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ABSTRACT

Electrochemical modification of glassy carbon (GC) electrode by naringenin (NG), a flavonoid
derivative, and applicability of electrode modified in this way for determination of copper(II)
(Cu(II)) ions is reported in this study. Surface modification experiments were performed in
phosphate buffer solution (PBS), pH 7, in the 0.0 mV and +1400 mV potential ranges with a sweep
rate of 100 mV s and 30 cycles. The surface modification of GC electrode was performed with
NG using cyclic voltammetry (CV), whereas the characterization of this sensor electrode was
performed using CV and electrochemical impedance spectroscopy (EIS). The sensitivity of GC
electrode modified in described way towards Cu(II) ions was investigated in Britton-Robinson
(BR) buffer solution, pH 5, by differential pulse voltammetry (DPV). For the calibration curve,
a series of standard Cu(II) solution from 1.0 x 107> M to 1.0 x 10°* M was prepared. The NG
modified GC (NG/GC) sensor electrode, has a good repeatability, was applied for Cu(Il) ions
determination in Beysehir lake (in Konya, Turkey) water sample. Detection limit was obtained
as lower as 1.0 x 107 M. The proposed method was simple, rapid, low cost and sensitive for the
determination of Cu(Il) ions.
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1. Introduction

Copper is one of the essential trace elements in the
body. Very low and high intakes of this element can
cause adverse health effects [1]. Copper has a very
complex role in many body functions such as normal
function of the central nervous system, connective tis-
sue development, hemoglobin synthesis, and oxidative
phosphorylation [2]. However, excessive copper intake
could result in deposition of the metal in liver cells and
thus can cause hemolytic crisis, jaundice, and neurologi-
cal disturbances [3].

Trace metals commonly exist as environmental pollut-
ants. These pollutants can easily be taken up by mankind,

animals, plants and waters in the environment. These
metals enter human bodies through water and food, thus
copper determination in these samples is very important.
Besides, these types of data may also give us some informa-
tion about copper contamination of the environment [4].

Various analytical techniques have been proposed for
Cu(Il) determination such as, flame atomic absorption
spectrometry (FAAS) [5,6], electrothermal atomization
atomic absorption spectrometry (ET-AAS) [7], inductively
coupled plasma optical emission spectrometry (ICP-OES)
[8-10], graphite furnace atomic absorption spectrometry
(GF-AAS) [11], chromatography [12], anodic stripping
voltammetry [13,14], and gravimetry [15].



162 LE. Miilazimoglu / Desalination and Water Treatment 44 (2012) 161-167

Modification of carbon surfaces is an important
objective in electrochemistry and material science. In
electrochemistry, carbon electrodes are widely used
because of low background current, low cost, wide
potential window, speed, low equipment, chemical
inertness and minimum sample pretreatment required
prior to analysis [16,17]. One of the reasons for the
considerable current interest in modification of carbon
materials is because the carbon material is inert and
has good conductivity and resistance to environmen-
tal and chemical attack. Electrochemical methods are
based on the direct oxidation or reduction of substrate
onto an electrode surface. Electrode reactions are very
suitable for analytical applications due to their require-
ments of high potential. Moreover, these surfaces can be
modified by a reductive substrate for analytical appli-
cations. Recently, the application of inorganic modified
electrodes has increased [18-21]. Anodes, suitable for
the active and high positive potentials are important for
the electro-oxidation of organic pollutants. However,
oxygen is released at higher potential which interferes
obtaining good results [22-24]. In the electro-oxidation,
hydroxylation and hydrogen evolution take place which
is a favored situation due to hydroxy adsorption [25,26].

Flavonoids are the best example of polyphenols.
Flavonoid term refers to a class of aromatic, oxygen-
containing heterocyclic pigments widely distributed
among higher plants as secondary metabolites. Flavo-
noids constitute one of the most characteristic classes
of compounds containing hydroxyl groups attached to
ring structures [27]. These molecules belong to a large
family of compounds with a common diphenylpropane
structure (C.C,C,) with different degrees of hydroxyl-
ation, oxidation and substitution. As antioxidants, flavo-
noids have been reported to be able to interfere with the
activities of enzymes involved in reactive oxygen spe-
cies generation, quenching free radicals, chelating tran-
sition metals and rendering them redox inactive [28,29].

The main structure of the polyphenols is composed
of by binding of one or two hydroxyl group to benzene
ring. Polyphenols are classified according to binding of
hydroxyl groups to different positions. Flavonoids are
the best example of polyphenols. Flavonoid term refers
to a class of aromatic, oxygen-containing heterocyclic
pigments widely distributed among higher plants as
secondary metabolites. Flavonoids constitute one of the
most characteristic classes of compounds containing
hydroxyl groups attached to ring structures [16]. Many
flavonoids are easily recognized as flower pigments in
most angiosperm families. However, their occurrence
is not restricted to flowers but include all parts of the
plants. They constitute most of the yellow, red and blue
colors in flowers and fruits [17]. Flavonoids are broken
down into categories of isoflavones, anthocyanidins,
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Fig. 1. Chemical structures of flavonoids (a) general struc-
ture, (b) naringenin.
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Fig. 2. The location of the Beysehir lake in Konya, Turkey.

flavans, flavonols, flavones, and flavanones [30]. The
molecule structure of NG, a derivative of flavonoids, is
given in Fig. 1.

The aim of this study was to perform the electro-
chemical modification of NG on the GC electrode and to
apply this modified electrode in lake water sample for
determination of Cu(II) ions. The objectives of this work
were (i) to create electrochemically modified NG/GC
electrode in aqueous medium by CV, (ii) to characterize
modified NG/GC electrode by CV and EIS, (iii) to deter-
mine the interaction of this modified electrode with
Cu(II) by DPV, (iv) to investigate of the interference effect
and (v) to apply this modified electrode in Beysehir lake
(Fig. 2) water sample for determination of Cu(II) ions.

2. Experimental
2.1. Chemicals and solutions

All chemicals were of analytical-reagent grade sup-
plied from Merck, Fluka, Riedel and Sigma-Aldrich. Ultra
pure quality of water with a resistance of 18.3 MQ cm
(Millipore Milli-Q purification system, Millipore Corp.
Bedford, MA, USA) was used in preparations of aque-
ous solutions, cleaning of the glassware and polishing
the electrodes. NG solution used in modification was
1 mM concentration in 10 ml acetonitrile (MeCN) +
40 ml PBS, pH 7, mixture and the PBS was prepared
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by mixing of 0.05 mM Na,HPO, and 0.056 mM KH,PO,
and then adjusting of pH by addition of NaOH or HCL
CuSO,-5H,0 solutions were prepared at different con-
centrations (ranging from 1.0 x 107> M to 1.0 x 10~° M)
in BR buffer solution, pH 5, which was prepared from
H,PO, + CH,COOH + H,BO, according to preparation
conditions in the literatures [31,32] and then adjusting
of pH by addition of 0.2 M or 1 M NaOH.

2.2. Electrodes and apparatus

A traditional three-electrode cell system was used in
all electrochemical and spectroelectrochemical experi-
ments. In our experiments, GAMRY Reference PCI4/750
series Potentiostat/Galvanostat/ZRA from GAMRY
Instruments (PA, USA) electrochemical analyzer with
BAS (Bioanalytical Systems, West Lafayette, IN, USA)
Model MF-2012 and Tokai GC-20 GC electrodes were
used. Ag/Ag* (10 mM AgNO,) (BAS Model MF-2042) for
non-aqueous medium and an Ag/AgCl/3 M KCI (BAS
Model MF-2063) for aqueous medium were used as ref-
erence electrodes. Pt wire (BAS Model MW-1032) was
used as counter electrode. Jenway 3010 pH meter was
used for the measurement of pH values. CV experiments
were performed using a GAMRY Reference PCI4/750
series Potentiostat/Galvanostat/ZRA equipped with
a BAS model C3 cell stand. Electrochemical character-
ization was performed with the same electrochemical
devices and software used for the modification. Char-
acterizations of the modified surfaces were recorded by
CV and EIS. EIS experiments were carried out with a
GAMRY Reference PCI4/750 series Potentiostat/Galva-
nostat/ZRA in conjunction with EIS 300 software. The
DPV technique for Cu(Il) determination was applied
with a GAMRY Reference PCI4/750 series Potentiostat/
Galvanostat/ZRA with PV 220 software.

2.3. Preparation and modification of the working electrodes

The GC electrodes were prepared for the experi-
ments by polishing to gain a mirror-like appearance,
first with fine wet emery papers (grain size 4000) and
then with 1.0 and 0.3 pm alumina slurry on micro cloth
pads (Buehler, USA). After the initial polishing, the GC
electrodes were resurfaced with 0.05 um alumina slurry.
First, in the following order, the GC electrodes were
sonicated in water then in 1:1 (v/v) isopropyl alcohol
(IPA) and MeCN (IPA + MeCN) mixture for 10 min each
[31-35].

Following polishing, the electrochemical modifica-
tion of the GC electrode were performed with NG in
10 ml MeCN + 40 ml PBS, pH 7, mixture in the 0.0 mV
and +1400 mV potential ranges with a sweep rate of
100 mV s and 30 cycles.

3. Result and discussions

3.1. Modification of NG onto GC surface and surface
characterization

Surface modification experiment was performed
with NG in the 0.0 mV and +1400 mV potential ranges
with a sweep rate of 100 mV s and 30 cycles (Fig. 3).

As it is clear from the Fig. 3, NG molecule is binded
to the GC electrode surface after second cycle. This is
an evidence a monolayer binding of NG molecule to the
electrode surface. The surface is stable after the second
cycle. A bulk molecule like polyphenol was used in the
modification process and 30 cycles have been applied
to fill the any pin holes exist on the electrode surface.
Although five cycles is enough for the modification of
NG molecule, 30 cycles has been employed for filling the
pin holes completely. This application does not from a
multi-layer on the electrode surface. The electrooxida-
tion mechanism would be discussed with recent papers
[28,35].

Surface characterizations after the modification
process were carried out by CV and EIS. In the charac-
terizations with CV, 1 mM ferrocene solution in 0.1 M
tetrabutylammonium tetrafluoroborate (TBATFB) was
performed in the —100 and +400 mV potential range in
Fig. 4(a) and 1 mM Fe(CN),*" in BR buffer solution, pH
2.0, was performed from +600 to 0.0 mV potential range
in Fig. 4(b) using 100 mV s™ sweep rate. The voltammo-
grams of modified electrode were compared with sur-
face voltammograms of the bare GC electrode.

The electrode surface was negatively charged after
the modification process. Thus, negatively charged fer-
rocene and Fe(CN) " ions are repelled by the negatively
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Fig. 3. Cyclic voltammogram of 1 mM NG in PBS, pH 7, vs.
Ag/AgCl/(3 M KCl), 1st (a) and 30th (b) potential scan cycle.
Potential sweep rate is 100 mV s
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Fig. 4. Overlaying the bare GC and NG/GC voltammogram (a) 1 mM ferrocene redox probe solution vs. Ag/Ag* (10 mM) in
MeCN + 0.1 M TBATFB, (A) Bare GC and (B) NG/GC, (b) 1 mM Fe(CN) > redox probe solution vs. Ag/AgCl/(3 M KCI) in BR
buffer solution, pH 2.0, (A) Bare GC and (B) NG/GC. Sweep rate was 100 mV s™.

charged electrode surface. Consequently, no electron
transfer occurs. In this part of the manuscript the fact
about polyphenol adsorption and formation of polymeric
films at the carbon electrodes in presence of polyphenols
is completely missing. The polymeric (adsorbed) film of
polyphenols is usually formed onto electrode surface in
aqueous medium at potentials higher than +1.1 V (vs.
Ag/AgCl).

Impedance measurements were carried out in 1 mM
Fe(CN).~ and Fe(CN)* mixture (in 0.1 M KClI) in the
range from 100.000 to 0.05 Hz frequency using EIS and
the Nyquist plots were recorded. The Nyquist plot of
modified electrode was compared with the EIS data of
the bare GC electrode (Fig. 5).
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Fig. 5. Nyquist plots of 1 mM of Fe(CN), > /Fe(CN) * in 0.1 M
of KCl of bare GC (a), and NG/GC electrode (b). Frequency
range is from 100.000 to 0.05 Hz the modulation amplitude
is 10 mV. Inset: Equivalent circuit applied for calculations.

3.2. Detection of Cu(1l) on grafted NG/GC electrode by
DPV

The complex formation of Cu(ll) ions with modified
surface was investigated using DPV technique after the
characterization of NG/GC surface by CV and EIS tech-
nique. In DPV experiments, the potential range was from
—400 to 0.0 mV, the potential sweep rate was 50 mV s7,
pulse amplitude was 25 mV, the pulse period was 0.05 s
and sample period was 1.0 s. For the optimum condi-
tions, the pH of Cu(Il) solution and modified NG/GC
electrode incubation time were investigated. For this aim,
1.0 x 10 M Cu(II) solutions were prepared in BR buffer
solution at 2-12 pH range. The modified electrodes were
incubated into these Cu(II) solutions and then Cu(II) ions
were determined by DPV. pH 5 was found to be the opti-
mum value for determination of Cu(II) ions. Cu(Il) can-
not be determined due to the precipitation of Cu(Il) as
hydroxide at higher pH value. The optimum incubation
time was determined by incubating NG/GC electrode in
Cu(II) solutions in BR buffer solution, pH 5.0, for various
time periods (30, 60, 90, 120, 150, 180 min). As the incuba-
tion time increased, DPV signals also increased up to 120
min incubation time in Fig. 6.

Above this time, the steady state was achieved. For
most Cu(Il) complex with NG, the optimum conditions
are as follows: BR buffer solution, pH 5.0, incubation
time 120 min Cu(II)-NG complex [28] was investigated
using DPV technique. The DPVs of Cu(Il)-NG complex
are shown in Fig. 7.

3.3. Calibration curve

Under the optimized experiment conditions, for the
determination of Cu(ll) varying standard solutions from
1x 10" Mto 1 x 10° M was prepared and the calibration
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Fig. 6. Ip-Inc. time plot. Time periods: 30, 60, 90, 120, 150, 180
min in BR buffer solution, pH 5.
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Fig. 7. Differential pulse voltammograms of different con-
centrations of CuSO,-5H,0 (a) 1 x 10 M, (b) 1 x 107" M, (c)
1x10™"M, (d)1x10°M,(e) 1 x108M, (f) 1 x 107 M, (g) 1 x
10-* M and the blank (BR buffer, pH 5.0) solution on NG/GC.
The measurements were performed in BR buffer solution,
pH 5.0, vs. Ag/AgCl/(3 M KCl). Sweep rate was 50 mV s™.

curve was drawn. The modified NG/GC electrodes were
incubated into these Cu(Il) solutions and then Cu(Il)
ions were determined by DPV. Peak currents from the
obtained voltammograms were used to form a calibration
curve (Fig. 8).

The calibration curve is linear in the range from 1 x
102 M to 1 x 10 M Cu(II) ions under the optimum con-
ditions of the general procedure. According to following
equation for Cu(Il) determination is Ip = 0.588 C —2.978,
Ip is the peak current and C is Cu(II) concentration. The
correlation coefficient (R?) is 0.997.

3.4. Interference effects

The interferences of some ions on the determination
of Cu(Il) were investigated. The NG/GC electrode was

Current, pA
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Concentration, M
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Fig. 8. Linear relationship between peak currents and differ-
ent concentrations of Cu(Il) ions.

incubated in a mixture of (cation ions: Fe*, Fe**, Cd*,
Ni*, Co* and Zn*, anion ions: NO,-, SO,*, CO;* and
CI, (1.0 x 10* M each one)). The voltammogram of NG/
GC electrode was taken using differantial pulse tech-
nique after 120 min duration. The DPVs after incuba-
tion in solution of Cu(Il) ions with the interference ions
were compared. The tolerance limit is defined as the ion
concentration causing a relative error smaller than +2%
related to the determination of Cu(II) ions. The ions nor-
mally present in water do not interfere under the experi-
mental conditions used. This modified electrode can be
used successfully for the determination of Cu(Il) ions in
the presence different interference.

3.5. Determination of Cu(Il) ions in lake water sample

The proposed method was successfully applied for
the determination of Cu(ll) ions in Beysehir lake water
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Fig. 9. Differantial pulse voltammogram of Cu(II) ions in lake
water sample and the blank (ultra pure water) solution onto
the NG/GC electrode. The measurement was performed in
BR buffer, pH 5.0, potential is referred vs. Ag/AgCl/(3 M KCl).
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sample in Konya, Turkey without any pretreatment. For
the determination of Cu(ll), a homogeny mixture was
prepared by sonicating the mixture of 10 ml BR buffer
solution, pH 5.0, and 10 ml water sample taken from
Beysehir lake for 10 min.

NG modified GC electrode was incubated for 2 h in
the prepared mixture. The voltammogram of incubated
NG/GC electrode was taken by differential pulse tech-
nique in BR buffer solution (pH 5.0) (Fig. 9).

After the grafting of the Cu(ll) ions in lake water
sample to the NG/GC electrode surface, peak current
value was measured by DPV. And then, obtained peak
current value was used to detection of Cu(Il) ions con-
centration in lake water sample by interpolating using
the calibration curve. The concentration of Cu(Il) ions in
the real sample is found to be 0.327 pM ml™ from cali-
bration curve.

4. Conclusions

Although Cu(Il) ions has been determined for years
using various techniques, there are few studies for the
determination of Cu(ll) ions with a sensor electrode
using electrochemical technique. The main advantages
of this proposed method are: (i) the electrochemical
modification of NG on the GC electrode in aqueous
media at neutral pH is reported, (ii) NG/GC electrode
is developed for determination of Cu(ll) ions for the
first time, (iii) the polyphenol structure has a significant
role in formation of complexes with Cu(Il) ions, (iv) the
proposed method is simple, sensitive and quick, (v) the
determination of Cu(Il) ions is carried out in lake water
sample without any preconcentration, (vi) it is cheap
with no need of using expensive reagents or equipment,
and (vii) it has a low detection limit.
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