samples

For the analytical extraction of Pb(II) ion, 50 mg/L of
MWCNT-IIP/MWCNT-NIP/IIP/NIP was filled in a
SPE (solid-phase extraction) glass tube and the
respective test solution was percolated at a fixed flow
rate with suitable p"’. The concentration of lead ions
in the eluent was followed by atomic absorption
spectroscopy. The experiment was triplicate.

Results and discussion
Characterization techniques

Figure 1a shows the FTIR spectra of MWCNT,
MWCNT-CH=CH, and MWCNT-IIP. Pristine
MWCNT has no characteristic peaks in IR spectra
confirmed that they do not carry any functional
groups. But after vinyl functionalization, spectrum
exhibits characteristics peak of C=C at 1630 cm™".
The result suggests that C=C vinyl functionalization
is successful. In MWCNT-IIP, a strong broad peak
was obtained at 3300 cm ™' due to N-H stretching of
the amide group of acrylamide. Moreover, intensity
of the C=0 peak at 1630 cm™' was increased due to
existence of additional -C=N bond from acrylamide.
In addition, several low-intensity peaks from 500 to
1000 cm ™" range are due to the coupling of acry-
lamide with vinyl functionalized MWCNTs. All the
above results confirm vinyl group incorporation and
subsequent coploymerization of it with acrylamide
and NNMBA.

X-ray diffractogram shows the crystallinity of a
polymer. Figure 1b exhibits XRD spectra of MWCNT,
MWCNT-CH=CH, and MWCNT-IIP. The existence
of peak at 20 = 44°, 65° and 80° of MWCNTs shows
the crystalline nature. Moreover, MWCNT-IIP shows
some intense peaks in addition to the broad peak of
the polymer. The results assure that the imprinted
layer was successfully coated over the nanostructure.
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It can be concluded that the crystalline nature of
MWCNT was preserved in MWCNT-IIP.

For the specific morphological studies, HR-TEM
was used as shown in Fig. 1c. From the TEM images,
it is clear that the pristine MWCNTs show narrow-
tubular structures with small diameters. But after
functionalization, the diameter of the nanotube
increases 3 times than that of pristine MWCNTs. On
the other hand, MWCNT-IIP demonstrated tubular
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structure coated with a rigid homogeneous surface.
This proves that the polymer layer was successfully
coated on the surface of vinyl functionalized
MWCNTs.

The dispersibility of MWCNT, functionalized
MWCNT and MWCNT-IIP was checked as illus-
trated in Fig. 1d. The complete dispersion of all the
three samples was done with sonication. The dis-
persibility was checked after one day. MWCNT
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completely settled after 24 h. It shows that there is no
direct interaction between the MWCNT and solvent
taken. But functionalized MWCNT, a slight increase
is happened for its dispersibility. On other hand,
MWCNT-IIP is very easily dispersed in water. And it
did not settled down after one day. So the chemical
modification of MWCNTs helps to increase its inter-
action with aqueous medium and thus supports its
dispersibility.

The existence and removal of Pb(II) ion bound and
imprinted polymers were confirmed by energy-dis-
persive X-ray analysis shown in Fig. le. A clear,
sharp signal is present in Pb(II) ion bound polymers
due to the presence of Pb(Il) ion. But that peak was
disappeared as in the case of Pb(Il) ion-imprinted
polymers. The results confirm the synthesis of Pb(II)
ion-imprinted polymers.

The swelling action of metal ion-imprinted and
non-imprinted polymer was investigated. Swelling
studies explain the morphological difference between
the polymers listed in Table 1. As the investigation
results, the maximum swelling was observed for
MWCNT-IIP. This is due to the adsorption of water
in the pockets created by Pb(Il) ion by imprinting. In
addition, water molecule was entering into the cavity
of nanostructures in the polymer metrics. So the
swelling of MWCNT-IIP was too high. Such cavity
created by Pb(Il) ions is absent in non-imprinted
polymer and thus decreases the swelling. The order
of swelling was MWCNT-IIP > IIP > MWCNT-
NIP > NIP.

Electrochemical sensing of Pb(II) ion
Electrochemical sensing of Pb(II) with cyclic voltammetry

Cyclic voltammetry is an efficient technique for the
sensing of various chemical components. Figure 2
represents the measured cyclic voltammetric runs of
MWCNT-IIP/PE in acetate buffer solution (ABS)
having p™ 5.0. As in the case of bare electrode, the
cyclic voltammogram shows reduced electrochemical

Table 1 Swelling studies of

adsorbents Polymer EWC (%)
MWCNT-IIP 95.66
1P 87.84
MWCNT-NIP 79.56
NIP 65.81
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response with acetate buffer. Moreover, the cyclic
voltammetric response was apparently enhanced
when we introduced MWCNT-IIP/PE. In addition,
MWCNT-IIP/PE in buffer with template Pb(II) ion
shows an obvious reduction peak around — 100 mV
and a less intense oxidation peak around 700 mV
assigned to the internal electrochemical interaction of
MWCNT-IIP on the surface of platinum electrode.
But MWCNT-NIP/PE, IIP/PE and NIP/PE did not
show any redox peak, but it shows some changes on
the electrochemical response when we compared
with bare electrode. So MWCNT-NIP/PE, IIP/PE
and NIP/PE did not taken for any further studies
because of its poor electrochemical behaviour. The
results confirm that the metal ions are entered into
the cavities of the imprinted polymer and that could
be sensed by graphite electrode with a potential
range from — 400 to + 1200 mV.

Effect of Pb(1I) ion concentration

The effect of concentration of Pb(II) ion on MWCNT-
IIP/PE in ABS was studied with cyclic voltammetry
as represented in Fig. 3. The redox peak current
increases with Pb(Il) ion concentration from 1 to
5 ppm and reaches a maximum at 5 ppm. The con-
centration effect shows a linear relationship with its
redox peak current.

Effect of p"

The power of the p' on Pb(I) ion sensing by
MWCNT-IIP/PE was optimized to obtain the most

6
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24
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= 04
f=
[
~
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O 21
J MWCNT-IIP/PEin ABS-Pb(ll) ion solution
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Figure 2 CV runs for bare electrode and modified electrodes.
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excellent performance. The potential and current of
MWCNT-IIP-modified electrode were altered in ABS
with different p", and a maximum redox current was
attained at p'' 5.0 as shown in Fig. 4. In addition, as
the p"' changed, electrochemical behaviour of Pb(Il)
ion on MWCNT-IIP/PE may also varied. When we
increased pH above 5.0, the free form of Pb(II) ion in
the test solution was changed, which was not anal-
ysed by MWCNT-IIP/PE; thus, the redox current
decreases. So in summary, solution with p'' 5.0 is
chosen as most appropriate p'' condition for sensing
Pb(II) ion.

Effect of scan rate

The redox current increases with scan rate in the
range from 10 to 100 mV/s as shown in Fig. 5. In
addition, the cathodic peak potential totally shifted
towards the positive side when the scan rate
increased. The shifting of voltammogram towards the
positive side represents electrochemical influence of
proposed electrochemical sensor towards Pb(Il) ion.
Besides, the plot of peak current with square root of
scan rate shows a linear relationship with a correla-
tion coefficient of 0.9977. The results confirm that the
electrode process was adsorption controlled, and the
linear behaviour was reliable with electrochemical
response of Pb(Il) ion on MWCNT-IIP-modified
electrode.

24

Sppm

N !

6 1ppm

Current(pA)

-10 4

—42)0 ) —2(I)0 ) (I) ) 2(;0 ) 4(')0 ) 6(;0 ' 8(;0 ' 10'00 ' 1200
Voltage(mV)
Figure 3 CV runs of MWCNT-IIP/PE with different concentra-

tions of Pb(II) ion solution.
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Figure 5 CV runs of MWCNT-IIP/PE with p" 5.0 containing
5 ppm of Pb(Il) ion with scan rate ranges from 10 to 100 mV/s,
inset shows the linear plot of redox current with square of scan
rate.

Differential pulse voltammetry

DPV was used for the determination of limit of
detection (LOD) of proposed electrochemical sensor.
DPV was employed to discuss the sensing abilities of
Pb(l) ion using MWCNT-IIP/PE as revealed in
Fig. 6. The concentration effect of Pb(Il) ion towards
MWCNT-IIP-modified electrode was checked in
acetate buffer of p' 5.0. With the successive addition
of Pb(Il) ion, current response of MWCNT-IIP/PE
was increased and it exhibited oxidative peak around
650 mV. A linear calibration curve that ranges from 1
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to 5 ppm with a detection limit of 2 x 107> uM is
obtained for Pb(Il) ion with a correlation coefficient
0.9987. The results prove that the fabricated
MWCNT-IIP-modified electrochemical sensor can
detect Pb(Il) ion at very small concentrations.

Selectivity study

The selectivity study of MWCNT-IIP-modified elec-
trode was done with different metal ions such as
Cd(I), Fe(l) and Zn(I) ions. The MWCNT-IIP-
modified electrode showed high sensing towards
Pb(Il) ion as illustrated in Fig. 7. The Pb(II) ion can
easily occupied by the cavities created on the surface
of the polymer of MWCNT-IIP/PE, and the cavities
match with the size of Pb(Il) ion and can be easily
captured by the MWCNT-IIP/PE. But the size of
other metal ions and cavities are mismatching, and
thus, the sensing for ions was too low. The redox
peak was created only by the specific Pb(II) ion. The
results suggested that the only metal that can be
sensed by the modified electrode was Pb(II) ion. The
fabricated MWCNT-IIP/PE was highly selective
towards the target Pb(Il) ion.

Sensing of Pb(1l) ion from real samples using modified
electrodes

The efficiency of developed system was analysed by
detection of Pb(I) ion content in wastewater, food
samples and cosmetics. The results in Table 2 men-
tioned that the developed techniques can be used for
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Figure 7 Effect of selectivity of MWCNT-IIP/PE with different
competitive metal ion.

direct testing of real samples by a simple procedure.
The results indicate the quality of the developed
system.

MWCNT-IIP as nanosorbent
for the extraction of Pb(II) ions

Optimization steps for adsorption study

Effect of concentration The binding abilities of various
Pb(Il) ion-imprinted and non-imprinted systems
were examined in different concentrations ranging
from 1 ppm to 5 ppm. The impact shows that the
binding of Pb(Il) ion by various system increases with
increasing the initial concentration of Pb(I) ion

(b)l\s

304
25+ = T o
204
15
10

054 .

Figure 6 a DPV of different concentrations of Pb(II) ion solution in ABS (p™ 5.0), b plot of peak current as a function of Pb(II) ion

concentration ranges from 1 to 5 ppm.
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Table 2 Summary of the

electrochemical sensing of Modified electrode

Real samples

Found (ppm) Removed (ppm) Recovered (%)

Pb(Il) ions from real samples

MWCNT-IIP/PE Mining effluent 5.000 4.960 99.200
Lake water 4.300 4.280 99.500
Food 0.570 0.565 99.100
Cosmetics 0.250 0.248 99.200
MWCNT-NIP/PE Mining effluent 5.000 3.200 64.000
Lake water 4.300 2.900 67.400
Food 0.570 0.360 63.100
Cosmetics 0.250 0.160 64.000

solution as shown in Fig. 8. In addition, the concen-
tration of Pb(II) ion bound to MWCNT-IIP was much
higher than that of other polymers due to the incor-
poration of IIP layer on MWCNTs. This nanostruc-
ture increases the effective interaction between
MWCNT-IIP and template. But on other side, IIP has
no such large number of free active binding sites
since the absence of nanostructures, it shows a
dominant effect. Thus, adsorption capacity was lower
than that of MWCNT-IIP. In case of MWCNT-NIP
and NIP, they are not having imprinted sites. So the
orders of adsorption capacity of the polymers are
MWCNT-IIP > IIP > MWCNT-NIP > NIP.

At the initial stage, adsorption capacity was too
high because of the availability of free active binding
sites. Then, adsorption reaches a maximum and gets
saturated as the template concentration increases.

N

Pb(I)ion bound(meq/g)

1 2 3 4 5
Concentration(ppm)

Figure 8 Effect of concentration of Pb(II) ion on MWCNT-IIP,
IIP, MWCNT-NIP and NIP.

@ Springer

From the figure, it is observed that the maximum
adsorption found for Pb(Il) ion was at 5 ppm.

Adsorption isotherm illustrates the qualitative
knowledge about the nature of the solute-surface
interactions and also specific relation between the
concentration of adsorbate and amount absorbed on
adsorbent surface at constant temperature. The
adsorption isotherm of Pb(Il) ion is better fitted with
Langmuir isotherm model. Langmuir model sounds
for monolayer adsorption and homogeneous cover-
age of adsorbent surface.

As described in figure, a straight line graph with
correlation coefficient (R?) of 0.9980 was obtained for
MWCNT-IIP by plotting C./Q against C.. Freundlich
isotherm shows a straight line graph with correlation
coefficient of 0.9074 by plotting log Q. against log C,,
from the Fig. 9, it is clear that Langmuir isotherm
model is better fit than Freundlich isotherm model.

Time study

In adsorption kinetics, rate of adsorption was studied
as a function of time. From Fig. 10, it is clear that the
rate of adsorption of Pb(Il) ion by Pb(Il) ion-im-
printed and non-imprinted system was investigated.
As the time increases, the rate of adsorption was also
increases. At the initial stage, the imprinted polymers
possess large number of active free binding sites and
the adsorption shows a sudden increase within
20 min; then, it reaches an adsorption maximum at
40 min. But non-imprinted polymers do not possess
large number of binding sites. So the rate of adsorp-
tion was lower than that of imprinted polymers. The
maximum adsorption capacity was reached within
40 min, and it reaches equilibrium. In addition,
pseudo-second-order rate equation was applied to
study the kinetics of Pb(Il) ion adsorption on
MWCNT-IIP. Adsorption kinetics shows a straight
line graph of pseudo-second-order rate equation with
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Figure 9 a Langmuir and b Freundlich adsorption isotherms for Pb(Il) ion adsorption on MWCNT-IIP.
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Figure 10 a Effect of time on MWCNT-IIP, IIP, MWCNT-NIP and NIP and b adsorption kinetics of MWCNT-IIP and IIP.

a correlation coefficient of 0.9984. The results certified
that pseudo-second-order kinetic equation provided
a better rate as compared to other kinetic rate equa-
tion. The rate constant of pseudo-second-order of
MWCNT-IIP is 0.5526 min~!, and for IIP it is
0.0172 min™".

Effect of p**

Adsorption ability of both imprinted and non-im-
printed polymer was examined at different p*!
ranging from 3 to 5.5 and is represented in Fig. 11.
The results pointed that adsorption of Pb(Il) ion was
strictly affected by p' of the medium. From the
graph, it is clear that the adsorption of Pb(Il) ion by
imprinted and non-imprinted polymer was increased
with p'. At the initial stage, rate of adsorption

increases with p'' and it reaches a maximum at p"!
value of 5.0, and then it decreases as the p'' again
increases. The reason may be that the stability of the
imprinted system may diminish at high alkaline
medium. Thus, p'' 5.0 is taken as suitable p'' for
further adsorption studies.

Factors affecting adsorption rate
Adsorbent dosage

The impact of adsorbent dosage of Pb(Il) ion
adsorption was investigated by changing the dosage
from 10 to 50 mg as shown in Fig. 12. From the
experimental data, it was found that the efficiency of
metal removal increases with adsorbent dosage. The
high competency of adsorption with adsorbent
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Figure 11 Effect of p'" on MWCNT-IIP, IIP, MWCNT-NIP and
NIP.

dosage is due to the presence of large number of
binding sites. The rate of adsorption higher for
MWCNT-IIP may be because of raised surface-to-
volume ratio of nanostructures. The adsorption rate
of non-imprinted polymer was too low as compared
to imprinted polymer because of unavailability of
specific binding sites.

Reusability

Metal removal is more economical if the polymer
synthesized can be reusable. In order to check the
reusability of prepared system, the analysis was

Pb(ll) llon bound(meq/g)

10 20 30 40 50
Polymers(mg)

Figure 12 Effect of adsorbent dosage on Pb(Il) ion adsorption.
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Figure 13 Study of reusability of Pb(II) ion-imprinted and non-
imprinted systems.

repeated for 6 successive cycles as represented in
Fig. 13. The result proves that the Pb(Il) ion-im-
printed system can be applied for several times
without conservable decrease in its adsorption effi-
ciency. The experiment demonstrated that after 6
cycles the reusability of the system slightly decreased
but not noticeable. This may be due to the destruction
of few recognition sites in the polymer network at the
time of rewashing; thus, some sites were not fit for
template accumulation. So the results confirm the
reusability and selectivity efficiency of synthesized
nanosorbent.

Effect of binding media

Binding medium plays an important function in
polymerization. The binding medium for the

4.0  voTr
35 l
B venT e
e

Pb(ll) ion bound(medq/g)

Water

Acetone THF

Figure 14 Effect of binding media on Pb(II) ion adsorption.
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Figure 15 Evaluation of the selectivity of Pb(II) ion-imprinted
and non-imprinted system towards Pb(II), Cd(Il), Zn(II) and Fe(Il)
ions.

Table 3 Selectivity factors of the metal ions

Metal ions MWCNT-IIP (o) P (o)
Pb(II), Cd(II) 8.45 5.39
Pb(II), Zn(II) 2.28 1.52
Pb(II), Fe(1l) 1.92 1.14

synthesis of imprinted polymers is to create the
porous structure. And all the polymerization ele-
ments must be soluble in the binding medium. The
effect of binding medium on Pb(I) ion adsorption
was studied with three different solvents as illus-
trated in Fig. 14. As a result, water was selected as
good solvent for the adsorption of Pb(Il) ion. Acetone

3569

and THF show very low adsorption efficiency
towards Pb(II) ion because these solvents are not able
to create porosity on polymer surface and that will
decrease the adsorption rate. So based on the results,
water is selected as suitable binding medium for the
further studies.

Selectivity study

Three other metals (Fe(II), Cd(I), Zn(I)) were selec-
ted as competitive metal ions to check the selectivity
of ion-imprinted and non-imprinted polymers
towards Pb(Il) ion. The results show that the binding
capacity of Pb(Il) ion by imprinted polymers was too
much higher than that of non-imprinted polymers
which show no selectivity towards Pb(Il) ions
(Fig. 15). The reason behind this observation is that
the cavities left by lead ions in MWCNT-IIP were
complementary in size and shape to the template
Pb(I) ion, but there were no such imprinted sites in
the case of MWCNT-NIP/NIP. On the basis of these
results, it can be concluded that the synthesized
Pb(I) ion-imprinted polymer was highly selective
towards the template Pb(II) ion from a mixture of its
competitive metal ions. The selectivity factor revealed
that the Pb(Il) metal ion-imprinted polymer shows
high selectivity towards Pb(Il) ion in Pb-Cd mixture
with high selectivity factor because of the similar
chemical properties of Pb(Il) and Cd(Il) ions
(Table 3). But in case of Pb—Fe mixture, the imprinted
polymer shows low selectivity factor.

Table 4 Results of extraction

of Pb(Il) ion from real water Polymer sorbent

Real samples

Found (ppm)

Removed (ppm)

Recovered (%)

sample MWCNT-IIP

1P

MWCNT-NIP

NIP

Mining effluent 3.78 3.76 99.50
Lake water 1.85 1.84 99.40
Food 1.23 1.22 99.20
Cosmetics 0.97 0.96 99.00
Mining effluent 3.78 2.98 78.80
Lake water 1.85 1.37 74.00
Food 1.23 0.96 78.00
Cosmetics 0.97 0.69 71.10
Mining effluent 3.78 1.99 66.30
Lake water 1.85 1.15 62.16
Food 1.23 0.78 63.40
Cosmetics 0.97 0.65 67.00
Mining effluent 3.78 1.79 59.60
Lake water 1.85 1.02 55.40
Food 1.23 0.63 51.20
Cosmetics 0.97 0.55 56.70
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Table 5 Comparison of

modified electrodes with some Electrodes Modifier Methods Detection limit (LM) Ref
th i 1t .

Offier previous reports Graphite He(1I)-tethered MWCNTSs DPASV  0.94 [44]
Disposable Bismuth—Nafion medical stone DPASV 0.07 [45]
CPE Zeolite NH,_-Y CVv 3.60 [46]
CPE Diphenylthiocarbazone SWASV 0.08 [47]
Platinum MWCNT-IIP DPV 2 x 1072 This work

Extraction of Pb(Il) ion from real samples Acknowledgements

In order to check the applicability of developed sys-
tems, all the systems were applied to real samples
such environmental samples such as mining effluent,
lake water, food sample and cosmetics. The analysis
was done with AAS. Table 4 shows the extraction
efficiency of the developed systems for further
applications.

Comparison of various modified electrode for Pb(Il) ion
detection

Reported information of Pb(I) ion detection by var-
ious modified electrodes was compared with this
work (Table 5). The results show the competence of
the developed system towards Pb(Il) ion detection.

Conclusions

A novel, simple and selective electrochemical sensor-
based nanosorbent was fabricated for the sensing and
extraction of Pb(II) ions. The two-step process estab-
lished in the present work includes synthesis of
MWCNT-IIP and fabrication of MWCNT-IIP/PE
sensor towards the detection of Pb(Il) ion. The pre-
pared MWCNT-IIP was successfully characterized by
FTIR, TEM and XRD. The developed MWCNT-IIP/
PE sensor exhibits very good electrochemical detec-
tion for Pb(Il) ion in ABS having p"' 5.0. The sensor
has the ability to detect Pb(II) ion at very low limit of
detection. The fabricated sensor was successfully
applied to real samples for Pb(Il) ion sensing. The
synthesized system was successfully utilized for the
extraction of Pb(Il) ion from real samples using AAS.
So it concluded that the fabricated system can be
used as a powerful tool for the sensing and extraction
of Pb(Il) ion for future purpose.
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