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ABSTRACT: A novel electrochemical sensor for determining trace levels of ng*,
Pb**, and Zn>" ions in water using square wave voltammetry (SWV) is reported. The
sensor is based on a platinum electrode (Pt) modified by poly(3,4-ethyl-
enedioxythiophene) and N,,N,-bis-(carboxymethyl)-L-lysine hydrate (NTA lysine)
PEDOT/NTA. The modified electrode surface (PEDOT/NTA) was prepared via
the introduction of the lysine-NTA group to a PEDOT/N-hydroxyphthalimide NHP
electrode. The (PEDOT/NTA) was characterized via cyclic voltammetry (CV),
Fourier transform infrared (FTIR) spectroscopy, and scanning electron microscopy
(SEM). The effects of scan rates on the electrochemical properties of the polymer
electrode were also investigated. The electrochemical results were used to estimate
the coverage of the electrode polymer surface and its electrostability in background
electrolyte solutions. Several analytical parameters, such as polymer film thickness,
metal deposition time, and pH of the electrolyte, were examined. Linear responses to
Hg*', Pb*, and Zn*" ions in the concentration range of 5—100 ug L™" were obtained. The limits of detection (LODs) for the
determination of Hg2+, Pb**, and Zn** ions were 1.73, 2.33, and 1.99 g L7}, respectively. These promising results revealed that
modified PEDOT/NTA films might well represent an important addition to existing electrochemical sensor technologies.

1. INTRODUCTION

Environmental contamination from metals such as zing,
cadmium, lead, copper, cobalt, nickel, and mercury is a serious
concern even at trace concentrations,' > requiring the
development of sensitive, selective, and accurate analytical
methods to monitor such species.” To date, many diverse
techniques have been used for their detection, such as
absorption,” emission,” fluorescence spectrometry,” optical
techniques, atomic absorption,8 and electrochemical technol-
ogies.”” ' Electroanalytical methods are considered an efficient
means of detecting a broad range of organic, inorganic, and
heavy-metal ions because of their high accuracy, adaptability,
sensitivity, rapid responses, and the fact that they are relatively
inexpensive.

Accumulation of these heavy metals can lead to serious
damage to organs such as the liver and kidneys and further to
conditions such as anemia, respiratory disorders, cancers, lung
damage, digestive issues, and osteomalacia."> World organ-
izations like the WHO state that the highest allowable
concentrations of Hg2+, Pb**, and Zn*' in terms of human
exposure are 1, 50, and 5000 ug L7', respectively.'*”"*
Environmental monitoring has become an important issue over
recent years as a result of increased public awareness and
concern about pollution. This has driven the need to develop
sensory tools that are sensitive, selective, portable, and
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inexpensive. The efficiency of electroactive polymers in this
regard has been demonstrated in a number of areas, such as
conductometric, potentiometric, amperometric, and chemical
sensors.' ">’

The detection of metal ions using conducting polymers can
be improved by modification of electrode surfaces through
various chemical methods and functionalization techni-
ques.””** When functional groups are sited on a polymer
surface, they can perform various functions such as catalysis,
sensing, and chemiluminescence.”’ Furthermore, function-
alized surfaces have the smart ability to change their physical
and chemical structures on exposure to specific stimuli.”” This
study has focused on the detection of Hg*", Pb**, and Zn**
ions using a novel electrochemical sensor based on the
modification of polymer electrodes with high sensitivity.”> The
fine-tuning of the chemoanalytical features of polymer
electrodes to facilitate interaction with particular analyte
species can be accomplished via the introduction of specific
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Scheme 1. Mechanism Describing the Chemical Synthesis of Poly(EDOT/NHP) via Electrochemical Polymerization
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receptor groups into the polymer films that function as metal-
ion acceptors.

Electroactive polymers such as polythiophene,”” polypyr-
role,”® poly(3,4-ethylenedioxythiophene),” polyaniline,”””’
polyfuorene,”” poly($-aminoquinoline), poly(o-toluidine),*
and their derivatives have attracted considerable interest.**
The optical, chemical, electronic, and mechanical features of
these polymer films render them suitable candidates for
possible applications in chemical sensors,” corrosion protec-
tion,>® electrochromic devices,>’ supercapacitors,‘?’8 energy
storage,39 and artificial muscles.*® Covalent bonding of ligands
with the functional groups of the surface polymer film allows
the powerful immobilization of particular chemical species.
The principal technique used to modify polymer surfaces is via
the introduction of receptors/ligands, as reported in the
various literature reviews on this subject. Suitable monomers,
such as aniline, pyrrole, thiophene, and 3,4-ethylenedioxythio-
phene (EDOT), when bearing carboxyl groups with alkyl
spacers,”' can be activated via appropriate leaving groups such
as pentafluorophenol (PFP) and N-hydroxysuccinimide
(NHP).

Functionalization chemistry plays a vital role in the
modification and improvement of many of the physical
characteristics of polymeric films. Side chains with functional
groups on polymer surfaces might be considered analogous to
“molecular wires”, which can often contribute to facilitating the
movement of electrons within electrochemical systems
(electrode and electrolytes).*” Functionalization of polymer
film surfaces may also be utilized to improve electrode
performance, thereby potentially giving conducting polymers
a significantly increased number of applications in various
scientific areas such as gas sensors, electronic muscles, energy

electrochromic devices, and bioelectronic interfaces. The
modification of the electrode structure can have a notable
impact on the features of the electrode through the associated
effect on the movement of species (molecules or electrons)
within the polymer film itself.” Chemically modified polymers
with end functional groups have been used to enhance metal
detection in the aqueous environment. Nitrilotriacetic acid is
considered to be an excellent ligand for the binding of metal
ions in aqueous solution, similar to ethylenediaminetetraacetic
acid (EDTA). Among the many possible organic receptors,
nitrilotriacetic acid (NTA) has been found to be one of
strongest chelating molecules available.** Recently, the N-
nitrilotriacetic acid receptor system has begun to see common
usage in sensor devices and in the biosciences.”® Further, as a
multidentate ligand, it can form a hexagonal complex
configuration on reaction with metal ions such as Co, Nj,
Cu, Zn, or Cr.

The aim of this project is to modify the chemical structure of
surface films and to control the molecular design to enable
them to be used for selective detection of metal ions in
aqueous solution. To achieve this objective, the present work
will investigate the activation of end functional groups on film
surfaces to create smart surfaces that have particular analytical
functions. The scenario involves electrochemical polymer-
ization of the EDOT/NHP monomer, which contains a good
leaving group, namely, pentafluorophenol (PFP). The PFP
group provides two advantages: first, it does not inhibit the
electropolymerization process, and second, it is easy to
substitute this group onto film surfaces without resulting in
the collapse of the polymer film itself. After the deposition of
the PEDOT/NHP polymer, the ester bonds can be hydrolyzed
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Scheme 2. Postpolymerization Step and Synthesis of PEDOT/NTA
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to produce convenient voids for the subsequent insertion of
ligand groups (NTA).

In this study, the polymer films under investigation are based
on electrochemical polymerization of the EDOT monomer
derivatives, PEDOT/NHP, and PEDOT/NTA (Schemes 1
and 2), where the NHP polymer film can be modified to create
a PEDOT/NTA film via reaction with nucleophilic molecules
in solution under mild conditions. Postpolymerization
methods allow for the formation of new functionalized film
surfaces and also prevent the surface from collapsing. NTA
lysine has been used to graft PFP polymer surfaces to form
“ligand” chemical sensors. In this research paper, we report a
novel electrochemical sensor that utilizes NTA lysine,
covalently bonded to a poly(EDOT) film and mounted onto
a platinum electrode for detection of trace amounts of
contaminant metals in aqueous samples. The novel poly-
(EDOT/NTA)-modified electrode so produced demonstrated
excellent efficiency in detecting low concentrations of Hg*”,
Pb?*, and Zn>" ions in water.

2. EXPERIMENTAL SECTION

2.1. Chemical Materials. 2-Carboxymethyl-3,4-ethylene-
dioxythiophene (EDOT-MeCOOH), tetrabutylammonium
perchlorate (TBAP) (99%), N,N,-bis(carboxymethyl)-L-ly-
sine (NTA), and N-hydroxyphthalimide (97%) were pur-
chased from Sigma-Aldrich. Dicyclohexylcarbodiimide (DCC)
and magnesium sulfate were purchased from Thermo Fisher
Scientific. Dichloromethane (CH,Cl,) was purchased from
Tianjin Damao Chemical Reagent Factory. Tetrabutylammo-
nium perchlorate 99% (TBAP) was purchased from Acros
Organics (and was further dried under vacuum at 60 °C for 1

20407

day before use). The preparation of an acetate buffer solution
was accomplished using 0.2 M acetic acid (CH;COOH) with
0.2 M sodium acetate (CH;COONa) to reach the desired pH.
Pure water solvent was used for the processes that required an
aqueous medium.

2.2. Instruments. Electrochemical examinations (square
wave voltammetry (SWV) and cyclic voltammetry (CV)) were
achieved using a PGSTAT-20 potentiostat from ECO/Chemie
(The Netherlands). The measurements were typically
accomplished using a three-electrode system containing a
working, counter, and reference electrode. The platinum
electrode (area = 0.75 mm?®) was used as the working
electrode (WE). The Pt plate (2.5 mm?) was used as the
counter electrode, and an Ag/AgCl system was used as the
reference electrode. The electrodeposition of EDOT-NHP
(monomer) on WE was carried out via cyclic voltammetry.
FTIR spectra of polymer films were recorded using a
PerkinElmer Frontier FTIR spectrophotometer (Massachu-
setts). An FEI SIRION scanning electron microscopy device
was employed to examine the morphologies of the electrode
surfaces deposited on the platinum electrodes. Cyclic
voltammetry was utilized for the electropolymerization of the
EDOT/NHP monomer. The voltage range was swept 10 times
between —0.9 and 1.2 V at various scan rates (10—100 mV
s™!). The appearance of polymer films on electrode surfaces
was evident from the formation of a dark color on the WE. The
deposited film was washed using ultrapure water and acetone
to remove excess unreacted monomer from the film surface
and then dried.

2.3. Preparation of Standard Solutions. Stock solutions
(with 100 ppm concentrations) were prepared by dissolving
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each of the selected metal ions in ultrapure water. A solution of
Pb ions was synthesized by dissolving 0.1598 g of lead nitrate
(Pb(NOs;),) in deionized water and then diluting to 1000 mL.
The mercury and zinc solutions were similarly produced by
dissolving 0.1623 g of Hg(NO;), and 0.2084 g of ZnCl,, in
ultrapure water and then diluting to 1000 mL. Prepared
standard solutions were utilized to make a set of solutions with
concentrations varying from 1 to 100 ppm for selected ions.

2.4. Synthesis of PEDOT/NHP Monomer. The monomer
(EDOT/NHP) was prepared via esterification of the
carboxylic group of EDOT/COOH with N-hydroxyphthali-
mide (NHP) and dicyclohexylcarbodiimide (DCC). This
procedure can be summarized as follows: a solution of DCC
(9.07 g, 44 mmol) and NHP (7.17 g, 44 mmol) in dry DCM
(75 mL) was added to a stirred solution of EDOT/COOH
(8.01 g, 44 mmol) in dry DCM (20 mL). The reaction mixture
was stirred for 24 h. The white precipitate (dicyclohexylurea)
that subsequently formed was isolated, and the DCM solvent
was removed from solution under vacuum to obtain the crude
product. This yield was recrystallized in hexane, filtered off,
and dried under vacuum (85%). The associated chemical
reaction scheme is shown in Scheme 1.

2.5. Electropolymerization of PEDOT/NHP. The
EDOT/NHP monomer that was prepared via an esterification
reaction in the previous step was electropolymerized in a
suitable electrolyte to produce an electroactive polymer film
containing an activated ester group. Voltammetric polymer-
ization was performed on a platinum electrode using a reaction
solution containing 10 mM EDOT/NHP with 0.1 M
tetrabutylammonium perchlorate (TBAP) in CH,CI,
(DCM). The potential was cycled between —0.9 V and 1.2
V vs RE (Ag/AgCl) and the PEDOT/NHP film was coated on
the platinum electrode for 10 consecutive scans with increasing
redox peak currents. The modified electrode thus produced
will be referred to herein as a PEDOT/NHP electrode.

2.6. Postpolymerization and Preparation of PEDOT/
NTA. The postpolymerization polymer film, which was
converted to an activated ester via a hydrolysis reaction, was
then bound with NTA groups within the polymer film. The
next step was to study the physical and chemical stabilities of
the polymer films so produced. This strategy involves the
electropolymerization of an EDOT/NHP film containing a
reactive ester group that can be replaced by new group after
deposition. An amidation reaction was used to bond the NTA
groups to the functionalised film (PEDOT/NHP) surface.
FTIR spectra were recorded to provide qualitative evidence as
to the covalent binding between the functionalized electrode
surfaces and ligand units. The introduction of NTA units to
the electroactive PEDOT/NHP polymer films was achieved
via their immersion in a saturated solution of the NTA ligand.
The modified electrode was removed from the immersion
solution after 12 h, washed with pure water, and then dried.
The synthesis of PEDOT/NTA is illustrated in Scheme 2.

2.7. Electrodetection of Metal lons. Electrochemical
examinations were accomplished using an (AUTOLAB)
analyzer device with a three-electrode cell system, as depicted
above. The WE was PEDOT/NTA with Ag/AgCl/saturated
KCl as the reference electrode and the platinum counter
electrode. Acetate buffer solutions (0.2 M, pH 2—9), which
contain diverse concentrations of mercury (II), zinc (II), and
lead (II) ions, were utilized as the electrolyte solutions for the
actual measurements. Practical experiments were carried out at
room temperature, 25 + 2 °C. The parameters for the square

wave voltammetry were as follows: pulse amplitude, 10 mV;
initial potential, —0.5 V; and end potential, 1.25 V.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Polymerization of PEDOT/NHP.
The EDOT/NHP films were electrosynthesized in CH,Cl,
solution containing 0.1 M TBAP as the supporting electrolyte
and 10 mM EDOT/NHP monomer, as shown in Figure 1.

100

80

60

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2
E /V vs Ag/ AgCl

Figure 1. Cyclic voltammograms resulting from electropolymerization
of 10 mM monomer (EDOT/NHP) with 0.1 M TBAP in CH,CI,
solution using a potential window of —0.9 to 1.3 V at a scan rate of 10
mV s™! for 10 scans.

The modified polymer film formation on the Pt electrode
was characterized by a sharp rise in the current for the voltage
at almost 1.05 V vs the Ag/AgCl reference electrode in the
cyclic voltammogram of PEDOT/NHP. During electro-
polymerization, a black layer was formed on the Pt electrode.
In addition, a nucleation loop could clearly be seen in the first
cycle of the voltammogram, which is related to the oxidation of
EDOT/NHP and the nucleation of the polymer film.”** The
intensities of the redox peaks of the film increased with
increasing number of scan cycles due to the regular growth of
the PEDOT/NHP film on the surface of the electrode, which
implied the formation of the electroactive polymer film on the
Pt electrode surface. Further, the continual growth of the
PEDOT/NHP film led to the nucleation loop diminishing in
all sweeps following the first. Figure 1 shows a single anodic
peak at 0.53 V and a cathodic peak at —0.38 V, which were due
to the doping/dedoping processes of the PEDOT/NHP film
that was formed during the electropolymerization.*’

Figure 2 illustrates the cyclic voltammogram (for the 10th
scan) of the electrodeposition of the EDOT/NHP at different
scan rates between 10 and 100 mV s™' with the same
measurement conditions applied as for the voltammogram
curve (Figure 1). Faraday’s law was used to calculate the molar
coverage of the PEDOT/NHP films depending on the charge
for the final deposition scan, as shown in eq 1.*

r=<

nFA (1)
where A represents the PEDOT/NHP electrode area (cm?), I
represents the molar coverage (mol cm™), F is the Faraday
constant (C mol™"), Q is the reduction charge, and n is the
number of electrons involved.*® Herein, 7 is set to be 2.3 and
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1000 —tomve polymer-modified electrode. The electrochemical examination
—0mV s was carried out via cyclic voltammetry in an aqueous solution
8004 30 my s (monomer-free) of TBAP (0.1 M) for PEDT/NHP, as
—50mVs’ represented in Figure 3. Voltammetric examination revealed
6004 ——100mv's” one broad redox peak that was possibly due to the diffusion of
counterions between the polymer chains. The voltammogram
< 400 A of PEDOT/NHP electrodes shows a broad anodic peak at 0.58
= V and a cathodic peak at —0.23 V in a TBAP solution."
200 ~ Furthermore, the electrochemical features of the polymer
film at various scan rates were investigated in an aqueous
0 background electrolyte containing TBAP (0.1 M), as depicted
in Figure 3B. From this voltammogram, it can be seen that the
200 current peaks were proportional to the associated scan rates,’
which supports the suggosition that the film has acceptable

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2
E/V vs Ag/ AgClI

Figure 2. Cyclic voltammogram (for the 10th scan) of the
electrodeposition of 10 mM monomer (EDOT/NHP) with 0.1 M
TBAP in CH,Cl, solution at different scan rates, v, 10—100 mV s~

the surface area of the PEDOT/NHP-modified electrode is
taken to be 0.00785 cm?. The relative standard deviation of n
(RSD%) from three consecutive experiments was estimated, as
indicated in Table 1.

Table 1. Charge of Cathodic Peak of PEDOT/NHP at
Various Scan Rates (10—100 mV s™')

charge of RSD
modified polymer  scan rate  cathodic peak %, coverage area
films (mV s7") Q (C§ n=3 T (molcm™?)

poly(EDOT/NHP) 10 1.62 X 1073 223 930 x 1077
20 1.08 X 1073 1.56 620 X 1077
30 892 x 107* 203 511 x 1077
50 7.65 X 107 121 440 x 1077
100 6.58 x 107* 1.65  3.77 x 1077

3.2. Electrochemical Characterization of Polymer
Films in Monomer-Free Solution. The analysis of the
electrochemical properties of the modified films prepared in
the previous step using a scan rate of 10 mV s™' (Figure 1)
provides information about the electrochemical stability of the

activity and stability.”™ In addition, there was a linear
relationship between oxidation and reduction peak intensities
with scan rate, which is referred to as control of surface
confinement, as shown in Figure 43°

160 ~

120

-120

T
0 20 40 60 80 100
vimVs'

Figure 4. Illustration of the magnitudes of the redox peaks from
Figure 3B with various scan rates of 10—100 mV s™".

The long period electrostability of the PEDOT/NHP-
modified electrode prepared at 10 mV s™' was examined via
cyclic voltammetry at —0.6 to 0.9 V in the monomer-free

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E/V vs Ag/ AgCl

B

150

—10mVs"'

I/ uA

-100 A

T T

-0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8
E/V vs Ag/ AgCl

Figure 3. (A) Cyclic voltammograms of poly(EDOT/NHP) electrodes prepared at 10 mV s™' (Figure 1) and acquired in 0.1 M TBAP in the
aqueous background electrolyte at —0.6 to 0.9 V. (B) Electrochemical responses of the same poly(EDOT/NHP) film at several scan rates ranging

over 10—100 mV s~ in aqueous electrolyte.
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Figure $. Illustration of the voltammetric response of PEDOT/NHP films prepared at 10 mV s™' for 150 scans and obtained in monomer-free
solution at —0.6 to 0.9 V. (A) Immediately after preparation and (B) 15 days after preparation.

aqueous electrolyte. The polymer electrode was studied
immediately after preparation, as shown in Figure SA, and
the electrochemical stability of a similarly deposited polymer
film was investigated 15 days after deposition, as shown in
Figure SB. The findings support the hypothesis of good
electroactivity and stability of the polymer electrode film. The
results show that increasing the number of scans during the
redox processes for PEDOT/NHP growth exposed to
monomer-free electrolyte results in a dwindling in the charge
(i.e.,, from comparing the 1st and 150th cycles).

3.3. FTIR Characterization of EDOT/NHP and PEDOT/
NTA Structure and Hydrolysis Study. The chemical
compositions of EDOT/NHP and PEDOT/NTA were
examined using FTIR spectroscopy (Figure 6). To examine

(a) Ester
100 = (b) 180 min
—— (c) 420 min

Transmittance (%)

1640 4545 1260

1120

T T T T T T T T T T T )
3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600
Wavenumber (cm™)

Figure 6. FTIR spectra showing amidation reactions of (a) PEDOT/
NHP (black line), (b) film after 180 min (red line), and (c) film after
420 min reaction time (blue line) of PEDOT/NTA.

the hydrolysis of poly(EDOT/NHP) films in N,,N,-bis-
(carboxymethyl)-L-lysine hydrate (NTA lysine) solution, the
experiment compared different reaction times to follow the
ratio of the conversion from the ester to the amide form. To
perform the hydrolysis procedure, the films were immersed in
NTA solution for different lengths of time with simultaneous
examination of the reaction using FTIR spectroscopy until the
substitution reaction had gone to completion, as shown in

Figure 6. FTIR spectroscopy was used to confirm the absence
of the C=O0 group attributed to NHP ester bonds signifying
the end of reaction, ie., confirming that the ester groups had
been successfully substituted for amides. FTIR spectroscopy
was used to monitor the reaction over time to confirm amide
bond formation throughout the polymer surface.”"*> The
poly(EDOT/NHP) film (ester form) showed distinctive sharp
bands in the FTIR spectrum at 1790 cm™" that were attributed
to the v(C=0) stretch, as shown in Figure 6. After soaking
the NHP ester film in the NTA solution, the C=0O stretch was
found to shift from 1790 to 1640 cm™", which was attributed to
amide bond formation in the polymer film. Accompanying this
conversion in the ester film was the appearance of a broad
band at 3550 cm™ due to the v(O—H) stretch and at 1725
cm™" due to the carbonyl stretch of the COOH groups in the
NTA ligand.>® The FTIR spectrum of PEDOT/NHP shows
peaks at 3550 and 2965 cm™! that were assigned to the OH
stretch of a carboxylate group and C—H aliphatic stretch,
respectively.54 Further, the bands at 1120, 910, and 620 cm™!
were associated with vibrations of the C—S and COC ether
groups in 3,4-ethylenedioxythiophene, while the bands at 1640,
1545, and 1260 cm ™! were due to the C=C double bound and
C—C stretches in the thiophene cyclic group.>

3.4. Morphological Characterization of PEDOT/NHP
and PEDOT/NTA. The morphologies of the PEDOT-NHP
and PEDOT-NTA films were studied via scanning electron
microscopy, as shown in Figure 7. The scanning electron
microscope images of the PEDOT/NHP film indicated a
porous and rough structure. The efficacy and stability of the
electropolymer films are strongly related to the morphology of
the associated electrode surface. The film was electrodeposited
using a voltage range of 0.9—1.3 V vs Ag/AgCl with a scan rate
between 10 and 100 mV s™" for 10 scans. Examination of the
surface of the polymer shows the growth processes on the
electrode surface due to the presence of rou%h and clustered
structures that are joined together like chains.”® Normally, the
electrode surface morphology is strongly influenced by
empirical parameters such as temperature, pH, scan rate,
solvent, and ions present. SEM images of the PEDOT/NHP
electrodes prepared at 10 and 100 mV s~ are illustrated in
Figure 7A.

This showed that the use of diverse scan rates led to a
change in the size of particles and appearance. The polymer
electrode prepared at 100 mV s~ (Figure 7A, right) had a
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S um

Figure 7. SEM images of polymer surfaces formed using electropolymerization (A) for PEDOT-NHP 10 (left) and 100 (right) mV s™' before
hydrolysis and (B) for PEDOT-NTA after hydrolysis for the same films, respectively.

smoother and more uniform appearance with linked particles
compared to the film deposited at 10 mV s™', where the latter
had a much rougher morphology with larger-sized particles
(Figure 7A, left). The differences in morphology of the
surfaces of the polymers were probably due to the rate of
nucleation processes and growth of the associated PEDOT
films, which are influenced by scan rate. At low scan rates, the
rate of the nucleation process for the polymer is slow, and
therefore progressive nucleation will be predominant and result
in a more uniform, homogeneous crystal surface, while higher
scan rates (instantaneous nucleation state) will lead to the
formation of larger-sized particles and a coarser morphology.
However, the polymer surface of the PEDOT/NTA after
hydrolysis in basic media showed a rougher structure as a
result of the hydrolysis process and amidation substitution
reactions, as shown in Figure 7B.

3.5. Influence of pH. Logically, the oxidation current is
influenced by changes in the pH of the electrolyte solution.””
The electrode response with respect to variation in pH of the
medium was investigated, with the objective of achieving the
maximum peak current during practical experiments. Three
separate solutions containing 100 ug L™' Hg**, Pb**, and Zn**
ions in solution at various pHs were utilized for the
electrochemical study. The square wave voltammograms
showed evident current peak responses for ions in electrolytes
with different pHs.”® Figure 8 illustrates the influence of the
pH of the electrolyte on the response of the PEDOT/NTA,
and this shows that the peak current increases with pH in the
range of 2.0—4.5, at which the peak reaches a maximum, and
then declines from pH 5.5 to 9. Therefore, pH 4.5 was selected
as the optimum pH for the medium for subsequent
experimentation.
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Figure 8. Illustration of peak currents of SWV for Hg**, Pb*, and
Zn”* ions at various pHs as acquired from PEDOT/NTA-modified
electrodes.

3.6. Measurement of Hg, Pb, and Zn Using SWV. The
electroanalytical detection of Hg**-, Pb**-, and Zn*'-ion
concentrations in aqueous solution was achieved using
voltammetric measurements. Prior to measurement, the
electrode was conditioned using a two-step process. In the
first step, the modified polymer PEDOT/NTA electrode was
immersed in separate solutions of analytes (Hg2+, Pb*, and
Zn*") of known concentrations (5—100 ug L™") at the selected
pH of 4.5, where it was envisaged that chemical binding would
occur between ions and chelating groups at the polymer
electrode surface. In the second step, the PEDOT/NTA
electrodes were removed from the analyte media and then
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rinsed with pure water before being moved to an electro-
chemical cell that contains only an acetate solution (buffer).
The square wave experiments were accomplished using various
Hg*', Pb**, and Zn*" concentrations. Figure 9 elucidates the
suggested interaction between the PEDOT/NTA ligand
groups and the metal ions.

HO OH
Oi /0
OH
N
o
(o}
+ M —
NH
o NH
o
Polymer film Polymer film

Figure 9. Illustration of the suggested interaction between ligand
groups in polymer and Hg**, Pb**, and Zn®* ions.

3.7. Determination of Hg, Pb, and Zn lons. Typical
experiment conditions for the detection of Hg>', Pb*', and
Zn>" ions using the PEDOT/NTA electrode via SWV were

investigated individually for each polymer electrode. First, the
electroanalytical behavior of the electrode in a blank solution
(metal-ion-free) was assessed to ensure that the blank medium
did not show any current peak responses in the potential range
of —1.3 to 0.7 V, as depicted in Figure 10 (black line). Then,
the electroanalytical response of the PEDOT/NTA electrode
was determined in buffer solutions (pH 4.5) containing
variable concentrations of Hg®', Pb**, and Zn*" ions to
examine the current responses. In this step, the PEDOT/NTA
electrode was washed in ultrapure water and then placed in the
buffer electrolyte in the electrochemical cell. The SWV
response was recorded for each metal ion. Figure 10 exhibits
the current peak for the PEDOT/NTA electrodes placed in 5
ug L7' solutions of Hg®*, Pb**, and Zn>" ions. The
voltammetric detection of these ion concentrations was
evaluated between —1.3 and 0.7 V (vs Ag/AgCl). The
interaction between the Hg*', Pb**, and Zn®*" ions and the
polymer electrode surface resulted in a change in the
voltammetric responses of the electrode, as shown in Figure
10. The intensity of the oxidation peak increased because of
the presence of metal ions in the studied solutions, which likely
formed complexes on the modified polymer electrode surface
(Figure 10). However, no peak current was registered with the
metal-ion-free solution when using the same electrodes (Figure
10A—C).

The correlation coefficients (R*) and calibration equations
were determined for Hg”, Pb**, and Zn®" ions as y=2741 +
0.528x (x: pug L™', y: pA), R* = 0.9966 for Hg**, y = 2.857 +
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Figure 10. Illustration of curves for SWV for various concentrations (5—100 ug L™") for (A) Hg*", (B) Pb**, and (C) Zn** ions utilizing PEDOT/

NTA-modified electrodes.
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Figure 11. Calibration curves for the measurement of (A) Hg**, (B) Pb*, and (C) Zn’* ions for different concentrations (5—100 ug L™")

(obtained from Figure 10) using a PEDOT/NTA electrode.

0.297x (where x: ug L™', y: pA), R* = 0.9942 for Pb**, and y =
0.775 + 0.437x, R* = 0.9953 for Zn**, respectively, as shown in
Figure 11. The limits of detection (LODs) were calculated as
1.73, 2.33, and 1.99 ug L™" for the Hg*", Pb**, and Zn*" ions,
respectively. This gives a clear indication of the high sensitivity
of the novel PEDOT/NTA electrode with regard to the
detection of Hg?*, Pb*, and Zn*" ions. Spatial differences in
current peak locations for metal ions provide a precise strategy
to detect metal ions, minimizing interfering influences from
other metal ions.”

Calibrations were determined for the detection of Hg“,
Pb**, and Zn** ions in buffer solution at pH 4.5. Square wave
voltammograms were recorded using sequential additions of
metal ions using a range of concentrations (5—100 pg L) at
the PEDOT/NTA electrode, as shown in Figure 11. Peak
currents emerged at 0.15, —0.52, and —1.0 V for different
concentrations of Hg**, Pb*", and Zn*" ions, respectively, as
illustrated in Figure 10. The findings show that there is an
evident linear relationship between the concentration of metal
ions and the intensities of the associated current peaks.

3.8. Regeneration of Modified Electrode Using EDTA.
Multiple uses of the PEDOT/NTA electrode to detect Hg™,
Pb**, and Zn®' ions require that the polymer electrode be
repeatedly revived. Reactivation of the PEDOT/NTA
electrode was performed by soaking the modified electrode
in 0.1 M EDTA solution for 20 min and subsequent washing in
deionized water. Figure 12 shows that the findings of the
voltammetric study of the PEDOT/NTA electrode after
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Figure 12. Cyclic voltammetric curve of the PEDOT/NTA-modified
electrode (blue curve) and Bu,NPF( electrolyte (red curve) after
treatment with 0.1 M EDTA.

reactivation were very closely congruent with the voltammo-
grams of the modified electrode when interacting with the
metal ions in solution. Furthermore, the SWV experiment was
performed using the reactivated electrode in metal-ion-free
solution. This showed that the electrode produced no current
peak responses in the applied voltage range, which indicates
that the attached ions had completely egressed from the
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Figure 14. Amperometric i—t curve for the detection of target metal ions at the PEDOT/NTA electrode with graduated addition of ions by 10 ug
L™! at regular intervals of 50 s. (A) i—t Curve for Hg*" ions at 0.15 V, (B) i—t curve for Pb** ions at —0.52 V, (C) i—t curve for Zn** ions at —1.0 V.

The inset plots show the concentration of metal ions vs current.

surface of PEDOT/NTA electrode. As a consequence, a
regenerated PEDOT/NTA electrode can be reused for the
determination of metal ions without any perceivable effect on
the electrode electroactivity.*

3.9. Simultaneous Electrochemical Determination of
Hg, Pb, and Zn in a Trinary Mixture. The PEDOT-
modified film measurements (Figure 13) indicate that the
PEDOT/NTA film displays good sensitivity and synchronous

20414

responses to Hg*’, Pb*, and Zn®" ions, with a notable
separation of current peaks compared with the blank
electrolyte responses, which did not show any responses in
the applied potential range of —1.3 to 0.6 V (see Figure 13,
black line). The current signals for Hg**, Pb*', and Zn*" ions
indicated that these ions were efficiently adsorbed onto the
polymer surface film (PEDOT/NTA) during the experiment.
These findings suggest that the carboxylic groups on the
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A

Figure 15. EDX analysis of PEDTA/NTA film (A) before and (B) after adsorption of ions. (C) SEM image of poly(EDTA/NTA) film after

adsorption of metal ions.

polymer surface could effectively pick up heavy-metal ions
from solution. Detection of metal-ion concentrations was
studied in a voltage range between —1.3 and 0.6 V at various
concentrations ranging from S to 100 ug L' for Hg*, Pb*,
and Zn”" ions. Figure 13B depicts square wave voltammograms
recorded using a PEDOT/NTA electrode at a scan rate of S
mV s~". This finding indicates that current responses increased
linearly with increasing concentrations in ternary solutions.
These results are in good agreement with the individual
species’ responses, as can be seen in Figure 10. Therefore,
PEDOT-modified electrodes functionalized with the NTA
ligand provide sensitivity, selectivity, and simultaneous
detection for these three metal ions.*®'

3.10. Amperometric Determination of Individual
Metal lons. The amperometric technique was applied to
assess the detection of the metal ions (Hg?*, Pb*, and Zn*)
individually, using the modified electrode surface (PEDOT/
NTA). Figure 14A displays the amperometric i—t curve for the
PEDOT/NTA electrode acetate solution (buffer) (pH 4.5) to
detect Hg ions using a constant voltage of 0.15 V. The polymer
electrode shows a current response for each increase of 10 g
L™" mercury. The current signal increase was attained within S
s for additional increases of 10 Hg*" ug L™" ion in each step
with a sample interval of 50 s. The response current was linear
from 10 to 100 ug L' at the modified electrode (PEDOT/
NTA) with a correlation coefficient of 0.9971 (inset of Figure
14A). Furthermore, the same conditions for the buffer solution
(pH 4.5), sample interval (50 s), and successive additions (10
ug L") were applied to assess lead and zinc ions. Figure 14B
illustrates a typical i—t plot for the successive addition of lead

ion at —0.52 V. It may be noted that the signal current
increased with increasing concentration of Pb** ions with a
correlation coefficient of 0.9975, as shown in the inset of
Figure 14B. Finally, the electroanalytical performance of the
PEDOT/NTA electrode toward Zn** detection was measured.
Here, the i—t curve for the Zn>" detection was monitored at a
fixed potential of —1.0 V (Figure 14C). The progressive
increase in Zn*"-ion concentration shows a proportional
current increase with a correlation coefficient of 0.9968, as
illustrated in the inset of Figure 14C. The limits of detection
(LODs) for the determination of Hg*', Pb**, and Zn®** ions
were 2.53, 3.24, and 2.89 ug L™, respectively.

3.11. EDX and SEM Analysis after Adsorption. To
allow for the qualitative detection of modified polymer films
after metal-ion adsorption and demonstrate the presence of
metal in the polymer chains, EDX measurements were
performed. The analysis of the polymer films after the
adsorption of ions was achieved using EDX measurements.
Figure 15A,B depicts EDX spectra of PEDTA/NTA before and
after adsorption of ions (Hg?', Pb**, and Zn®"), respectively,
indicating the presence of these elements within the polymer
film as a result of the bonding between the metal ions and
carboxylic ligand groups on the surface of the electrode. The
analysis indicates the presence of carbon, nitrogen, oxygen,
sulfur, mercury, lead, and responses, which shows that the film
had bonded with Hg*, Pb*, and Zn>' ions in solution.
Moreover, the SEM micrograph of poly(EDTA/NTA) after
adsorption of metal ions (Hg*', Pb*', and Zn®** ions) was
measured. Figure 15C depicts the surfaces of the polymer after
the adsorption of the ions, from which it may obviously be
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noted that the pores and surface of the polymer were covered
with metal ions.

3.12. Interference Study. The metal-ion determination
employing the PEDOT/NTA electrode can potentially be
affected by interfering ions, which could form complexes with
the NTA ligands on the modified polymer surface. Therefore, a
range of ions (K', Na’, Mg, Ca*", Ba’*, Co®**, Cu**, Al*,
Fe**, Ni**, CI7, Ca®*, and NO>") were added to a mixture
containing 25 ug L™' Pb*', Zn**, and Hg*" ions to assess their
impact on the current responses of interest. The addition of
interfering ions had no tangible effects on the current peaks
responses, and the results indicated that the voltammetric
responses for Pb**, Zn>*, and Hg** were unaffected by most of
the interfering species, even when the latter’s concentrations
exceeded those of the species of interest in the electrolyte, at
25 ug L' Hg**, Pb*, and Zn®' ions, by 50-fold. However, a
minor exception was found in the case of 45-fold
concentrations of Co*, Ni**, and Cu?*, which were noted to
have trivial effects on the detection of Hg**, Pb*, and Zn**
ions. This small variation was probably because of competition
between ions (Co’*, Ni*’, and Cu’") and the target ions for
receptors/active sites on the electrode surface. Table 2 shows
the findings of the interference study using several metal ions
on the voltammetric responses of Hg’*, Pb**, and Zn*".

Table 2. Interference Analyses for Metal Ions on the
Current Peak Responses of Hg2+, Pb%*, and Zn**

relative current change (%)

interfering metal ion Hg >, ug L™ Pb*", ug L™ Zn*, ug L™
Na 0.22 0.15 0.23
Cu 5.34 4.92 5.02
Ni -3.93 —4.62 —4.95
Co 432 3.56 4.89
Al —0.46 —0.44 —-0.45
Fe 1.21 2.12 2.54
K 0.26 0.32 0.35
Ca -0.72 —0.65 —0.52
Mg 1.10 1.19 0.98
Ba 1.57 1.0S 1.09
NO; 0.37 0.95 1.02
Cl 0.82 0.13 0.98
Ca —4.23 —3.86 —4.08

3.13. Repeatability/Reproducibility Tests. The repeat-
ability of polymer electrode behavior was examined under
optimized conditions using 30 ug L' Hg?*, Pb**, and Zn>".
Five successive experiments were carried out using the same
PEDOT/NTA electrode; the calculated relative standard
deviations (RSD) were 3.8, 3.1, and 2.7% for Hg**, Pb*,
and Zn*', respectively. Furthermore, the reproducibility study
of the PEDOT/NTA film involved the synthesis of five
PEDOT/NTA electrodes, which were then applied to the
detection of 30 ug L' Hg?*, Pb**, and Zn>*. The RSDs of the
PEDOT/NTA films were 2.9, 3.02, and 2.8% for Hg**, Pb*,
and Zn**, respectively. This result indicated that the prepared
PEDOT/NTA-modified electrodes showed good repeatability
and reproducibility.

3.14. Comparison with Previous Studies. The results of
the examination emphasized that the PEDOT/NTA-modified
electrode exhibits suitable reliability and eligibility to be used
for the determination of Hg?*-, Pb*-, and Zn>'-ion
concentrations. The electroanalytical responses of the
PEDOT/NTA electrodes employed in this study were
compared with the prior literature on the determination of
Hg*, Pb**, and Zn?*, as shown in Table 3.

3.15. Determination of Hg, Pb, and Zn lons in Real-
World Samples. Real-world samples were used to evaluate
the ability of our sensor to detect target metal ions in tap
water. To assess the practicality of the modified electrode
sensor, it was assessed for the detection of Hg2+, Pb**, and
Zn*" ions in a tap water sample spiked with S0 ug L™" of the
aforementioned metals. Prior to spiking, Hg**, Pb**, and Zn**
concentrations were below detection in this water sample. The
experimental findings are presented in Table 4, indicating good

Table 4. Determination of Hg?*, Pb**, and Zn®* in Natural
Water Samples

natural water sample ~ Hg *, ug L™'  Pb*", uyg L' Zn*', ug L™
added 50 S0 S0
found 45.9 482 47.8

agreement between “added” and “measured” concentration,
suggesting that the PEDOT/NTA-modified electrode sensor is
applicable for “real-world” practical applications.

Table 3. Comparison of the Electroanalytical Responses of the Polymer Electrode with Previous Studies

polymer electrodes methods
phthalocyanine film DPV
poly(3,4-thylenedioxythiophene) /black TiO, compositess ~SWASV
poly(1,5-diaminonaphthalene) SWASV
(EDTA-CPME) SWv
Langmuir—Blodgett films SWASV

EDTA bonded 30,40-diamino-2,20;50,200-terthiophene SWASV
on GCE

CNSs/PPy/SPE SWASV
L-cysteine-doped PPy
GCE/(PEDOT) LSASV
EDTA_PANI/SWCNTs DPV
poly(1,8-diaminonaphthalene) ASV
PEDOT:PSS/GC chronoamperometry
phthalocyanine electrode voltammetry and
amperometry

20416

analytes detection limit references
Hg 4x10°M 62
Pb, Cd 0.15 ug L™ 63
Pb 0.3 ug L' 64
Pb, Cuand Hg 6.0 X 107", 2.0 X 107"°, and 65
50X 107 M
Hg 0.1 ppm 66

Hg Pband Cu 6.0 X 1079, 2.0 X 107%%, 5.0 x 107 M 67

Hg and Pb 0.0128 and 0.0014 nM 68
Hg 2042.7 mg g 69
Pb and Cd 1.47 and 1.15 pyg mL™! 16
Cu, Pb and Hg 0.08 mM, 1.65 and 0.68 mM 49
Cd,Pband Cu 19, 30 and 6 ng L™ 60
Pb 0.19 nmol L™* 70
Pb 37 nmol L™ 71
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4. CONCLUSIONS

This project focuses on the fabrication of functionalized films
for use as electrochemical sensors for metal ions in aqueous
solution. A novel electrochemical sensor for metal ions, using
the modified polymer, was successfully fabricated using
electrochemical techniques. PEDOT functionalized with the
NHP group was electrodeposited onto a platinum surface
electrode via cyclic voltammetry, followed by a hydrolysis step
to remove NHP groups and insert the NTA groups within the
polymer matrix. The subsequent PEDOT/NTA was charac-
terized via cyclic voltammetry (CV), Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray (EDX) spectroscopy. The
effects of scan rate on the electrochemical properties of the
polymer electrode were also investigated. The novel PEDOT/
NTA film was assessed for the detection of Hg**, Pb**, and
Zn*" ions in aqueous solution. Hg**, Pb**, and Zn>" ions were
determined individually and simultaneously via the SWV
technique using the new modified polymer (PEDOT/NTA)
moieties. The PEDOT/NTA film displayed good sensitivity
during detection experiments for trace amounts of Hg2+, Pb*,
and Zn**, showing very low limits of detection of 1.73 ug L™
for Hg*', 2.33 ug L' for Pb**, and 1.99 ug L™ for Zn**.
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