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In this paper, specific electrochemical interaction between phenanthrene (Phe) and anthraquinone

sulfonate (AQS) was firstly investigated by Cyclic Voltammetry (CV) and Differential Pulse
Voltammetry (DPV). Poly diallyldimethylammonium chloride (PDDA) and AQS were modified
into indium-tin oxide (AQS/PDDA/ITO) by self-assembling. Owing to the specific interaction
between AQS and Phe, the amount of Phe could be quantified by the electrochemical oxidation
peak current difference of AQS at AQS/PDDA/ITO in the range from 1.0 x10 2 to 1.0 x10° mol
L with a linearity (r = 0.9942) and a low detection limit of 5.0 x 1073 mol L™ (S/N=3). As an
example of its practical application, the new sensor was used for quantitative determination of Phe
in the standard sample and the cloud -rain water samples of Mount Taishan with satisfactory results.

Introduction

Polycyclic aromatic hydrocarbons (PAHS), such as anthracene
(Ant), phenanthrene (Phe), fluoranthene (Flu) and benzo[a]pyrene
(BaP), are a category of compounds mainly formed by incomplete
combustion and pyrolysis of organic substances.! Due to their strong
biotoxicity, carcinogenicity and low degradability, PAHs become
important pollutants. It seriously threatens human life and
environment.> Among the known 500 kinds of carcinogens, more
than 200 kinds were related to PAHs.® Moreover, 16 PAHs
compounds are published in the list of priority pollutants in water by
the US environmental protection agency (EPA).* Therefore, it is

imperative to establish a reliable method to detect and degrade PAHSs.

Presently, various analytical methods, including GC,® HPLC,%” GC-
MS,® fluorescence,® surface enhanced Raman spectroscopy,™® surface
plasmon  resonance,"  piezoelectric  crystal,"*  cytometric
immunoassay,’®  fiber optic sensor,"* and electrochemical
biosensor’>*" had been developed to detect PAHs. GC, HPLC and
GC-MS, as the most commonly used analytical methods; they
usually need excessive time and energy on the previous separation or
extraction. The separation or extraction processes always uses
organic extraction agent and then causes secondary pollution. For
that reason, the new determination method of PAHS, especially with
characteristics of low pollution and energy consumption, was still
expected.

This journal is © The Royal Society of Chemistry 2013

Electrochemical method has been widely applied into
development of chemical and biological sensors **%! due to its
selectivity and sensitivity. Due to low pollution, low energy
consumption, convenient operation and rapid analysis;
electrochemical sensors, has been widely used for determining
environmental and biologic species.”* 2 In general, PAHs were not
usually oxidized readily. The electrochemical detections of PAHs
always focused on biosensor-platform or electrocatalytic oxidation,
which included  electrochemical ~ immunosensor®®**’  and
electrochemical DNA sensor.?*? Fahnrich reported an amperometric
immunosensor for PAHs detection using screen-printed electrode.™
Wang reported an electrochemical immunosensor fabrication for
benzo[a]pyrene detection using dendritic SiO, nanoparticles for
biomolecule immobilization.? Pandey reported the application of
electrochemical DNA biosensor for PAHs detection.?* However,
enzyme inactivation could induce the decrease of the biosensor’s
stability and sensitivity. Electrocatalytic oxidation is another ways to
detect PAHs.  Electrocatalyst, including  dendritic  7T-
polythiophene,® Ag/TiO, nanotubes,”” Ti0,?® RuO,/Ti0,”, are
used in electrochemical catalytic oxidation and degradation of PAHSs.
Hovewer, the main problems of electrocatalysis are the complex
matrix effect and derivative reaction caused by high oxidation
potential. Considering those conditions mentioned above, redox
probes, with high stability and selectivity, are expected to play a
significant role in designing PAHSs electrochemical sensor.® 3
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PAHs with specific aromatic rings can interact with
corresponding substances through specific n-n conjugation, and the
interactions varied with the number and special structural differences
in the aromatic rings.***® The diversity of 7=-m conjugation
interactions had been applied into PAHs sensors, such as quartz
crystal microbalance'? and optical chemistry sensor.** Via the -1
conjugation between PAHSs and nitroaromatics, electrochemical TNT
sensor with enhanced responses was developed.® As a specific
interaction, m-m conjugation might provide a potential method to
absorb and detect PAHSs. Particularly, phenanthrene (Phe) with three
benzene rings has a specific open arched, planar structure. Phe might
have special 7m-m conjugation interaction with corresponding
substance.®>*® The n-m conjugation of Phe with humic subunits® and
monovalent ions®® were well discussed by theoretical calculation.
More immunosensor for selective electrochemical determination of
Phe has been reported.*’” We believe the n-m conjugation of Phe
might establish a unique interaction with the corresponding probe,
and the probe redox could be involved in Phe detection.

In this study, specific electrochemical interaction between
Phe and anthraquinone sulfonate (AQS) was firstly investigated
by CVs and DPV. Due to this specific interaction, Phe could
effectively promote the electrochemical redox of AQS. Thus,
the interaction could help the researchers to establish a novel,
facile method to determinate Phe concentration via detecting
the electrochemical responses of AQS oxidation. AQS (specific
redox probe) was modified onto indium-tin oxide (ITO,
providing low-priced and modifiable electrode) through self-
assembly method. A novel electrochemical sensor of Phe was
firstly prepared based on the specific recognition towards Phe.
This study showed the great significance in improving the
selectivity of target analytes, and provided a potential method
to develop novel environmental measurement techniques.

Experimental
Instruments and Chemicals

Cyclic voltammetries (CVs) and differential pulse voltammetry
(DPV) testing is performed on CHI842C electrochemical
workstation (Chenhua Instrument Co., China). Electrochemical
impedance spectroscopy (EIS) was recorded with 1M6ex
electrochemical workstation (ZAHNER Co., Germany). A
traditional three-electrode system is employed, including an Indium-
Tin Oxide (ITO) electrode or a modified electrode as the working
electrode, a platinum wire as the counter electrode, and an Ag/AgCI
electrode as the reference electrode.

The cloud-rain water samples of Mount Taishan were
offered by school of environmental engineering, Shandong
University. Phenanthrene (Phe) and other PAHSs were obtained
from Aladdin Reagent Co., Ltd. Anthraquinone-2-sulfonic acid
sodium salt (providing water-solubility AQS) and poly
diallyldimethylammonium chloride (PDDA) are purchased
from J&K Chemical Reagent Co. All other chemicals are at
least of analytical grade and used as received. Each PAH
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standard solution was diluted by anhydrous ethanol into a stock
solution containing 1.0 mmol L™ PAH. Ultra-pure water was
used in all aqueous solutions. ITO (lcmxlcm>0.2cm) was
purchased from Thermo Electron Co.

Electrode preparation

In order to enhance the sensitivity and make it easy to use, AQS
was immobilized onto the ITO to achieve a better and more stable
analytical performance. The preparation process was similar to Liu’s
work,® the 1TO electrode was first immersed into PDDA solution (3
mg mL?, containing 0.5 mol L™ NaCl) for 20 minutes to adsorb
positively charged PDDA as a precursor layer, and then the PDDA
modified ITO electrode was immersed in a 1.0 mol L*
anthraquinone-2-sulfonic acid sodium salt water solution for 3h,.
After rinsing with ultra-pure water and air drying, AQS/PDDA/ITO
was prepared.

Results and discussion

EIS characterizations of electrodes
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Figure 1: The Nyquist plots of bare ITO (a) and AQS/PDDA/ITO (b)
in a solution containing of 3.0 mmol L [Fe(CN)e]* /*'and 0.1
mol L™ KCI.

EIS experiment was a powerful tool to study the electrode
interface properties and the result could provide the information
of the electrode surface. The EIS results (Nyquist plots, —Z" vs.
Z") for different electrodes in a solution containing of 3.0 mmol
L™ [Fe(CN)g]*"*and 0.1 mol L™ KCI with the frequencies
swept from 10° to 0.1 Hz are shown in Fig. 1. The equivalent
circuit (inset) is further chosen to fit the impedance data
obtained in the experiments. As can be seen, the EIS results of
both bare ITO electrode (unmodified) and the AQS/PDDA/ITO
electrode showed semicircle in high frequency region and
straight line in low frequency region. The Ret value in the low
frequency region of bare ITO electrode (curve a) was estimated
to be 768.2 Q and AQS/PDDA/ITO (curve b) was estimated to
be 5960.6 Q, indicating that the electron transfer resistance

This journal is © The Royal Society of Chemistry 2012
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increased greatly after the adsorption layer modified onto the
electrode surface.

Electrochemical Properties of AQS/PDDA/ITO

CV is a most widely used technique for acquiring
qualitative information in electrochemical reactions. The CV
results of AQS at different electrodes in electrolyte solution
(Acetic acid-sodium acetate (HAc-NaAc) buffer solution with
1.0><10° mol LT AQS, pH 3.5) were showed in Fig.2. A slight
obvious oxidation peak can be observed at about -0.28 V and
almost not a reduction peak of AQS at bare ITO electrode
(curve a). Compared with bare ITO electrode, AQS/PDDA/ITO
(curve b) exhibited higher oxidation peak currents at about -
0.22 V and a weak reduction peak at about -0.38 V. This
phenomenon can be attributed to the immobilization of AQS
and PDDA on the ITO electrode, which decrease the electrical
conductivity and improve the reversibility of the system.
However, the peak current responses of AQS redox get better at
AQS/PDDA/ITO, which probably due to the increase load of
AQS species adsorbed onto the PDDA layer. All the conditions
above indicated that electrochemical responses of AQS could
be greatly improved by immobilizing PDDA and AQS onto the
surface of the ITO electrode.
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Figure 2: The CVs of AQS at bare ITO electrode (a) and
AQS/PDDA/ITO (b) in HAc-NaAc buffer (pH 3.5). Scan rate:
100 mv s

In order to obtain a better electrochemical response, modified
electrode at different buffer solutions and different pH were
investigated by CV. And in HAc-NaAc solution, AQS/PDDA/ITO
showed the best CV results. In addition, cyclic voltamograms of
AQS/PDDA/ITO electrode in solutions of different pH values were
recorded (Fig. 3). As pH increases, the anodic peak potential has
shifted negatively. Considering the anodic peak currents and
potentials, pH 3.5 HAc-NaAc solution was chosen as the best pH for
the rest experiments.

This journal is © The Royal Society of Chemistry 2012
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Figure 3: The CVs of AQS/PDDA/ITO in 0.1 mol L™ NaAc-
HAc buffer solution with different pH. From a to f: 3.0,
3.5,4.0,4.5,5.0and 5.5.

The CVs behaviors of the AQS/PDDA/ITO electrode in NaAc-
HAc buffer solution with a pH value of 3.5 at different scan rates
were studied. It would be benefical for us to understand the redox
characters of AQS at the proposed modified electrode, and thus the
following process for the construction of Phe sensor. As shown in
Fig. 4, the anodic peak currents were linearly proportional to the
scan rate in the range from 20 to 300 mV s (Fig.4 inset). The result
indicated that the electro-oxidative reaction of AQS on the surface of
electrode was a surface-controlled process.
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Figure 4: The CVs of AQS/PDDA/ITO electrode in pH 3.5 NaAc-
HAc buffer solution with different scan rates from 20 to 300
mV s™.
Insert plot: the linear relationship between scanning rates and anodic
peak currents
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The specific interaction between AQS and Phe

DPV was a widely used electrochemical method which is
more sensitive compared to CV. The anodic peak current of
AQS on the proposed modified electrode at different
concentrations of Phe were recorded by DPV. As shown in
Fig.5, The anodic peak current difference (Alp) is linear to the
logarithm value of the concentrations of Phe (Ig c¢) in the range
of 1.0 <1072 — 1.0 <10 °mol L™ with a regression equation of

Alp = 0.39951gc + 4.803 ( pA, mol L%, r=0.9942) (Fig. 5, inset).

The detection limit is evaluated to be 5.0 x 10 ®mol L*
(S/N=3). The obtained high sensitivity cannot be ascribed
simply to the high sensitive DPV technology itself, it is
reasonable that the weak interactions between the electroactive
AQS and Phe contribute significantly to the excellent response
behaviors of the proposed sensor. Even an extremely low
concentration of Phe can perturb the redox behaviors of AQS
obviously and thus large electrochemical signals can be
recorded.
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Figure 5: DPV curves of the AQS/PDDA/ITO in 0.1 mol L™ NaAc-
HAc solution (pH 3.5) containing various concentrations of Phe
Fromatog: 0, 1.0 x10 %% 5.0 x10* 1.0 x10 %!, 5.0 <10 ™,
1.0 x10 % and 1.0 <10 ?mol L™

The inset shows the linear relationship between Alp and the
logarithmic concentration of Phe.

Stability, reproducibility and anti-interference performance of
AQS/PDDA/ITO

Under the optimized conditions, the initial current response of
AQS/PDDA/ITO was recorded by DPV. The electrode was kept at
4 °C for 30 days; the peak currents could maintain 96.0 % (20.5) of
the initial value. The electrode regeneration was obtained by
immersing the modified electrode into toluene overnight. The
current response could recover 95.0% (%1.0) of the initial current
response.
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Figure 6: Alp/Ip® of AQS/PDDA/ITO as functions of the
concentrations of PAHs from top to bottom: Phe, Nap, Ant, BaA,
BaP, Pyr.

To investigate the selectivity and anti-interference performance
of AQS/PDDAVITO, a series of PAHs, such as naphthalene (Nap),
anthracene (Ant), benz[a]anthracene (BaA), benzo[a]pyrene (BaP)
and pyrene (Pyr) are analyzed under the same condition (Fig.6). The
result showed that other PAHs had little influence on the AQS
electrochemical oxidation. Considering their similar physical and
chemical properties to Phe, the influence of Phe to AQS was verified
as a specific n-n interaction, and its influence might derive from the
particularly non-closed planar arched structure of Phe. We proposed
that the structure could lock the benzene ring of AQS and form a
planar interlocking structure, owing to the probable size-matched
conjugation effect. The interlocked planar structure could effectively
provide the larger effectively provide the larger electron transfer area
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to promote the AQS redox process.
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Scheme 1: The scheme of conjugation effect towards AQS redox
enhancement.
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Table 1. The results to determine Phe in standard sample and cloud -rain water sample of Mount Taishan

Sample Standard Found GC-UV-vis analysis
(hg mL?) (hg mL?) 2 (hgmL?h?
Standard liquid sample Z-014G 2.003 2.07640.36 1.9840.01
Mount Taishan Cloud water 0.08350.0015 0.079820.0002
(dissolved phase) Rain water 0.035640.0021 0.033340.0001

 Average value of five determinations.

In contrast, a series of PAHSs like Nap and Ant, they have
no non-closed planar arched structure and they could not form
the specific interaction with AQS (Scheme 1). Due to the
specific m-n conjugation, Phe could be determined by detecting
the enhancement of oxidation peak currents of AQS, and
excluding the interference from other PAHSs.

Analytical applications

To evaluate the applicability of the proposed method, a
standard liquid sample containing 16 PAHs compounds and
cloud -rain water samples of Mount Taishan were tested with
five parallel measurements. Before electrochemical assays, 1.0
mL sample was transferred to a 20 mL electrolytic cell, and
then the sample pH was adjusted to 3.5 using 0.1 mol L™* HAc
and NaAc. Finally, 0.1 mol L™ Hac-NaAC (pH 3.5) was added
into the solution to constant volume to 10.0 mL. The
electrochemical responses of blank sample and the samples
were recorded by DPV respectively. The obtained Alp values
were utilized to calculate the concentrations of Phe based on the
linear equation as described above. The quantitative results
were shown in Table 1. Noteworthy, this study showed
satisfactory result compared to the GC coupled UV-vis monitor
standard result. The result has substantiated the proposed
method could be a great use in the practical detection of Phe.

Conclusions

In this study, specific electrochemical interaction between
Phe and AQS was firstly investigated by CVs and DPVs.
Owing to a matching size conjugation, the resulting strong n-n
interaction between Phe and AQS has effectively promoted the
electrochemical redox of AQS. Thus, a novel and facile method
to quantitative detection of Phe was established. Furthermore,
the reliability and applicability of the proposed method have
been validated by GC method. With more specific recognizing
species be found, hopefully, this simple electrochemical
method can be used in detecting more PHASs quantitatively.

This journal is © The Royal Society of Chemistry 2012
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