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Abstract

An electrochemical sensor based on ion-imprinted functionalized polyaniline has been
fabricated and tested for the electrochemical sensing of cadmium in aqueous solution.
The synthesis of the polymer was started by copolymerizing anthranilic acid and
2-(1H-benzimidazol-2-yl) aniline in the presence of Cd** ions as the target analyte and
followed by acid leaching out the analyte to obtain the ion-imprinted polymer (lIP). The
synthesized IIP was examined for its structural, crystallographic and morphological cha-
racteristics using Fourier-transform infrared spectroscopy, X-ray diffraction analysis and
field-emission scanning electron microscopy. The IIP has been used to modify a carbon
paste electrode (CPE), and the IIP-modified CPE was tested for the sensitive and selective
detection of Cd?* ions in aqueous solution. The key electrode preparation parameters, i.e.
Cd deposition potential, pH of deposition solution, deposition time, and thickness of active
layer, were optimized using pulse voltammetric stripping analysis to achieve maximum
performance. Electrochemical investigations with the optimized IIP-modified CPE revealed
a high sensitivity for Cd®** ions as well as a high selectivity in the presence of potentially
interfering ions. Reproducibility and repeatability of the electrode were assessed and
found to be satisfactory.
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Introduction

Cadmium is a non-essential toxic element present naturally in trace levels in the environment.
Major occupational sources of cadmium pollution are the ore mining and metallurgical industries,
as well as the production of pigments, plastic stabilizers and nickel-cadmium batteries [1,2], while
environmental sources are the emissions from volcanoes and the weathering of erupted pyroclasts
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and ashes [3]. Cadmium exposure mainly occurs through ingestion of contaminated water and food,
inhalation of polluted air, and smoking cigarettes [1,2]. Through anthropogenic introduction and
biomagnification in the human body, cadmium can cause many deleterious effects, including renal
tubular dysfunction, glucose metabolism disorders, osteomalacia, osteoporosis, as well as lung,
pancreatic and breast cancer, cardiac failure and cerebral infarction [4-6]. Metalloregulatory
mechanisms based on metallothioneins control metal ion homeostasis and detoxification of cells in
the human body, but these fail above a tolerance limit [7]. Consequent to its high mobility, tendency
for bioaccumulation and long half-life, cadmium also affects enzymes and soil colloids and thereby
induces adverse effects on plants, including reduced respiration and photosynthesis, increased
oxidative stress and leaf chlorosis, as well as inhibited nutrient uptake and growth [8-11].

The International Agency for Research on Cancer (IARC) categorized cadmium as a Group 1A carci-
nogenic element [12], and the World Health Organization (WHO) ascertained the permissible cadmi-
um ion concentration in drinking water as 3 ng mL? [13]. Owing to its high toxicity even in low con-
centrations, the accurate determination of cadmium in water is imperative. The prevailing conventi-
onal analytical methods are inductively coupled plasma atomic emission spectrometry (ICP-AES) [14],
graphite furnace atomic absorption spectrometry (GFAAS) [15], and flame atomic absorption
spectrometry (FAAS) [16]. Optical biosensors [17,18] are also considered for analysis of both water
and dietary samples. Electrochemical techniques like cyclic voltammetry (CV), chronoampero-
metry (CA), and especially differential pulse anodic stripping voltammetry (DPASV) [19] are regarded
as possible low-cost alternatives, as they have the potential to offer highly sensitive, easy-to-use and
portable instruments that can be adapted for onsite measurements. For recent reviews on sensing
materials and techniques for the detection of cadmium, as well as possible restoration strategies using
adsorption on nanostructured carbon-based materials and microbial bioremediation, the reader is
referred to the literature [8,20,21].

Molecularly-imprinted polymers (MIP) are materials with specific molecular recognition sites that
bind to a particular analyte, thus markedly enhancing their interaction with this analyte in solution.
MIP technology is hence an effective way to improve the sensitivity and selectivity in
electrochemical sensing [22,23]. Tchekwagep et al. [24] have reviewed the use of MIPs for the
selective detection of inorganic species, and Ramanavicius et al. have covered the use of conducting
polymers for MIPs [25] and their application in the biomedical and pharmaceutical sectors [26]. In
the same manner, ion-imprinted polymers (IIP) can be used for the sensing of specific ions. Several
studies on Cd** ion sensing through IIPs in combination with electroanalytical methods have already
been reported in the literature. With regard to the sensing material, use has been made of specific
chelators entrapped in a polymeric matrix [27,28], copolymers based on 4-vinyl pyridine [29-32] or
methacrylate and methacrylic acid [28,32-37], conducting polymers based on pyrrole [38] or o-
phenylenediamine [39,40], as well as composite materials such as chitosan with gold nanoparticles
and graphene [41], chitosan with N-doped graphene oxide [42], and reduced graphene oxide
decorated with TiO; nanoparticles [43]. With respect to specific electrode designs, efforts have
covered screen-printed electrodes using electropolymerized 4-aminophenylacetic acid [44], and
interdigitated electrodes using an ethylenimine/methacrylic acid copolymer functioning as a
chemical resistor [45].

Polyaniline should be particularly advantageous for the synthesis of I[P matrices because it
possesses a high intrinsic conductivity and relatively facile chemical functionalizability of the polymer
backbone [46] and, moreover, because its nanostructured form enables enhanced sensitivity as a
result of the very high specific surface area [47]. Presnyakov et al. [48] have recently provided an
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overview highlighting the scope of polyaniline in imprinted polymer applications, and several reports
confirm that it is indeed suitable for the selective sensing of inorganic [49], organic [50,51], and
biochemical [52,53] analytes. Beyond that, polyaniline is a cost-affordable choice of material for large-
scale manufacture, especially when compared with the various nanostructured composites.

Related earlier work from our group has focused on the straightforward functionalization of
polyaniline with imidazole [54,55] for the sensitive electrochemical detection of heavy metal ions.
Following on from these efforts, we have herein synthesized the first polyaniline-derived IIP for the
detection of Cd?* ions. The IIP contains a benzimidazole group and a carboxylic acid group in its
backbone, which together serve as a metal-coordinating site for the highly sensitive and selective
electrochemical detection of Cd?* ions. The synthesis was carried out by, firstly, copolymerizing in-
situ the monomers of 2-aminobenzoic acid, commonly known as anthranilic acid, and 2-(1H-benzi-
midazol-2-yl) aniline in the presence of Cd?* ions as the target analyte and, secondly, leaching out
the target analyte to leave behind a nanostructured polyaniline matrix with ion-imprinted cavities
that are specific to Cd?* ions. The resultant IIP has been used as the active material for the modi-
fication of a carbon paste electrode (CPE) and then trialled for the electrochemical detection of Cd?*
ions in aqueous media. The electroanalytical techniques applied were cyclic voltammetry (CV) and
differential pulse anodic stripping voltammetry (DPASV), and the electrode was evaluated in view
of sensitivity, selectivity, reproducibility and repeatability.

Experimental

Materials and methods

All the chemicals used for synthesis were of analytical grade and used without further purification
unless otherwise mentioned. 2-aminobenzoic acid (anthranilic acid) was acquired from Loba Chemie
Pvt. Ltd., India and recrystallized from methanol before use, while 2-(1H-benzimidazol-2-yl) aniline
was acquired from AstaTech Inc.,, USA. Ammonium peroxodisulfate (APS) and concentrated
hydrochloric acid were obtained from Nice Chemicals Pvt. Ltd., India, and cadmium nitrate
tetrahydrate was obtained from Merck India Pvt. Ltd., India. Graphite powder was received from
Sigma Aldrich Chemicals Pvt. Ltd., India. The salts and acids containing the ions used in the selectivity
studies, LiC|, NaCI, KC|, MgC|2, CaC|z, BaC|z, Pb(NOg)z, MnC|2, FEC|2, COC|2, ZnC|2, CdClz, Hg(NO3)2,
NH4Cl, HNOs, HCl and H,S04, were acquired from S D Fine Chem Ltd., India. Rectified ethanol was
obtained from Kerala Excise Department, Government of Kerala, India. Deionized (DI) water was
used throughout the experimental protocols.

The chemical structure of the polymers synthesized was analysed by Fourier-transform infrared
spectroscopy (FTIR) using a Thermo Scientific Nicolet i5 spectrometer with an ATR module. The
crystalline nature of the polymers was examined by X-ray diffractometry (XRD) using a Rigaku
MiniFlex 600 diffractometer at a scan rate of 5° min’. Their surface morphology was investigated
by field-emission scanning electron microscopy (FESEM) using a JEOL JSM-6490LA microscope. All
electrochemical studies were performed with a Metrohm Autolab PGSTAT302N workstation. A
three-electrode configuration was used, comprising an in-house-made CPE of 4 mm diameter as the
working electrode, a saturated calomel electrode (SCE) from CH Instruments, USA as the reference
electrode, and a platinum wire as the counter electrode.

Synthesis of ion-imprinted polymer
2.74 g of anthranilic acid (0.02 moles) was dissolved in 30 mL of 1:1 ethanol-water solution and
stirred magnetically for 5 min. Added to this were 4.18 g of 2-(1H-benzimidazol-2-yl) aniline
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(1.0 equivalent, 0.02 moles) and 6.16 g of Cd(NO3),-4H,0 (1.0 equivalent, 0.02 moles) in 30 mL of 1:1
ethanol-water. The mixture was heated to 70 °C for 6 h with constant stirring to ensure complete
metal complexation. The resultant solution was then treated with 5.01 g of ammonium
peroxodisulfate (1.1 equivalent, 0.022 moles) in 20 mL of 0.1 M HCl to initiate the polymerization and
left for 24 h to complete the reaction. The resultant polymer was washed, dried in a vacuum oven at
60 °C, and triturated. This polymer, incorporating bonded Cd?* ions, is designated as Cd-1IP. Next, the
Cd-1IP was subjected to Soxhlet extraction using 0.1 M HNOs for 24 h to completely remove the Cd?*
ions from the polymer. The resultant material was washed with DI water until neutral and dried in a
vacuum oven at 60 °C to obtain the ion-imprinted polymer, denoted as IIP. A similar synthesis
procedure was carried out without adding Cd?* ions to get the analogous non-imprinted polymer,
denoted as NIP. This was used as a reference material in various parts of the study.

Preparation of IIP-modified carbon paste electrode

Carbon paste was prepared by blending graphite powder and paraffin oil in a 7:3 mass ratio for
72 hin a ceramic ball mill. The carbon paste was then filled into a glass tube of 4 mm inner diameter
to a length of 8 mm, enclosing a silver wire as an electric contact. The resultant carbon paste
electrode (CPE) surface was polished on a smooth paper sheet before use.

A dispersion of each polymer used for modification of the CPE, i.e. IIP and NIP, was prepared by
adding 1 mg of the respective polymer to 1 mL of DI water, stirring overnight, and sonicating for 1 h.
The dispersion was then drop-coated onto the CPE surfaces and allowed to dry overnight in order
to obtain the respective modified electrodes, i.e. CPE-IIP and CPE-NIP.

Results and discussion

Synthetic route

A schematic representation of the synthesis of Cd-1IP and IIP is displayed in Scheme 1. In the first
step, Cd-IIP was synthesized from the precursors, anthranilic acid and 2-(1H-benzimidazol-2-yl)
aniline, in ethanol-water in the presence of Cd(NOs),-4H,0, using thin-layer chromatography (TLC)

to check completion of the reaction.
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Scheme 1. Schematic representation of synthesis of Cd-1IP and IIP
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In the second step, the cadmium complex formed was subjected to polymerization, using
ammonium peroxodisulfate as an oxidizing agent that links the aniline moieties. In the final step, IIP
was formed by acid leaching the coordinated Cd?* ions, to yield a polymeric matrix that possesses
cavities that exactly match the size of the Cd?* ion.

Materials characterization

The chemical structures of the polymers were characterized by FTIR, and the spectra recorded
are presented in Figure 1. As expected, the spectra exhibit characteristic peaks that correspond to
the polyaniline backbone and the functional groups.

In the case of NIP, the absorption peaks and bands can readily be assigned to structural features
based on information from the literature [56-60]. The peaks at 1569 and 1496 cm™ originate from
the stretching vibrations in the quinoid and benzenoid rings of the polymer backbone, respectively.
The peak at 1698 cm™ is associated with the C=0 stretching vibration of the carboxyl group on the
polymer backbone, and the peak at 1238 cm™ stems from the stretching vibrations in the
benzimidazole ring. The broad band around 3222 cm™ is associated with the N-H/O-H stretching
vibrations of the polymer backbone, and the broad band around 2915 cm™ stems from the C-H
stretching vibration of the aromatic rings. The peak appearing at 1133 cm™is due to the C-H in-plane
bending vibration of the benzimidazole ring, and the peak at 755 cm™ is due to the C-H out-of-plane
bending vibration of the benzene ring.

For Cd-IIP, the peaks and bands observed are similar to those for NIP, thus pointing to the presence
of the same structural features in the polyaniline backbone and the functional groups. Notably, the
peak from the C=0 stretching vibration of the carboxyl group is shifted from 1698 cm™ in NIP to 1680
cm in Cd-1IP, and the band from the N-H/O-H stretching vibrations is shifted from 3222 cm™in NIP to
3206 cm™ in Cd-IIP. These changes corroborate that the coordination of the Cd?* ions in Cd-1IP occurs
through both the oxygen of the carboxyl group and the nitrogen of the amino group.

For IIP, i.e. after removal of the Cd?* ions from Cd-1IP, the same features are again observed. The
shifts of the main peak positions from Cd-IIP to IIP are all minor, i.e. from 742, 1124, 1245, 1499, 1600
and 1680 cm™ in Cd-IIP to, respectively, 746, 1133, 1232, 1504, 1573 and 1690 cm™ in IIP. These
changes are indicative of the relief of steric effects when the Cd?* ion is taken out of the structure.

In conclusion, the similarities of the FTIR spectra of NIP, Cd-IIP and IIP prove that neither the
presence of the Cd?* ions during polymerization nor their removal after polymerization has altered
the chemical structure of the polymer.

Transmittance
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¥ 11339232 1 —— Cd-lIP
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Wavenumber, cm™

Figure 1. Fourier-transform infrared spectra of NIP, Cd-1IP and IIP
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The crystallographic properties of the polymers were evaluated by XRD, and the diffractograms
recorded are compiled in Figure 2. The diffractogram of NIP exhibits several characteristic peaks bet-
ween 5 and 30° that indicate a significant level of crystallinity. The peaks at 20.2 and 26.6° may be
attributed to the periodic repetition of the benzenoid and quinoid rings in adjacent polymer
chains [61,62], while the peaks at 9.2 and 12.9° may be ascribed to the periodic arrangement of
nitrogen and dopant atoms [62]. The dopant in the given case is chloride ions, whose presence arises
from the use of HCl in the synthesis protocol. The peak positions of 9.2, 12.9, 16.0, 20.2 and 26.6°
correspond to d-spacings of 0.96, 0.69, 0.55, 0.44 and 0.34 nm, respectively, which are similar to those
reported for the emeraldine salt of polyaniline [63]. In the diffractogram of Cd-IIP, the peaks are
shifted to slightly larger d-spacings compared with NIP, indicating that the Cd-IIP matrix has expanded
somewhat due to the incorporation of Cd?* ions. The diffractogram of IIP, recorded after removal of
the Cd?* ions, is practically identical with that of NIP. Altogether, the XRD analysis has shown that the
three polymers have the same crystal structure and similar d-spacings.

Intensity

30 40 50
20/~

Figure 2. X-ray diffractograms of NIP, Cd-IIP and IIP

The surface morphologies of the polymers were assessed by FESEM, and the micrographs taken
are collected in Figure 3. It is observed that NIP, Cd-IIP and IIP all have an agglomerated nanosphere
structure. The formation of these nanospheres has been explained based on micelle formation of
the monomers prior to the chemical polymerization reaction [64]. The average diameters of the
agglomerates in NIP, Cd-IIP and IIP are measured to be 2312, 39+2.5 and 31+3.7 nm, respectively.
The larger agglomerate size in Cd-1IP compared with that of NIP indicates that the presence of the
Cd?* ions may have facilitated the agglomeration of the monomers before polymerization. Notably,
IIP has a similar nanostructure to Cd-1IP. While the agglomerate size in IIP has diminished slightly, it
is evident that the acid leaching process has not changed the nanostructure to a substantial extent.
Overall, the SEM analysis has shown that the polymers possess extremely large specific surfaces,
which is highly beneficial as it will enhance the accumulation of target ions in solution and hence
improve sensitivity in electrochemical sensing applications.
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Figure 3. Scanning electron microscopic images of (a) NIP, (b) Cd-1IP and (c) IIP

Cyclic voltammetry studies

The abilities of the bare and modified CPEs for the sensing of Cd?* ions were assessed in CV
studies, and the voltammograms recorded are presented in Figure 4. The experimental conditions
were an acetate buffer solution of pH 5.0 and a potential range from +0.5 to -1.8 V vs. SCE at a scan
rate of 50 mV s,

The bare CPE in the plain buffer solution shows no features on its CV (black solid line). This
indicates that it serves as an inert sensor substrate. Both the CPE-NIP and CPE-IIP exhibit small
features on their CVs in the plain buffer solution (blue and red solid lines). These represent a redox
couple at around -0.8 and -0.7 V that originates from, respectively, reduction and oxidation
reactions of the functionalized polyaniline, as reported in the literature before [65].

In contrast, in the presence of Cd?* ions in the buffer solution, the bare CPE, CPE-NIP and CPE-IIP
all display additional and more pronounced features (black, blue and red dashed lines). These
represent a redox couple at around -1.2 and -0.9 V that is ascribed to, respectively, the reduction of
Cd?*ions to Cd metal and the oxidation of Cd metal back to Cd?* ions. The peaks related to Cd are in
distinctly different positions from the peaks from the functionalized polyaniline and can, therefore,
be used unambiguously for analytical purposes. The peak currents are highest for CPE-IIP, followed
by CPE-NIP and bare CPE, demonstrating the superior ion-coordinating ability of IIP. This observation
is attributed to the existence of the specially-designed ion-imprinted cavities in the polymer.

Altogether, the CV results have suggested that CPE-IIP has good electrocatalytic activity towards
Cd?* ions in aqueous solution that can be exploited for electrochemical sensing.
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Figure 4. Cyclic voltammograms of bare CPE, CPE-NIP and CPE-IIP recorded in acetate buffer solution of
pH 5.0 in the absence and presence of Cd** ions; the concentration of Cd** ions is 0.1 mM when present

Differential pulse anodic stripping voltammetry studies

Following on from the CV results, the ability of CPE-IIP to sense Cd?* ions was evaluated further
by DPASV studies and compared with CPE-NIP as the reference material. Each individual experiment
involved two steps: firstly, pre-concentrating Cd onto the CPE surface by applying a suitable
deposition potential and, secondly, stripping the Cd off the CPE surface by reversing the potential.
Mechanistically, in the pre-concentration step, Cd?* ions from the solution are deposited onto the
electrode surface and reduced to Cd metal, Equation (1):

Cd?* > Cddeposited (1)

In the stripping step, the Cd metal is reoxidized to Cd?* ions that dissolve back into solution,
Equation (2):

Cddeposited > Cd?* (2)

Efforts were undertaken to optimize the electrode parameters, namely, Cd deposition potential,
pH of deposition solution, deposition time, and thickness of the active IIP layer on the electrode
surface. In these experiments, 10 mL of an aqueous acetate buffer was used, and the anodic
sweeping step was carried out by changing the potential from -0.8 to 0 V vs. SCE at a scan rate of
50 mV s and the stripping current was recorded.

The Cd deposition potential and the pH of deposition solution are mutually correlated factors
that strongly influence the Cd anodic stripping current. Therefore, both quantities were optimized
together by randomly selecting deposition potentials between -1.0 and -1.5 V vs. SCE and pH values
of the acetate buffer between 3.5 and 5.5. A total of 15 experiments were conducted with different
sets of values to establish the correlation diagram. The anodic stripping current as a function of both
the deposition potential and the pH is displayed in Figure 5. It is observed that, as the deposition
potential is increased from -1.0 to -1.2 V, the stripping current increases substantially, whereas any
further increase of the potential leads to a decrease in the current. Similarly, as the pH is increased
from 3.5 to 5.0, the stripping current increases, while a further rise in pH causes a current decline.
This is probably because the degree of protonation of the water molecules around the Cd?* ions
diminishes. The results show that the optimal pre-concentration of Cd on the electrode surface is
accomplished for a deposition potential of -1.2 V and a pH of 5.0, so these values were selected for
further DPASV analysis.
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Figure 5. Combined effect of Cd deposition potential vs. SCE and pH of deposition solution on the
anodic stripping current

The influence of the deposition time on the anodic stripping current was also investigated, with
the results shown in Figure 6a. It is seen that the stripping current increases as the deposition time
increases, reaching a maximum after about 15 min, whereas further increasing the time does not
alter the current significantly. This is likely due to the saturation of active binding sites on the
electrode surface. Finally, the effect of the thickness of the active IIP layer coated onto the CPE
surface was examined, as shown in Figure 6b. Experimentally, this was done by using different
volumes of deposition solution and assuming that these scale directly with the layer thickness
attained on the electrode surface. It is seen that the stripping current increases as the volume of
deposition solution increases to about 25 L, and then falls. This is because while the growing layer
offers an increasing number of binding sites, it finally becomes too resistive to facilitate charge
transfer. Based on these results, a deposition time of 15 min and an active layer thickness
corresponding to a volume of deposition solution of 25 uL were chosen in the further studies.
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Figure 6. Effect of (a) deposition time and (b) volume of deposition solution (scaling with active layer
thickness) on the anodic stripping current
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Calibration plot and limit of detection

In order to determine the limit of detection (LOD) of the proposed sensor, CPE-IIP and CPE-NIP
were investigated by DPASV in Cd?* ion solutions with concentrations ranging from 1 to 10000 nM.
The experimental conditions followed were as previously optimized: deposition potential of -1.2 V
vs. SCE, 10 mL of acetate buffer of pH 5.0, deposition time of 15 min, and active layer thickness
corresponding to 25 pL of deposition solution added. The other instrumental parameters were:
50 mV s scan rate, 100 mV pulse amplitude, and 40 ms pulse period.

The calibration plots for CPE-IIP and CPE-NIP were obtained by measuring the anodic stripping
currents as a function of Cd?* ion concentration. The calibration plots for both are presented in Figures
7a and 7b. It is seen that in both cases the anodic stripping current increases with the analyte
concentration and that there are two linear regimes, and the currents for CPE-IIP are higher than those
for CPE-NIP. In the case of CPE-IIP, the first linear region is found between the concentrations of 1 and
800 nM with an R? value of 0.9986 (line AB) and the second region is between 0.8 and 10 uM with an
R?value of 0.9989 (line BC). In these regions, CPE-IIP may be utilized for the determination of Cd?*ions
with a high degree of accuracy. Similarly, in the case of CPE-NIP, the first linear region is found for
concentrations from 50 and 700 nM with an R? value of 0.9979 (line AB) and the second linear region
is from 700 to 10000 nM with an R? value of 0.9962 (line BC).

N W H o o ~N o
Current, pA

Current, nA

2

10’ 10 10° 10* 10” 10° 10*
Concentration, nM Concentration, nM

0

10

Figure 7. DPASV calibration plots for Cd** ion concentrations of (a) CPE-IIP and (b) CPE-NIP in acetate buffer
solution of pH 5.0

The LOD of the sensor is calculated using the equation LOD = 3S,/b, where S, is the standard
deviation of the lowest concentration measured, and b is the slope of the regression line. In the case
of CPE-IIP, the LOD of the low-concentration line is 0.506 nM, while for CPE-NIP it is 15.6 nM. CPE-
IIP thus possesses a superior sensitivity compared with CPE-NIP.

A comparison of the IIPs tested for Cd?* ion sensing reported in the literature with the one
developed in the current work is provided in Table 1. It is seen that the sensor described here
compares favourably with the others, exhibiting linearity over more than four orders of magnitude
and a LOD at the lower end.

Table 1. Characteristics of ion-imprinted sensors for cadmium detection

Modified electrode  Analysis method Linear range, nmol L* LOD, nmol L Ref.
IIP/CPE DPASV 4.4 to 360 1.30 [27]
IIP/CPE DPASV 4.0 to 500 1.94 [28]
IIP/CPE ASV 1.0 to 500 0.52 [29]

[IP-Si0O2/MWCNT-CPE POT 100 to 107 100 [30]

10 (ec)
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Modified electrode Analysis method Linear range, nmol L* LOD, nmol L? Ref.
[IP/Fe304-SiO,-GCE DPV 8.0 to 50 and 50 to 800 0.10 [31]
90 to 24,000; 24,000 to 60,000
IIP/CPE DPV and 60,000 to 170,000 44.0 321
[IP/CPE DPASV 18 to 1800 2.80 [33]
IIP/GDE POT 200 to 10’ 100 [34]
IIP/MWCNT-Pt cv 8900 to 44,000 30 [35]
IIP/GO-GCE ASV 0.0042 to 5.6x10° 7.0x107° [36]
IIP/CPE DPV 1.0 to 10° 0.143 [37]
IIP/rGO-GCE SWASV 8.9 to 890 2.3 [38]
IIP/rGO-GCE SWASV 8.9 to 440 1.2 [39]
IIP/rGO-GCE SWASV 8.9 to 890 0.98 [40]
IIP-Au-rGO/GCE DPV 100 to 900 0.162 [41]
IIP/N-rGO-GCE DPV 10 to 100 3.51 [42]
IIP-Si0,/rGO-TiO,-GCE DPV 10 to 10,000 12 [43]
IIP film/SPCE cv 10 to 1200 1.71 [44]
IIP/rGO-CR Chemiresistor 18 to 1800 7.4 [45]
IIP/CPE DPASV 1.0 to 800 and 800 to 10,000 0.506 This work

CPE: carbon paste electrode, GCE: glassy carbon electrode, GDE: graphite disk electrode, GO: graphene oxide, rGO: reduced
graphene oxide, N-rGO: nitrogen-doped reduced graphene oxide, SPCE: screen-printed carbon electrode, CR: chemiresistor; DPASV:
differential pulse anodic stripping voltammetry, ASV: anodic stripping voltammetry, POT: potentiometry, DPV: differential pulse
voltammetry, CV: cyclic voltammetry, SWASV: square wave anodic stripping voltammetry.

Selectivity towards Cd?* ions

Selectivity of a sensor, i.e. the ability to detect the analyte in the presence of other species, is a
parameter of paramount importance in any sensing application. The selectivity of CPE-IIP towards Cd?*
ions was determined by DPASV, recording the anodic stripping currents in aqueous solutions containing
Cd?* ions together with potentially interfering ions, such as alkali metal, alkaline earth metal, heavy
metal and transition metal cations, as well as some common anions. Figure 8a compiles the anodic
stripping currents obtained for solutions containing 1 uM of Cd?* ions in addition to 100 equivalents of
Li*, Na*, K*, Mg?*, Ca%*, Ba?*, Pb%*, Mn?*, Fe?*, Co?*, Zn?*, Hg?*, NH4*, NOs’, CI', and SO4?". The results signify
that CPE-IIP is highly selective for Cd?* ions in the presence of the above ions, even if those occur at a
considerably higher concentration than the Cd?*. The observations hence indicate that the void created
in the polymeric structure after leaching out the Cd?* ion does indeed stay structurally stable and thereby
provides a perfect fit for this ion in the given sensing application.
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Figure 8. Selectivity of (a) CPE-IIP and (b) CPE-NIP in acetate buffer containing 1 uM Cd?** ions and 100
equivalents of the potentially interfering ions
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The only exception is Hg?*, likely due to its ability to facilitate the co-deposition with Cd?* and
thus the formation of Cd-Hg amalgam [66]. For comparison, Figure 8b shows the corresponding
results for CPE-NIP. In stark contrast to CPE-IIP, CPE-NIP is much more strongly affected by almost
all of the ions tested.

Stability and reusability

The long-term stability and multiple reusability of a sensor are further critical parameters. The
stability of CPE-IIP over time was assessed by first preparing a set of individual sensors and storing
them in a desiccator. The anodic stripping currents in a 1 uM Cd?* ion solution were recorded using
new sensors after different storage times of up to 30 days. Figure 9a summarizes the sensor
responses as a function of their respective storage times. In the figure, each point is the average of
the readings taken on that respective day with three individual sensors. The results reveal that more
than 90 % of the initial sensor response is maintained for the first 20 days, whereafter the response
starts to decline. Such a long shelf life is highly advantageous for the practical application of the
sensor, especially in remote areas.

The reusability of CPE-IIP was evaluated by recording the anodic stripping current of the same
sensor 10 times in a row in a 1 uM Cd?* ion solution. After each measurement, the CPE-IIP was
leached with 0.1 M HNOs; solution to ensure the complete removal of any adsorbed Cd species.
Figure 9b shows the sensor responses as a function of the total number of measurements taken
with the same sensor. In the figure, each point is the average of the readings from three different
sensors tested in parallel. It is seen that the sensor response exhibits no significant change
throughout the first four consecutive measurements, retaining more than 95 % of the initial
response, before it deteriorates. This confirms the reusability of the sensor for a few measurements.
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Figure 9. (a) Reproducibility and (b) reusability of CPE-IIP

Sensor studies summary

The CPE-IIP presented in this study has been designed in such a way that it benefits from the
collective effects of the high electronic conductivity along the polyaniline backbone, which
facilitates electrode design, the high surface area of the polymer’s nanostructure, which enhances
sensor sensitivity, and the specific binding ability of the chemically modified functional groups,
which provides excellent sensitivity. In contrast to all other reports in the literature, it has also been
shown that there is no significant cross-sensitivity to the most common anions. The results are
compelling evidence of the superior performance of the IIP prepared in the present study for the
given type of electrochemical sensor.
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Conclusions

A sensitive and highly selective electrochemical sensor for Cd?* ion detection in aqueous media was
developed using ion-imprinting technology. The desired ion-imprinted polymer (lIP) was synthesized
by copolymerizing anthranilic acid and 2-(1H-benzimidazol-2-yl) aniline in the presence of Cd?* ions,
followed by removing the Cd?* ions through acid leaching. The IIP was used to modify a carbon paste
electrode that was then tested for Cd?* ion sensing using cyclic voltammetry and differential pulse
anodic stripping voltammetry. Various electrode parameters, namely, Cd deposition potential, pH of
deposition solution, deposition time, and active layer thickness, were optimized to achieve maximum
performance. It was demonstrated that the sensor incorporating the IIP is applicable to the detection
of Cd?* ions in the concentration range from 1 to 10,000 nM with a LOD of 0.506 nM. The selectivity
of the sensor was found to be promising even in the presence of 100 equivalents of many other ions.
Shelf life and reusability were determined to be 20 days and 4 consecutive measurements,
respectively. As the immediate next phase of development work, the present sensor, along with other
sensors from our laboratory, is to be tested in real-world water samples collected in the industrial part
of the Periyar river in Kerala State’s Ernakulum District.
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