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Abstract: A simple and highly selective amperometric sensor for simultaneous determination of anthracene
(AN) and phenanthrene (PHE) has been developed based on a composite of overoxidized-polypyrrole (PPyox)
and Ag-Au alloy nanoparticles (Ag-AuNPs). UV-visible confirmed the formation of the Ag-Au alloy
nanoparticles and transmission electron microscopy (TEM) revealed a rather uniform distribution of several
nanometer-sized particles (20-30 nm). Voltammetric interrogations using ferricyanide redox probe showed that
the composite (PPyox/Ag-AuNPs) had a higher catalytic effect compared to Ag-AuNPs and PPyox films. The
sensor (PPyox/Ag-AuNPs composite-coated GCE) was interrogated with cyclic voltammetry (CV) and square
wave voltammetry (SWV) in acetonitrile containing 0.1 M LiCIO,. The sensing surface with the Ag-Au ratio of
1:3 was able to oxidize AN and PHE at different potentials when operated in the presence of both analytes. A
successful elimination of the fouling effect by the oxidized products of AN and PHE was achieved at the
modified electrode. The catalytic peak currents obtained from SWV increased linearly with increasing AN and
PHE concentrations in the range of 30 uM to 312 uM and 30 uM t0280 pM with a detection limit of 23.05 uM
and 24.406 uM, respectively.
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. Introduction

Bimetallic nanoparticles such as alloy and core-shell particles are of considerable interest in various
fields of science and engineering because of their composition and size-dependent electrical, chemical, optical
and catalytic properties [1]. They are of special importance in the field of catalysis as they exhibit better
catalytic properties than their monometallic counterparts [2]. Depending on the synthesis method, the resulting
bimetallic particles can exhibit alloy behavior or core-shell system behavior. The alloy nanoparticles are
homogeneously distributed over the whole volume on an atomic scale while the core-shell nanoparticles
constitute the core of the structure, and the other one the external shell [2]. Bimetallic nanoparticles can be
prepared by simultaneous reduction or by successive reduction of the two metal ions in the presence of suitable
stabilization strategy such as steric hindrance and static-electronic repulsive force. The former reduction method
leads to the formation of a particle structure of homogeneous alloy, while the latter to the production of core—
shell structure particles [2]. The structures of bimetallic combinations depend on the preparation conditions,
miscibility and kinetics of reduction of the metal ions [3]. Gold is very useful as an alloying metal due to its
relatively low reactivity and has been used in conjunction with metals such as palladium and platinum for
various catalytic reactions [3]. For example, combinations such as Au-Pd and Au-Pt are reported to exhibit a
core-shell type of structure, while Au-Ag forms homogenous alloys when reduced simultaneously. Au and Ag
have very similar lattice constants and are completely miscible over the entire composition range which leads to
the formation of highly catalytic single-phase alloys of any desired composition of Au and Ag [3]. It has been
reported that Ag-Au alloy nanoparticles have excellent electrocatalytic properties. According to Masato et al.,
[4] electrochemical properties and the electrocatalytic properties of Ag-Au alloy nanoparticles with different Ag
and Au composition depends on the amount of Ag in the bimetallic alloy nanoparticles. However, Aigin Wang
et al. and Xhiang et al. showed that Ag-Au bimetallic alloy nanoparticles portrayed better electrocatalytic
properties when Ag:Au was in the ratio of 1:3 [5,6].

On the other hand, polypyrrole (PPy) is a conducting polymer which is an excellent material used as a
matrix for deposition of metal nanoparticles [7]. PPy film has excellent properties for its application such as the
ease of its monomer pyrrole to be oxidized, water soluble, commercially available and the PPy posses good
environmental stability, good redox properties, high electrical conductivity, simplicity of synthetic procedures
and the possibility of forming homopolymers or composites with optical, chemical and physical properties [8].
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The PPy film can further be overoxidized at high potential and lose its conductivity [7]. It has been reported that
during overoxidation process, the doping ions are expelled from the polymer film, and oxygen-containing
groups such as carbonyl and carboxyl groups are introduced to the pyrrole unit. This transformation of PPy as a
result of overoxidation is accomplished by a loss of conjugation, electronic conductivity and dedoping with a net
electronegative character imparted to the polymer film [7]. The overoxidation of polypyrrole where the dopant
(A") is ClIO4 may be represented by the simplified process shown in scheme 1.
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Scheme 1: A scheme showing the overoxidation process of polypyrrole.

The small doping anions (ClO, ) ejected from the PPyox film, creates a porous structure on the
electrode which creates room for the deposition of the nanoparticles [7]. The PPy film improves selectivity,
cation permselective behavior and the efficiency of PPyox in suppressing interfering electroactive species and
avoiding electrode fouling [7]. The high permselectivity of overoxidized polypyrrole films allows analytes to
reach the surface of electrodes easily.

The overoxidized PPy film has excellent cation exchange and molecular sieve properties. Several
applications of PPyox film has been reported in literature. For example, PPyox film has been used in the
fabrication of H,0,, glucose and cholesterol biosensors [7]. Due to permselective behavior of the film, the
sensors provided an efficient barrier to exclude interferents and protect the electrode from fouling. PPyox film
has also been used in the detection of isoniazid in pharmaceuticals, as a porous template for DNA
immobilization for the detection of dopamine and serotonin [7]. However, much work has not been done on the
deposition of metal nanoparticles on the porous PPyox film. Li et al. [7] reported the deposition of gold
nanoparticles on the PPyox film and the composite was used as a sensor for the simultaneous detection of
epinephrine and uric acid in the presence of ascorbic acid. To our best knowledge, the use of alloy nanoparticles
deposited on PPyox film has never been reported.

Polycyclic aromatic hydrocarbons (PAHS) are organic contaminants of great environmental concern
and are known to be teratogenic, carcinogenic and mutagenic [9]. They are ubiquitous pollutants and are always
found as a mixture of individual compounds [10-11]. PAHs are mainly formed during incomplete combustion
processes and enter the environment via the atmosphere. Their origin can be found in oil and coal consuming
industrial processes, fires, traffic, heating as well as cooking and tobacco smoking. They can be found airborne,
in the gas phase or adsorbed to airborne particles, in aqueous phases, such as groundwater, waste water or
drinking water, and adsorbed to solids in soil or sediment [12]. The carcinogenic and mutagenic potential of
some of the PAHSs and their ubiquity in the environment led to the inclusion of 16 PAHs compounds in the list
of priority pollutants in waste water published by the United States (US) Environmental Protection Agency
(EPA) 1984 [13-15] and later adopted by the US government in 1988. As a result of their carcinogenic and
toxicological effects, several methods have been applied in their determination such as immunoassay [16], gas
chromatography [17] and high performance liquid chromatography (HPLC) with UV-vis absorbance or
fluorescence [18-19] and capillary electrophoresis (CE) equipped with laser-induced fluorescence [20]. The
drawbacks of these methods although the most accurate, are that they are expensive, time consuming, require
large sample volumes as well as large amount of organic solvent with separation and extraction procedures, and
must be undertaken by an analytical chemist in a dedicated analytical laboratory [21]. Moreover, the low
solubility of the highly hydrophobic hydrocarbons in water and their occurrence in complex mixtures often
require complex extraction, preconcentration and separation procedures for the sensitive detection of the PAHs.

Most immunoassays for PAHs described in literature are enzyme linked immunosorbent assays
(ELISA) [22-24], although other techniques such as radioimmunoassay (RIA) [25-26], piezoelectric
immunosensor [27], capacitive immunosensor [28] and fluorescence based fiber optical immunosensors [29],
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have also been investigated. However, the fact that many PAHSs are very similar in molecular structure, electron
density and molecular weight and the lack of side groups makes it impossible to produce antibodies specific for
only one compound [30]. This poses a challenge in the application of immunoassays for determination of PAHs.
These limitations can be reduced or avoided by using biosensor systems. Several biosensors including
immunosensors, DNA biosensors and whole-cell biosensors have been developed for the determination of PAHs
[30-34]. For example, a disposable amperometric immunosensor using screen-printed electrode was fabricated
to detect low concentration of Phenanthrene [30]. A soil biosensor using a recombinant biolumiscent bacterium,
Escherichia coli GC2, and rhamnolipids, a biosurfactant to increase the bioavailability of PAHs from the
contaminated soil has been developed [31-34]. In addition, a flow injection analysis system coupled with an
evanescent wave biosensor for the detection of aromatic compounds that can intercalate with dsDNA has also
been reported [33]. However, these biosensors are designed for the determination of a single analyte in a sample
at a time and lack the opportunity for the high-thorough analysis of multiple samples in the presence of
multianalytes [35]. Consequently, the need for simultaneous determination of phenanthrene (PHE) and
anthracene (AN) as some of the identified priority PAHs pollutants by the United States Environmental
Protection Agency (USEPA) [36] is of great importance due to their similar structures, properties and their acute
toxicity. There is an ever-increasing demand for the determination of trace amounts of these substances at plant
sites, water bodies and air. This demand for the development of a suitable and cost-effective analytical method
to carry out a rapid, simple and sensitive analysis of these PAHSs in environmental samples. Electroanalytical
methods are considered to be better methods for the determination of PAHs and an efficient solution to
environmental problems compared to the other methods because a completely clean reagent, i.e. the electron, is
utilized [30, 37]. However, during the determination of the PAHSs using the electroanalytical methods, electrode
fouling is observed which affects the stability of the methods. It is thus of great importance to develop an
electrochemical method that is free from electrode fouling, highly sensitive, simple, less time consuming and
that is able to determine more than one PAH in a sample.

This study entailed the deposition of Ag-Au alloy nanoparticles on insulating PPyox film modified
glassy carbon electrode (PPyox/Ag-AuNPs/GCE) to develop a novel electrochemical sensor for simultaneous
detection of AN and PHE. The PPyox/Ag-AuNPs/GCE not only exhibited strong catalytic activity towards the
oxidation of AN and PHE, but also showed strong antifouling properties.

Il. Experimental Methods

2.1 Reagents and Materials

Analytical grade pyrrole (Py) (99%), hydrogen tetrachloroaurate(lll) trinhydrate (HAuCl,.3H,0),
trisodium citrate (Na;CgHs0O;) (99%), silver nitrate (AgNO3) (99%), anthracene (99%), phenanthrene (99%),
lithium perchlorate (LiClO,) (99.99%), acetonitrile (HPLC grade) were obtained from Sigma-Aldrich. All
chemicals were used as received except pyrrole which was double distilled under nitrogen before use. Ultra pure
water (Millipore) was used for all preparations. Anthracene and phenanthrene working solutions were prepared
in acetonitrile.

2.2 Measurement and Instrumentation

Voltammetric measurements were performed on a BAS 50B electrochemical analyzer from
Bioanalytical systems inc. (West Lafayette, IN) with conventional three- electrode system consisting of glassy
carbon electrode (GCE), Ag/AgCI (saturated NaCl) and platinum wire as working, reference and counter
electrodes, respectively. Lithium perchlorate was used as the supporting electrolyte. All experimental solutions
were purged with high purity argon gas and blanketed with argon atmosphere during measurements. The
experiments were carried out at controlled room temperature (25 °C). UV-Vis spectra measurements were
recorded on a Nicolette Evolution 100 Spectrometer (Thermo Electron Corporation, UK). Transmission electron
microscopy (TEM) images were acquired using a Tecnai G* F,O X-Twin MAT. TEM characterizations were
performed by placing a drop of the solution on a carbon coated copper grid and dried under electric bulb for 30
min. Electrochemical impedance spectroscopy (EIS) measurements were recorded with Zahner 1M6ex
Germany, at perturbation amplitude of 10 mV within the frequency range of 100 kHz—100 mHz.

2.3 Preparation of Silver-Gold Alloy Nanoparticles (Ag-AuNPs)

Silver-gold alloy nanoparticles (Ag-AuNPs) were synthesized through chemical methods [38-39]. 49
mL of water was added into a 100 mL round bottomed flask. 0.5 mL 2% (w/v) sodium citrate was added into the
water and the reaction mixture heated to 92 °C. 0.5 mL of a mixture of 10 mM HAuCI, and 10 mM AgNO;
solution was added into the reaction mixture and the temperature regulated between 90 °C and 92 °C and
refluxed for 1 hour. The volume of the mixture was adjusted so as to prepare Ag-Au with Ag:Au ratio of 1:3 by
mixing 0.125 mL of 10 mM AgNO; and 0.375 mL 10 mM HAUCI,. There was a colour change observed in the
solution (dark red) indicating the formation of nanoparticles according to the hallmarks reported in the in the
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literature [40]. For control purposes, silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) were,
respectively, prepared by the same method [41-42]. For electrochemical characterization of the nanoparticles, 4
pL solutions of already synthesized Ag-Au alloy nanoparticles were drop-coated on glassy carbon electrode
(GCE) and denoted as Ag-AuNPs/GCE.

2.4 Fabrication of Over-Oxidized Polypyrrole/Ag-AuNPs Composite Film-Modified Electrode (PPyox/Ag-
AuNPs/GCE)

Prior to modification, the bare GCE was polished to a mirror finish using 1.0, 0.3, and 0.05 pm alumina
and sonicated successively in ethanol and water. Electrochemical polymerization of pyrrole was carried out in
0.1 M LiCIQ4 solution containing 0.1 M pyrrole by cycling the potential from -400 to 700 mV at a scan rate of
50 mV s™ for 10 cycles. The electrode was rinsed with water and then transferred into 0.1 M NaOH solution for
electrochemical overoxidation of the conductive PPy film at + 1.0 V for 7 min. The resulting modified electrode
was ready for use after rinsing with water and henceforth denoted as PPyox/GCE. In order to incorporate the
intermetallic nanoparticles, 4 uL solution of already synthesized Ag-Au alloy nanoparticles were drop-coated on
the PPyox/GCE and allowed to dry at room temperature. The modified electrode was taken out and rinsed with
water, and henceforth denoted as PPyox/Ag-AuNPs/GCE.

I11. Results and Discussion
3.1 Characterization of Silver-Gold Alloy Nanoparticles (Ag-AuNPS)

Ag-Au alloy nanoparticles were obtained through the simultaneous reduction of silver and gold ions
using sodium citrate [38]. This was confirmed by optical spectroscopy. If pure silver and gold nanoparticles are
mixed physically in the same solution, two absorption peaks are expected to be observed, whereas for alloys, a
single absorption peak is expected (Angshuman et al., 2008). Appearance of a single absorption peak in Fig. 1
(A) for colloidal solution of Ag-Au (1:3) alloy nanoparticles (curve b), confirmed the formation of alloy
nanoparticles. From Fig. 1 (A), it is observed that for Ag and Au nanoparticles, the absorption peaks appeared at
415 and 525 nm, respectively. For the alloy nanoparticles, the absorption peak appeared at 504 nm [39, 43]. The
appearance of a single absorption peak indicates that synthesized Ag-Au bimetallic particles are in alloy form
rather than being a mixture of individual nanoparticles, whereas the physical mixture of the synthesized Ag and
Au nanoparticles showed two absorption peaks corresponding to the individual metal nanoparticles (Fig. 1 (A),
curve d). This is a confirmation that the synthesized nanoparticles were alloys and not mixture of elemental
nanoparticles [44]. Fig. 1 (B) gives the comparative data at zero storage time (immediately after synthesis of the
nanoparticles), represented by lower letter case letters (a-c), and data after 4 months’ storage at 25 °C (room
temperature) represented by capital letters (A-C). Not much shift in absorption peaks was observed after 4
months’ storage, indicating the formation of highly stable alloy nanoparticles. The alloy formation can be
attributed to similar lattice constants of 0.408 and 0.409 nm, for gold and silver, respectively. This small
difference in lattice constants, being smaller than the amplitude of thermal vibrations of atoms, has already been
hypothesized to favor alloy formation even at the nanometer scale [45].

1.2 A Ag Au Wavelength (nm)
(d) (a) 100 (0] 415
(b) 25 75 504
1.0+ (c) O 100 525
(d) Mixture of Ag and Au

Absorbance

T T T T T T
350 400 450 500 550 600 650 7Ot

Wavelength (nm)

DOI: 10.9790/5736-1202016580 www.iosrjournals.org 68 |Page



Simultaneous Detection of Anthracene and Phenanthrene on Ag-Au alloy nanoparticles/overoxidized-

1.0
B Immediate After 4 month

(a) 415 nm (A) 410 nm
(b) 504 nm (B) 501 nm
(c) 525 nm (C) 522 nm

0.8

0.6

0.4 4

Absorbance

0.2

0.0

350 460 4&0 5(l)0 5%0 660 6%0 700

Wavelength (nm)
Figure 1. (A) UV-visible absorption spectra of Ag (curve a), Au (curve c), Ag-Au alloy (1:3) (curve b)
nanoparticles and a mixture of pure Ag and Au nanoparticles (curve d). (B) UV-visible absorption spectra of
Ag, Ag-Au alloy and Au nanoparticles at different storage times (immediately after synthesis and after 4
months’ storage).

The size and shape of the nanoparticles were determined using transmission electron microscopy
(TEM). From Fig. 2 (a), particle sizes in the range of 20-30 nm was observed for Ag-Au (1:3) alloy
nanoparticles. There was no agglomeration of the nanoparticles observed from the TEM image. The optical
properties of the nanoparticles differ depending on the type (kind) of the nanoparticles as can be seen from the
digital photographs in Fig. 2 (b).
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Figure 2. (a) TEM image of Ag-Au (1:3) bimetallic alloy nanoparticles. (b) Digital photographs of Ag, Ag-Au
(1:3) alloy and Au nanoparticles.

3.2 Electrochemical Characteristics of Ag-AuNPs/GCE in LiClO, and [Fe(CN)]*"*

The preparation process of electrodes was monitored by electrochemical impedance spectroscopy (EIS)
in 0.1 M LiCIO, as well as KCI (0.1 M) solutions containing [Fe(CN)s]*’* and plotted in the form of complex
plane diagrams (Nyquist plots) and bode plots with a frequency range of 100 kHz to 0.1 Hz. The amplitude of
the applied sine wave potential was 10 mV, whereas the ambient applied dc potential was set at the formal
potentials which were obtained from a CV experiments of the [Fe(CN) ¢]*"* redox probe.
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Figure 3a. Nyquist plot of Ag-AuNPs/GCE (curve a) and bare GCE (curve b) at a potential of -400 mV in 0.1
M LiCIO,.

At -400 mV, the Ry of the Ag-AuNPs modified electrode was much smaller with a value of 4164 Q as
compared to 42670 Q obtained for the bare GCE as shown in Fig. 3a which revealed that the nanoparticles
facilitated the flow of ions. The increase in conductivity of the alloy nanoparticles may be attributed to small
size of the nanoparticles which increases the surface area of the conducting surface of the electrode.

Besides the impedance modulus change, we observed a change in the phase angle after GCE was
modified with the alloy nanoparticles. Fig. 3b shows the plot of phase angle versus frequency for the bare GCE
and modified electrode. The bode plot showed a remarkable difference in the electrochemistry of the bare and
the modified electrode. Phase angle shift was observed for bare electrode (18.6°) at high frequency region to
lower frequency with decrease in impedance modulus due to modification with Ag-Au alloy nanoparticles
(3.4°). The EIS spectra also showed that at low frequency (100 mV) when the electronic of the electrode system
was minimally perturbed, the Ag-AuNPs/GCE exhibited greater semiconductor behaviour (higher phase angle
value of 61.1°) than the bare GCE (47.8°). Consequently, an improved conductivity of the modified electrode
over bare GCE can be observed by the marked reduction in the impedance.
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Figure 3b. Bode-phase plots of bare GCE (red) and Ag-AuNPs/GCE (blue) at a potential of -400 mV in 0.1 M
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Figure 4. Nyquist plots of the EIS recorded in the presence of the K,;[Fe(CN)g]/Ks[Fe(CN)g] (1:1) containing ag.
KCI (0.1 M) for the PPyox/GCE (curve a), bare GCE (curve b), Ag-AuNPs/GCE (curve c) and PPyox/Ag-
AUNPs/GCE (curve d).
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From Fig. 4, significant difference of R, was observed upon the formation of the modified electrode as
compared to the bare GCE. The R, value for the bare GCE (curve b) was 9.125 x 10° Q. After the PPyox film
was deposited on the GCE, the Ry value was found to be 9.684 x 10° Q (curve a). As compared to the bare
GCE, the R; of PPyox/GCE increased. This can be attributed to the negatively charged and the low
conductive PPyox film. The negative charge of the layer should be unfavorable for the approaching of
ferricyanide anions. After the bare GCE was modified with Ag-AuNPs, the Ry value (4.674 x 10° Q) decreased
obviously (curve c) implying that the Ag-AuNPs played an important role in accelerating the transfer of
electrons. For the PPyox/Ag-AuNPs/GCE, the Ry value (2.800 x 10° Q) decreased further (curve d) an indicator
that the composite was more facile to the electron transfer.

From wnax (frequency at maximum imaginary impedance of the semicircle), useful Kinetic parameters

of Fe(CN)s" = Fe(CN)s® + e electron transfer such as time constant (cycle life) z, exchange current |, and
heterogeneous rate constant ke, [46-47] were calculated from equations (1, 2, 3, and 4) and shown in table 1.

1

Opax = Q
RcthI

7=R.Cy )
lo = all 3)

nFR,

_ IO

“““FAC, )

Where wpa = 2 T f, Cq is the double layer capacitance, R = 8.314 J K mol™, F = 96 486 C mol™*, n =1, C,, is

the concentration of [Fe(CN)s]*™ =5 x 10°® mol cm™. The maximum frequency values (f) where taken from
Fig. 4.
Table 1. Effect of PPyox/Ag-AuNPs electrode on the kinetics of [Fe(CN)g]*™

Kinetic parameters PPvox/GCE  Bare GCE Ag-AuNPs/GCE  PPvox/Ag-AuNPs/GCE

s (Tad s7) 29.160 35.610 99.430 281.520

(s rad) 3429x 10 1.798 x 102 1.005x 10 3552 x 107
I, (A) 2652 x 10 2.814x10% 5493 x 10 9.171 x 10
kb (cm s1) 7.740 % 107 8215x10° 1.604x10* 2677x 107

AuNPs/GCE are 2.652 x 10° A and 9.171 x 10° A, respectively. A higher exchange current, which
means increase in the rate of electron transfer, was observed at the composite modified GCE. This increase in
electron transfer (increase in reaction rate) can be attributed to the catalytic effect of the nanoparticles. The
kinetics of [Fe(CN)e]*™ increased by an order of magnitude at the PPyox/Ag-AuNPs/GCE//[Fe(CN)s*™
interface. It can thus be inferred that the PPyox/Ag-AuNPs/GCE catalyzed the redox reaction of [Fe(CN)]*"*.

Fe(CN)¢>™ was also chosen as an electrochemical probe to investigate the prepared electrode because
of their similar size and fast kinetics on glassy carbon electrodes, and confirm whether the alloy nanoparticles
were deposited on the overoxidized polypyrrole. The response of Fe(CN)¢"* is shown in Fig. 5. The CV curves
at the PPyox/GCE (curve a) shows a redox peak with lower peak currents and larger peak to peak separations
(AE, = 143 mV) compared to that recorded with the bare GCE (Fig. 5, curve b, AE, = 91 mV) an indicator that
there was slower electron transfer. This can be attributed to the fact that overoxidized polypyrrole (PPyox) is
prepared by oxidizing polypyrrole (PPy) to a higher oxidation state after which it becomes susceptible to
nucleophilic attack [48] and results in the addition of carbonyl functionality to the pyrrolic rings with a
consequent loss of conjugation and hence the loss of inherent electronic conductivity [48-49]. Moreover, the
film is negatively charged with a large loss of electroactivity [50]. The negative charge of the layer should be
unfavorable for the approaching of ferricyanide anions. After the Ag-AuNPs were assembled on the GCE (curve
c), the peak current increased (54% increase) dramatically in comparison to that in curve b. The reason was that
Ag-AuNPs with large specific surface area and good conductivity acted as conduction centers which facilitated
the transfer of electrons, so much more Ks;Fe[CN]s were accumulated on the modified electrode. However, the
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purpose of over oxidizing the PPy was to exploit the fact that this process results in a polymer with pores on its
surface, which creates a better condition for the attachment of nanoparticles. According to the cyclic
voltammograms of the KsFe(CN)s>™ redox probe shown in Fig. 5, after deposition of the Ag-Au alloy
nanoparticles in the presence of electrodeposited PPyox-film on the GCE’s surface (curve c), the peak current
was enhanced by over 100% and the peak-to-peak separation (AE, = 90) was reduced by 53 mV when compared
to the CV recorded with PPyox film-modified electrode without the Ag-Au NPs. Relative to the bare GCE, the
increased surface roughness and the newly induced surface functional groups and micro/nano catchment sites of
the PPyox/GCE might have enhanced the loading of the nano-particles and, thus, created significant change in
the surface area and the kinetics involved. This correlates well with the results shown in Fig. 4.
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Figure 5. CVs recorded with PPyox/GCE (curve a), bare GCE (curve b), Ag-AuNPs/GCE (curve ¢) and
PPyox/Ag-AuNPs/GCE (curve d) in the presence of KzFe(CN)g (5 mM) in ag. KCI (0.1 M). Scan rate: 50 mVs’
1

3.3 Electrocatalytic Oxidation of AN and PHE

It was found that the PPyox/Ag-AuNPs/GCE had strong catalytic activity towards AN and PHE
oxidation. Fig. 6 shows the CVs of 3.56 x 10* M AN in 1 M LiCIO,/acetonitrile at bare GCE (curve a), Ag-
AUNPs/GCE (curve b), PPyox/GCE (curve c) and PPyox/Ag-AuNPs/GCE (curve d). As can be seen, the peak
current at the Ag-AuNPs/GCE increased by about 30% compared to that of the bare GCE. This can be attributed
to the catalytic effects of the nanoparticles. However, the contribution of modifying the GCE with PPyox (curve
c) was most dominant as the PPyox/GCE alone exhibited about 70% increase in the anodic peak compared to
the bare electrode. On deposition of the bimetallic Ag-Au nanoparticles onto the PPyox layer, the anodic peak
showed a total increase by about 84% as shown by the response of the PPyox/Ag-AuNPs/GCE (curve d).
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Figure 6. CV of 3.56 x 10* M anthracene at bare GCE (curve a), Ag-AuNPs/GCE (curve b), PPyox/GCE
(curve c) and PPyox/Ag-AuNPs/GCE (curve d) in acetonitrile and 0.1 M LiClO, at a scan are of 50 mVs™.
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Similar experiments were carried out for PHE, as shown in Fig. 7 (A). The Ag-AuNPs/GCE (curve b),
PPyox/GCE (curve c), PPyox/Ag-AuNPs/GCE (curve d) exhibited peak currents which were about 32%, 37%
and 51% higher than that of bare GCE (curve a), respectively. The largest increase in peak height was observed
for PPyox/Ag-AuNPs/GCE an indicator that the composite had a strong electrocatalytic activity towards the
oxidation of PHE. SWV experiments also indicated a similar trend (see Fig. 7 B). Therefore further studies were
carried out only with the PPyox/Ag-AuNPs/GCE electrode.
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Figure 7. CVs (A) and SWVs (B) of 2.5 x 10* M PHE at bare GCE (curve a), Ag-AuNPs/GCE (curve b),
PPyox/GCE (curve c) and PPyox/Ag-AuNPs/GCE (curve d) in acetonitrile and 0.1 M LiCIO,4. The CV
experiments were done at a scan rate of 50 mV s™* while the SWV experiments, an amplitude of 25 mV, a
frequency of 10 Hz and a step potential of 5 mV were applied.

3.4 Electrochemical Behaviour of PHE and AN on the Ppyox/Ag-AuNPs Modified Electrode

Fig. 8 shows cyclic voltammograms of AN (curve a), PHE (curve b) and blank (acetonitrile and 0.1M
LiClO,) (curve c) at a scan rate of 50 mV s in acetonitrile and 0.1 M LiClIO, when determined using
PPyox/Ag-AuNPs/GCE. One oxidation peak was observed in both cases. The modified electrode showed no
response (no electrochemistry) in absence of AN and PHE (curve c). Furthermore, the oxidation peaks for the
oxidation of PHE and AN occurred at distinct potentials, 1.2 V and 1.6 V, respectively. Therefore the sensor can
be useful for the simultaneous determination of the compounds in the same solution.
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Figure 8. Voltammetric curves of 3.56 x 10™* M solution of AN (curve a), 2.30 x 10 M solution of PHE (curve

b) and 0.1 M LiClO, supporting electrolyte in acetonitrile (curve ¢) using PPyox/Ag-AuNPs/GCE. Scan rate: 50
mV st

To prove this, a mixture of PHE and AN (2.30 x 10 M each) were spiked into the electrolyte and
acetonitrile. Two peaks were obtained corresponding to the oxidation of AN and PHE respectively as shown in
Fig. 9 (peaks a and b). It was evident that the voltammogram peaks of the mixture solution of AN and PHE
correlated well with that of their individual solutions (Fig. 8). It is noteworthy that, elimination of the fouling of
the electrode surface by the oxidation products could be achieved and the precise determination of AN in the
presence of PHE is possible at the PPyox/Ag-AuNPs/GCE. The voltammetric signals of AN and PHE remained
unchanged in the subsequent potential sweeps, indicating that the PPyox/Ag-AuNPs modified electrode does not
undergo surface fouling.
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Fig. 9. CVs of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiCIO, (blank) (1) and a mixture of AN and
PHE (2). Scan rate: 50 mV s™.

3.5 Effect of Scan Rate on the Peak Current in the Binary Mixtures of AN and PHE

Fig. 10 (A) shows the cyclic voltammograms for the binary mixtures of 230 uM AN and 230 uM PHE
in 0.1 M LiClO,/acetonitrile at the PPyox/Ag-AuNPs modified electrode at different scan rates. The oxidation
peak potentials of the two compounds were observed to shift positively with the increase in scan rate. In
addition, the oxidation peak current for the oxidation of AN exhibited a linear relation to the square root of the
scan rate, v* in the range from 20 to 450 mV s, with the linear regression equation loa/ A = -1.446 X 10 - 8.604
x 107 v* (mVs™)” (correlation coefficient, r> = 0.999), suggesting that the oxidation of AN at the modified
electrode was diffusion-controlled process (Fig. 10 B). Simultaneously, the oxidation peak current for the
oxidation of PHE also exhibited a linear relation to the square root of the scan rate, v** in the range from 20 to
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450 mV s, with the linear regression equation 1,,/A = -4.115 x 10° - 2.826 x 10° v** (mV s™)* (correlation
coefficient, r* = 0.999), suggesting that the oxidation of PHE at the modified electrode was also a diffusion-
controlled process (Fig. 10 C).
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Figure 10. (A) CVs for the binary mixtures of 230 uM AN and 230 uM PHE in 0.1 M LiClO4 and acetonitrile at

the PPyox/Ag-AuNPs/GCE at different scan rates, (B) a plot of root scan rate versus peak current of AN and (C)
PHE.
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3.6 Simultaneous Determination of AN and PHE

A series of mixture standard solutions of AN and PHE, in which the concentration of one component
was varied and the other was fixed were prepared and determined. Fig. 11(A) shows the SWV obtained when
the concentration of PHE was kept constant and the concentration of AN was increased successively. The
oxidative peak current for AN increased linearly with the increase in AN concentration in the range of 30 uM to
312 uM. The linear regression equation was /A = -9.268 x 107 + 2.736 x 10°® C/uM (correlation coefficient, r*
= 0.999) (see Fig. 11B) and the detection limit was 23.05 uM in the presence of 230 uM PHE. It can be
observed that, with increasing concentration of AN, the current increased (Fig. 11 A, peak 1) while that of PHE
(peak 2) kept almost constant. Thus it can be confirmed that the responses of AN and PHE at the modified
electrode are independent.
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Figure 11. (A) SWV for the binary mixtures of AN and PHE at PPyox/Ag-Au NPs/GCE in 0.1 M
LiClO4/acetonitrile, [PHE] was kept constant and [AN] was increased and (B) a plot of concentration versus
peak current of AN.

When the concentration of AN was kept constant and PHE concentration increased, there was a peak
current increase with increase in concentration of PHE (Fig.. 12 (A) peak 2) while that of AN kept almost
constant (Fig.. 12 (A) peak 1). The oxidative peak current increased linearly in the range of 30 uM to 280 puM.
The linear regression equation was /A = -2.4 x 10° + 3.2 x 10 C / uM (correlation coefficient, r* = 0.999)
(Fig.12 B) and the detection limit was 24.4 uM in the presence of 230 uM AN.
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Figure 12. (A) SWV for the binary mixtures of AN and PHE at PPyox/Ag-Au NPs/GCE in 0.1 M

LiClOg4/acetonitrile, [AN] was kept constant and [PHE] was increased and (B).a plot of peak current versus
concentration of PHE.

Fig. 13 represents the SWV recordings at increasing concentrations of both AN and PHE. As can be
seen, there was peak enhancement upon addition of both AN (Fig. 13 peak 1) and PHE solutions (Fig. 13 peak
2).
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Figure 13. SWV for the binary mixtures of AN and PHE at PPyox/Ag-Au NPs/GCE in 0.1 M
LiClOy/acetonitrile, at increasing [AN] and [PHE]. (an amplitude of 25 mV, a frequency of 10 Hz and a step
potential of 5 mV were applied).
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It is worth noting that most of the analysis of PAHs using electrochemical methods involves the
detection and determination of single PAHs [51-57]. However, the developed sensor was able to simultaneously
detect AN and PHE in a mixture and that increasing the concentration of one does not affect the detection of the
other. Thus, the responses of AN and PHE at the developed sensor are independent and that the sensor showed
excellent sensitivity, selectivity and antifouling properties.

3.7 Reproducibility, stability and interference studies

Reproducibility and stability studies were performed by the analysis of three successive measurements
(n = 3) of the SWV responses of the PPyox/Ag-Au/GCE sensor to 30 uM AN and PHE. A relative standard
deviation of 1.5% was obtained indicating excellent reproducibility of the SWV measurements. The sensor
response was also measured for a period of 3 weeks during which measurements were made at 4-day intervals in
order to ascertain the storage stability of the sensor. The PPyox/Ag-Au/GCE sensor system was stored in the
refrigerator at 4 © C in between measurements. During the 3 week storage period, the sensor retained 91% of the
magnitude of its original signal. This can be attributed to the excellent stability of the film. Inorganic ions which
are likely to be present in water samples especially water were investigated as possible sources of interferences.
No interference could be observed for the following ions: Na*, Cu®*, Fe?*, Mn*, CI", SO,* and NOj; .

IV. Conclusion

The present study demonstrated the fabrication of a novel electrochemical sensor based on a nano-
porous PPyox template deposited Ag-Au alloy nanoparticles which formed a composite nano-electrode sensor,
PPyox/Ag-Au/GCE. The PPyox/Ag-AuNPs/GCE exhibited a strong electrocatalytic activity towards the
oxidation of AN and PHE. Moreover, the modified electrode was able to simultaneously detect AN and PHE. In
SWYV determination, the lower detection limits of AN and PHE were estimated to be about 23.05 uM and 24.4
1M, respectively. The catalytic activity of the PPyox film was significantly enhanced by the composition of Ag-
Au alloy nanoparticles due to increasing electronic conductivity and effective surface area. The availability of
the PPyox film and further design of its surface chemistry in combination with metal nanoparticles could be an
interesting stratagem for the high efficient and high selective electrochemical sensor designs. The present sensor
did not show the fouling effect usually caused by oxidation of anthracene and phenanthrene. Moreover, the
developed sensor has good figure of merit in simultaneously analyzing more than one sample in the presence of
multianalytes. It can thus be applied in the detection of anthracene and phenanthrene in water.
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