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A modified electrode was prepared by modification of the carbon paste electrode (CPE) with graphene nano-sheets. The fabricated

modified electrode exhibited an electrocatalytic activity toward gallic acid (GA) oxidation because of good conductivity, low electron

transfer resistance and catalytic effect. The graphene modified CPE had a lower overvoltage and enhanced electrical current respect to the
bare CPE for the oxidation of GA. The oxidation potential of GA decreased more than 210 mV by the modified electrode. The modified
electrode responded to the GA in the concentration range of 3.0 x 10°-1.5 x 10 M with high sensitivity by the technique of differential

pulse voltammetry. Also, detection limit of 1.1 x 107 M was obtained by this modified electrode for GA. This electrode was used for the

successful determination of GA in plant samples. Therefore, the content of total polyphenols in plant samples can be determined by the

proposed modified electrode based on the concentration of GA in the sample.

Keywords: Gallic acid, Graphene nano-sheets, VVoltammetry, Polyphenols, Plant samples

INTRODUCTION

Free radicals have been implicated in over a hundred
disease conditions in humans, including arthritis,
atherosclerosis, advancing age, Alzheimer’s and
Parkinson’s diseases, tumor promotion and carcinogenesis.
Antioxidants are potent scavengers of free radicals and
serve as inhibitors of neoplastic processes. Based on
epidemiological studies, five to seven servings of fresh fruit
and vegetables per day can lead to a prolonged healthy life.
This capacity is attributed to content of polyphenols in fresh
fruits and vegetables, which are well-known antioxidant
compounds [1,2]. Plant polyphenols include catechines,
flavanols, flavanones, phenolic acids, glycosides, aglycons
of plant pigments and some other chemical forms.
Polyphenols in different plant samples, are natural
antioxidant [3], and have a scavenging effect on active
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oxygen radical [4]. Therefore, it is necessary to estimate the
average content daily intake of total polyphenols.

The most main polyphenolic compound is gallic acid
(GA, 3,4,5-trihydroxybenzoic acid), which widely present
in fruits, vegetables and drinks [5]. GA is often used as a
standard substance for the estimation of total polyphenol
content, i.e., antioxidant capacity index of the foods. Many
methods have been applied for determination of
polyphenols and GA, including spectrophotometry [5], high
performance liquid chromatography (HPLC) [6], capillary
zone electrophoresis [7] and mass spectrometry [8].
Expensive equipment, complicated operation, time-
consuming and large amounts of toxic organic solvents are
some disadvantages of most of these methods. While,
electrochemical methods using modified electrodes offer a
powerful tool for environmental, clinical and food analysis
because of their advantages of high sensitivity, good
selectivity, simplicity and low-cost [9-11].

With the fast development of nanoscience, the

nanomaterials received increasing attention for the
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construction of novel electrochemical sensors because of
their excellent properties [12-14]. Graphene, a monolayer of
hexagonally configured sp® bonded carbon atoms, is a
nanomaterial which continues to attract a considerable
degree of attention in scientific and technological areas [15].
The most important property of graphene is its excellent
electrical conductivity [16]. Therefore, it is widely used in
construction of modified electrodes and electrochemical
sensors [17,18].

In the present study, a graphene modified carbon paste
electrode is fabricated. This electrode is used for rapid and
sensitive electrocatalytic determination of GA. Also, the
total polyphenol content of some plant samples including
apple peel, apple flesh and nettle is estimated by the
modified electrode.

EXPERIMENTAL

Apparatus and Chemicals

Electrochemical measurements were performed by a
potentiostat/galvanostat (SAMA 500, electroanalyzer
system, L.R. Iran). All electrochemical measurements were
carried out in a three electrode cell including modified or
bare CPE, saturated calomel electrode (SCE) and a platinum
wire as working, reference and counter electrodes,
respectively. The pH value of solutions were adjusted using
a Milwaukee pH meter.

All solutions were freshly prepared with deionized
water.  Phosphate  buffers were prepared from
orthophosphoric acid and its salts (Merck, Germany). The
graphite fine powder and paraffin oil (DC 350, 0.88 g cm™),
both from Merck (Germany), were used as received. The
graphene nano-sheets were purchased from Sharif Solar I.R.
Iran. The GA was from Merck and all other reagents were
from Sigma-Aldrich.

Fabrication of the Modified Electrode

The graphene modified electrode was prepared by
mixing 0.02 g of graphene nano-sheets, 0.38 g of graphite
powder and appropriate amount of paraffin oil with a mortar
and pestle until a uniform paste was obtained. The paste was
then packed into the end of a plastic tube (3.5 mm i.d. and
10 cm long). The electrical contact was provided by
inserting a copper wire into the carbon paste. The
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unmodified carbon paste electrode was prepared in the same
way without adding graphene.

RESULTS AND DISCUSSION

Electrochemical Oxidation of GA

The electro-oxidation of GA at the modified and
unmodified electrodes were investigated by cyclic
voltammetry (CV). The curves (a) and (b) in Fig. 1 show the
cyclic voltammetric responses of 1.0 mM GA at graphene
modified electrode (curve a) and bare CPE (curve b) at scan
rate of 40 mV s in phosphate buffer solution pH 7.0. The
anodic peak potential of GA is higher than 450 mV at bare
CPE (curve b), while it is decreased to the potential of about
240 mV at graphene modified CPE (curve a). Therefore, the
graphene nano-sheets show efficient catalytic effect to the
oxidation of GA. Also, the anodic peak current of GA is
significantly improved at the modified CPE, indicating large
surface area of the modified electrode.

The results show that the presence of graphene
nanosheets at the electrode has a great improvement on the
electrochemical responses, which can decrease the
overpotential and enhance the peak current for GA
oxidation. Therefore, graphene modified CPE offers a
favorite electrode for oxidation and electroanalysis of GA
because of low resistance, catalytic effect and large
accessible surface area.

The influence of the amounts of graphene nanosheets in
modified CPE was studied for electrocatalysis of GA. The
value of anodic peak current of 1.0 mM GA at several
modified electrodes containing various percentage of
graphene takes as criterion for optimization. The results
indicate the maximum anodic peak current of GA obtained
at electrode with 5.0% of graphene (0.02 g of graphene
nano-sheets, 0.38 g of graphite powder). By increasing the
percentage of graphene nanosheets, the surface area of the
electrode and also the electron transfer rate of the electrode
are increased and more amounts of GA can be oxidized at
the electrode. The higher percentage does not show any
enhancement in current processing.

The effect of potential scan rate was investigated on the
oxidation of GA graphene modified CPE. Figure 2 displays
the cyclic voltammograms of GA at different scan rates on
the surface of graphene modified CPE. The inset of this
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Fig. 1. Cyclic voltammograms of 1.0 mM GA at graphene
modified CPE (curve a) and bare CPE (curve
b); curve (c) is the cyclic voltammogram of
graphene modified CPE in the absence of GA;in
all cases scan rateis 40 mV s* and solution is
phosphate buffer with pH 7.0.
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Fig. 2. Cyclic voltammograms of 1.0 mM GA at different
scan rates (from inner to outer corresponds to 10,
20, 30, 40, 50, 75 and 100 mV s*) on graphene
modified CPE; inset: plot of anodic peak current
(I,2) vs. the square root of scan rate (v*?).
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figure shows that the plot of the anodic peak current height
of GA vs. the square root of scan rate (v?) is linear in the
range of 10-100 mV s™. This linear behavior indicates that
the electrochemical oxidation of GA at the graphene
modified CPE is controlled by diffusion [19].

The electrochemical behavior of GA on the graphene
modified CPE was studied at different pHs using CV (Fig.
3). It was observed that the anodic peak potential of GA
shifted to negative values with increasing the pH from 2.0 to
9.0 (Fig. 3A). The potential-pH diagram, constructed by
plotting the E,. values as the function of pH, shows a linear
equation with the slope of 52.7 mV pH™ (Fig. 3B). This
slope is close to the theoretical Nernstian value, indicating
that GA has the equal proton and electron transfer number
during the oxidation process on the modified electrode [19].
Therefore, it can be assumed that the oxidation of GA on
graphene modified CPE has taken place by a 2e” and 2H"
process as displayed in Scheme 1.

Chronoamperometry Study

Chronoamperometry was also used for the
electrochemical study of GA oxidation at graphene
modified CPE. Figure 4 demonstrates the results of
chronoamperometric measurements of graphene modified
CPE (curve a) and bare CPE (curve b) in the presence of
GA. These chronoamperograms were recorded at potential
step of 0.3 V. It can be seen that the graphene modified CPE
has a higher steady state current in comparison with the bare
CPE at the same potential step over 10 s measurements,
because GA is more easily oxidized in this potential (0.3 V)
at the modified electrode [20]. This observation shows the
catalytic effect of graphene nanosheets in oxidation process
of GA.

Also the diffusion coefficient of GA was obtained by
chronoamperometry technique. The chronoamperograms of
different concentrations of GA were recorded at the
modified electrode (Fig. 5). The plots of I vs. t*? with the
best fits for different concentrations of GA were plotted
(Fig. 5A). The slopes of the resulting straight lines were
then plotted versus the GA concentrations (Fig. 5B), from
this slope and using the Cottrell equation [19], the diffusion
coefficient of GA was calculated 1.52 x 10° cm?s™.
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Fig. 3. A) Cyclic voltammograms of 1.0 mM GA at scan
rates of 75 mV s™ in buffer solutions with different
pHs on graphene modified CPE; B) the plot of the

anodic peak potential vs. pH.
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Fig. 4. Chronoamperometric measurements at the potential
step of 0.3 V for 0.5 mM GA at graphene modified

CPE (curve a) and bare CPE (curve b).
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Scheme 1. Proposed electrochemical oxidation reaction
mechanism of GA

Calibration Plot of GA

The technique of differential pulse voltammetry (DPV)
was used to obtain the calibration plots of GA using
modified electrode. For this purpose, the DP
voltammograms of different concentrations of GA was
recorded at the potential window of 0.0-0.4 V (Fig. 6). The
results showed that the DPV peak currents of GA are
linearly dependent on the concentration of GA in the range
of 3.0 x 10°-1.5 x 10* M (inset of Fig. 6). The linear
equation of the calibration plot was obtained | (HA) =
1.3Cga (UM)-3.099, where | is the anodic peak current and
Cca is the concentration of GA. The detection limit was
calculated 1.1 x 107 M for GA by the slope of the
calibration plot at 3o level.

The ability of the proposed sensor was compared with
some other sensors proposed for determination of GA and
estimation of polyphenols. The results of the comparison are
indicated in Table 1. As shown, the simplest method and
cheapest electrode is the present sensor for determination of
GA. Also the GA detection potential of the proposed sensor
is lower than that of the other sensors excluding references
[23] and [25] those that an enzyme is used in their
structures. Moreover, only the proposed sensor in this work
and reference [25] can detect GA in neutral pH. Obviously,
the cost and simplicity of the sensor in reference [24] is
similar to those in the present sensor, however the
parameters of the present sensor (detection limit, linear
rang, pH and detection potential) are better.

Selectivity Study

The interferences of some components, likely coexisted
with GA in real samples, were studied in determination of
GA by the proposed electrode. The anodic DPV peak of the
1.0 x 10* M GA was examined in the presence of the
common interferents of equal amounts of glucose, sucrose,
fructose, caffeic acid, coumarin, guanine, folic acid and
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Fig. 5. A) Chronoamperograms obtained at graphene
modified electrode for different concentrations of
GA from bottom to top: 0.0, 0.35, 0.4, 0.45 and
0.5mM GA; B) plots of 1vs.t*? obtained from
chronoamperograms of GA; C) the plot of the
slopes of the straight lines against the GA
concentration.
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Fig. 6. DP voltammograms of different concentrations of
GA (from inner to outer corresponds to 30, 50, 75,
100, 120 and 150 pM) on graphene modified CPE;
inset is the calibration plot of GA.
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some amino acids (histidine, threonine, tryptophan). The
results showed that they have no significant influence on the
detection of GA since the peak current changes were below
5%. Also, some ions including Na*, K*, Ca*", Mg®*, Zn*",
S0,%, NOs', CI" and CO5% have no obvious interference for
GA detection even at 100-folds level. Therefore,
determination of GA can be carried out in real samples with
an acceptable accuracy.

Estimation of Total Polyphenols in Plant Samples

The graphene modified CPE can determine the
concentration of GA with high sensitivity. Therefore, this
sensor may be useful for estimation of total polyphenols of
a plant sample, because GA is a suitable representative for
polyphenols [5,21]. To study the applicability of the
modified electrode in electroanalysis of real samples and
also estimation of the total polyphenals, this electrode was
applied for determination of GA in some plant samples.

Determination in real samples was performed by DPV
technique. The mean peak current of three repeated DP
voltammograms was used in standard addition method to
estimate the concentration of GA. Also, after adding a
certain amount of GA to the intended sample, the
concentration of GA was determined again and the recovery
percentage was calculated. The content of total polyphenols
in each sample is the concentration of GA in it [21]. The
results for some diluted plant samples are given in Table 2.
Also, considering the dilution factor, the concentration of
GA was obtained 411.0, 190.2 and 186.0 pM, respectively,
in apple peel, apple flesh and nettle extraction samples.

Repeatability, Reproducibility and Life Time of the
Electrode

The repeatability of the modified electrode was studied
by recording the DP voltammograms for 10 measurements
of GA with the concentration of 1.0 x 10 M. The relative
standard deviations (RSD) of the anodic currents were
calculated 2.8%, indicating the suitable repeatability in
determination of GA.

The reproducibility of the modified electrode was
checked by separately preparing the five modified electrode.
The DPV measurement was applied for each of these
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Table 1. Comparison of some Nanostructured Electrochemical Sensors in the Electroanalysis of GA

Detection Linear Detection
Method Electrode Nanomaterial pH potential range limit Ref.
(mV) (M) (M)
1.0x10°®-
DPV GCE? CS-fFe,05-ERGO" 2.0 500 i 1.5x107 [22]
5.0x10°
AuNPs- 3.0x10°°-
Amp.° SPE-Au® . 4.0 -100 6.0x107 23
P Y Jinker/fullerenol-TvL® 3.0x10™ [23]
1.0x10°®-
DPV CPE MWCNT' 2.0 525 6.25x10° 2.0x107 [24]
2.5x10°-
Amp. GCE Tyr-nAu® 7.4 -100 9.0x10° 7.0x107 [25]
PEP (isn’t 1.0x10°®-
AdS-SWV " GCE ( i 1.8 530 5 6.63x107 [26]
nanostructure) 2.0x10
3.0x10°- 3 .
DPV CPE Graphene nanosheets 7.0 160 1.5x10" 1.1x10 This work

“Glassy carbon electrode. "Chitosan, fishbone-shaped Fe,O; and electrochemically reduced graphene oxide.
‘Amperometry. “Gold screen printed electrode. °Gold nanoparticles/fullerenol-Trametes versicolor Laccase.
"Multiwalled carbon nanotube. Tyrosinase enzyme gold nanoparticle. "Adsorptive stripping square wave
voltammetry. 'Polyephineprine.

Table 2. The Concentration (i.e. Content of Total Polyphenols) and Recovery Percentage
of GA in some Diluted Plant Samples Obtained by the Modified Electrode

Plant sample Sample number Added Found Recovery
(1M) (1M) (%)
1 0.0 68.5 -
Apple peel 2 20 90.1 101.8
3 30 96.0 97.5
1 0.0 31.7 -
Apple flesh 2 20 49.9 96.5
3 30 62.0 100.5
1 0.0 31.0 -
Nettle 2 20 53.1 104.1
3 30 59.0 96.7
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electrodes in a solution of 1.0 x 10* M GA and the peak
current was recorded. The calculated RSD for peak currents
is about 3.5%. The life time of the graphene modified CPE
was tested over a two-month period. During this period, the
current and potential of the DPV peak of GA was
unchanged relative to the initial response. Consequently, the
repeatability, reproducibility and life time of the modified
electrode are acceptable for determination of GA.

CONCLUSIONS

A modified electrode was fabricated simply by
modification of a carbon pate electrode with graphene nano-
sheets. This electrode showed a good catalytic activity
toward the oxidation of GA, so that the oxidation potential
of GA decreased and the anodic peak current of GA
enhanced at the surface of the modified electrode with
respect to the bare CPE. The modified electrode was used
for electroanalytical determination of the concentration of
GA. The content of total polyphenols of some plant samples
was calculated based on the concentration of GA in the
sample. Therefore, the proposed modified electrode presents
a fast and simple method for estimation of the content of
total polyphenols in a sample.
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