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A B S T R A C T

An electrochemical sensor was developed based on graphen oxide-polypyrrole modified glassy carbon electrode
(GO/PPy/GCE) for sensitive determination of phenothrin in fruit samples. GO/PPy/GCE was characterized by
scanning electron microscopy (SEM), Fourier Transform Infrared Spectroscopy (FT-IR), Ultraviolet-Visible
spectroscopy (UV–Vis) and Raman spectroscopy. The sensor was also characterized using electrochemical im-
pedance spectroscopy and cyclic voltammetry. Compared to bare GCE, GO/GCE and PPy/GCE, the reduction
peak current of phenothrin increased significantly at GO/PPy/GCE, demonstrating that GO/PPy/GCE exhibited
electrocatalytic activity towards the reduction of phenothrin. Under the optimal conditions, the sensor showed a
linear relationship over the range of 2.5× 10−8-2.0×10−5 M with detection limits of 13.8× 10−9 M. In
addition, the analytical application of the proposed method was carried out by the determination of phenothrin
in fruit juice samples.

1. Introduction

Pyrethroids are synthetic insecticides with structures based on the
natural chemicals pyrethrins. They are broad spectrum, low resistant to
pests and low mammalian toxicity, highly stable to light and tem-
perature and are very lipophilic compounds. Due to these properties,
they are widely used in pest control in agriculture, public health, hor-
ticulture and veterinary applications [1–8].

Phenothrin (C23H26O3) belongs to type I pyrethroids with chry-
santhemate moiety non-cyanopyrethroid insecticide. It has been used
extensively to control pests in agricultural crops such as vegetables,
fruits, potatoes, cereals and household insects. Although phenothrin is
thought to be low toxicity to humans, the residues left after its use can
cause endocrine-disrupting diseases and depolarization to humans and
paralyze the peripheral and central nervous system [9]. Its general
routes are through inhalation of household aerosol sprays, ingestion of
food containing residual material, or dermal contact with pediculicides.

Owing to its toxicity, it is necessary to develop a rapid and an ef-
fective method for the determination of phenothrin in food samples.
Analytical techniques such as gas chromatography [8,10], gas chro-
matography with mass spectrometry [11], electrophoresis [12] and
immunoassay methods [13] have been most widely used for the

determination of phenothrin. Despite of their advantageous, most of
these techniques require relatively expensive instrumentation, long
times of analysis, and trained personnel [14–16]. However, due to low
cost, minimum or no sample pretreatment, simplicity, fast response,
good sensitivity and high selectivity, electrochemical techniques are
alternative methods for the determination of phenothrin. Thriveni et al.
[17] reported an electrochemical sensor based on a hanging mercury
drop electrode for the determination of phenothrin in agricultural for-
mulations, vegetables, and storage bags of wheat and rice samples.

Graphene oxide (GO) is an oxidation by-product of graphite with its
base made of oxygen-containing groups. Recently, GO has received a
great interest due to its low cost, easy access, and widespread ability to
be converted in to graphene. Depending on the amount of oxidant and
oxidation time, GO contains multiple defects. The ability for graphene
oxide to conduct electrons depends on the amount of oxidizing agent as
well as the method of synthesis [18]. Furthermore, oxygen-containing
groups also enable GO to exhibit excellent hydrophilic properties which
further allows its interaction with nanomaterials and polymers to form
composites [19,20]. High surface-to-volume ratio of GO, in conjunction
with its high dispersibility in both water and organic solvents as well as
its wide range of reactive surface-bound functional groups, GO-based
materials have been used to devise and prepare GO-based electrodes for
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a wide range of applications in electrochemical sensors and electro-
analysis [21,22]. Based on the properties of GO mentioned above,
considerable attention has been devoted in exploring hybrid of different
materials for various applications.

Polypyrrole is also a promising material for electrochemical sensors
and energy storage devices owing to its good electrical conductivity,
high energy storage capacity and electrochemical reversibility
[21,23,24]. Recently, composites of GO-PPy have also become ap-
pealing sensor materials because of their combined effects, and better
electrochemical performance than each component [25]. The compo-
sites of GO-PPy have been fabricated as a promising material for su-
percapacitors [26–28], solar cell [29] and glucose biosensor [30]. Thus,
in this study, we report the use of graphene oxide-polypyrrole compo-
site modified glassy carbon electrode for the determination of pheno-
thrin in various fruit juices.

2. Experimental

2.1. Chemicals

Graphite (Aldrich, 282,863), pyrrole (Sigma Aldrich, 131,709,
98%), phenothrin (Sigma Aldrich, 36,193, 94.4%), phoxim (Sigma
Aldrich, 36,197, 98%) and ascorbic acid (Sigma Aldrich, A7506, RG),
dichlorvos (Sigma Aldrich, 45,441, 98.8%), urea (Fluka, 2493, 99.5%),
NaNO3 (Sigma Aldrich, S5506, 99%), KMnO4 (Sigma Aldrich, 399,124,
99%), H2O2 (Sigma Aldrich, 30%wt in H2O, 216,763), LiClO4 (Aldrich,
431,567, 99.99%), citric acid (Sigma Aldrich C0759), KH2PO4 (Sigma
Aldrich, 0662, 99%) and K2HPO4 (Sigma Aldrich, 3786, 98%). Standard
solution of phenothrin was prepared in ethanol. Phosphate buffer so-
lution (PBS) was obtained by mixing K2HPO4 and KH2PO4.

2.2. Instruments

All voltammetric measurements were carried out using PalmSens
Trace (Palm Instruments BV, Utrecht, Netherlands) connected to a
personal computer. A three electrode system in which GCE (3.0 mm
diameter, Sigma Aldrich), GO/GCE, PPy/GCE and GO/PPy/GCE were
employed as working electrodes, silver-silver chloride electrode (3M
NaCl) and platinum wire (1.0mm diameter) were used as reference and
counter electrode, respectively. Electrochemical impedance spectro-
scopic measurements (EIS) were performed on a CHI604D electro-
chemical workstation (CH Instruments, Inc., Austin, Texas, USA).

UV–Vis spectra were recorded on a Nicolette Evolution 100
Spectrometer (Thermo-Electron Corporation, UK). FTIR spectra were
recorded on a Perkin Elmer Spectrum 100-FTIR spectrometer
(Waltham, USA). Raman Horiba Scientific Xplora, Olympus BX41
Raman Spectrometer (France) was used for the Raman spectroscopic
analysis.

Morphology and compositions of GO, PPy and GO/PPy composite
were examined using scanning electron microscopy (AURIGA, Field
Emission Gun High resolution Scanning Electron Microscope (FEG
HRSEM, Zeiss)) and Raman spectra were measured by Triax 320 Raman
system (Jobin-Yvon, Inc., Longjumeau, France), equipped with
632.8 nm He/Ne laser line as excitation source (JDS Uniphase
Corporation, Milpitas, CA) and liquid‑nitrogen cooled Ge array detector
(Jobin-Yvon, Inc.). Screen printed carbon electrodes were used for the
electrodeposition of PPy, GO and GO/PPy composite for SEM mea-
surements.

2.3. Synthesis of graphene oxide

GO was synthesized from graphite using the modified Hummer's
method following a procedure similar to that reported by Hanifah et al.
[31]. 3.0 g of NaNO3 was dissolved in 140mL of conc. H2SO4 in an ice
bath. Next, 15 g of KMnO4 and 3 g of graphite powder were added
gradually into the above mixture. The temperature was maintained

below 20 °C with vigorous stirring using a mechanical stirrer. The
temperature of this mixture was then increased and maintained to
35 °C. The mixture was continuously stirred for 12 h at this temperature
and the resulting solution was diluted with double distilled water under
vigorous stirring. Consequently, 20mL of H2O2 and 800mL of double
distilled water were added into the mixture. The color of the mixture
was observed changing from brown to brilliant yellow. Then, the
mixture was washed with HCl and water followed by repeated cen-
trifugation and filtration until the pH of filtrate became neutral. Lastly,
the final product was washed and dried in vacuum.

2.4. Synthesis of GO/PPy/GCE

20mg GO was dispersed in 10mL of double distilled water
(2mgmL−1) followed by ultrasonication for 30min. The electrolyte
was purged before voltammetric experiments for 10min with highly
purified N2 in order to eliminate the adsorbed oxygen. GO/GCE was
prepared by drop coating GO solution on GCE. Whereas, GO/PPy/GCE
composite was prepared by electrochemical polymerization of a mix-
ture containing 30 μL of GO suspension and 10 μL of 0.25M pyrrole in
0.1M LiClO4 using cyclic voltammetry by scanning the potential from
−1.2 to 0.6 V at a scan rate of 0.05 V s−1 for 8 cycles.

2.5. Sample preparation

Apple, grape and orange juices were purchased from Pick and Pay
supermarket (Krush 100% Juice Blend) at Bellville suburb of Cape
Town, South Africa. After centrifuging and filtering each juice sample,
5 mL clear solution of each juice sample was diluted with 10mL of PBS
pH 6.5. The samples were spiked with stock solution of phenothrin in
PBS for recovery test.

3. Results and discussion

3.1. Characterization of GO/PPy composite

In order to ensure that the GO/PPy composite was successfully
produced, the surface morphology of the electrode was characterized
using microscopic and spectroscopic methods. The surface morphology
of the GO and GO/PPy composite was characterized using SEM. As
shown in Fig. 1A, GO shows a rough surface with many wrinkles,
showing a three-dimensional morphological microstructure due to the
presence of GO sheets. On careful looking a slight change in the mor-
phology of GO/PPy can be observed, which confirms the formation of
GO/PPy composite (Fig. 1B).

FTIR spectra of GO, PPy and PPy/GO are shown in Fig. 2. For the
GO sample, the broad peak at 3431 cm−1 corresponds to OeH
stretching, which is responsible for good dispersibility in water [31].
The peaks at 2924 and 2848 cm−1 are assigned to symmetric vibration
and asymmetric stretching peaks of aromatic CH2 group [30,32,33].
Peaks at 1640 cm−1 and 1740 cm−1 can be attributed to the aromatic
C]C stretching vibration and the carbonyl (C=O) stretching, respec-
tively [31]. The absorption peaks at 1539 cm−1 corresponds to the
C]C stretching of the aromatic ring of GO [30]. Finally, the absorption
peaks 1295 cm−1, 1163 cm−1 and 1073 cm−1 correspond to C-OH of
carbonyl, C-OH of alcohol and CeO of epoxy group, respectively [33].

For PPy, the absorption peaks at 3180 cm−1, 1650 cm−1 and
1405 cm−1 correspond to NeH, CeN and CeC stretching vibration in
the polypyrrole ring, respectively. In addition, the band at 1108 cm−1 is
attributed to the CeH in plane vibration of pyrrole ring [32–34].

In the composite GO/PPy, the characteristic peaks of PPy at
1650 cm−1 and 1405 cm−1 have been shifted to 1454 cm−1 and
1717 cm−1, respectively. This is most likely caused by π–π interaction
between the GO layers and aromatic polypyrrole rings. Furthermore, a
broad peak with decreased in size exhibited at 3431 cm−1, which are
attributed to the hydrogen bonding between the GO layers and
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aromatic polypyrrole rings. The peak due to C]O of GO shifted to-
wards lower wave number, which indicates that the electron density
around the surface groups on the GO dispersed in polypyrrole polymer
in forming the composite. However, the other characteristic peaks of
GO were found in the spectrum of PPy/GO composite with decreased in
intensity. These results suggest that GO has been successfully in-
corporated into the PPy film [35,36].

Fig. 3 shows the UV–Vis spectra of GO and GO/PPy. The spectrum of
GO shows absorption band at 322 nm and 457 nm, corresponding to the
π-π* transition of the conjugated aromatic double bonds (C=C) and n-
π* transitions of the carbonyl groups, respectively [37]. After the
polypyrrole electropolymerized in the presence of GO (GO/PPy), ab-
sorption peaks were observed at 260 nm and 322 nm, which are at-
tributed to π-π* transitions and n-π* transitions, respectively. A
shoulder-like appearance observed over the range 400 nm to 520 nm
corresponds to the polaronic and bipolaronic transition (n-π* transi-
tion) which are the feature of the oxidized state of PPy segments. The
change in the intensity of the absorption band and appearance of new
band in GO/PPy indicates the electronic structure of GO was changed

Fig. 1. SEM images of the GO (A) and GO/PPy (B).
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due to its interaction with PPy as a result of polymerization of pyrrole
monomers. The energy of π-π* transitions of aromatic C]C bonds in
GO has changed significantly by the addition of PPy, which is very
likely caused by the π-π stacking between PPy and GO [37–40]. The
UV–Vis results provide a good agreement with the FTIR results.

The Raman spectrum of GO (Fig. 4) shows two characteristic bands
at 1335 cm−1 (D band) and 1608 cm−1 (G band). The D band corre-
sponds to the structural imperfections created by the attachment of
oxygenated groups on the carbon basal plane, while the G band is re-
lated to the in-plane vibration of sp2 carbon atoms in a 2D hexagonal
lattice. The intensity ratio of the D- and G-bands (ID/IG) indicates the
degree oxidation and the size of sp2 ring clusters in a network of sp3 and
sp2 bonded carbon.

In PPy, the band that appeared at 1585 cm−1 is attributed to the
C]C backbone stretching of PPy and the band at 1373 cm−1 could be
due to the ring-stretching mode of PPy. In addition, the bands in the
range of 1080 cm−1 to 1240 cm−1 which are associated to the CeH in-
plane deformation of the PPy and the band at 934 cm−1 is assigned to
the ring deformation associated with dication (bipolaron) and radical
cation (polaron) formation.

As shown in the Raman spectrum of GO/PPy composite, there are
two bands at 1595 cm−1 and 1375 cm−1 with decrease in intensity
compared with the bands for GO, confirming decrease in the disorder
due to the increase in size of the in-plane sp2 domains in the presence of
PPy. Furthermore, the intensity ratio of the D and G bands (ID/IG) de-
creased from 1.27 (GO) to 1.08 (GO/PPy), indicating a decrease in the
defect sites [27,41–45].

3.2. Electrochemical behaviors of phenothrin

To demonstrate the successful development of GO/PPy/GCE sensor,
electrochemical impedance spectroscopy was used to get information
on the impedance changes of the sensor interface in the modification
process. Electrochemical impedance spectra of phenothrin were ana-
lyzed in the frequency range of 1 Hz and 1×105 Hz at GCE, GO/GCE,
PPy/GCE and GO/PPy/GCE. From the Nyquist plots (Fig. 5), Rct values
for different electrodes were found to increase in the order: GO/PPy/
GCE < PPy/GCE < GO/GCE < GCE. GO/PPy/GCE shows the smal-
lest semicircle at mid-high frequency regions because of its large sur-
face area, high electrical conductivity, which can be accounted by the
interaction of oxygen containing functional groups in GO and poly-
pyrrole through π-π interaction and H-bonding well improving the
contact rate of the composite and electrolyte.

The redox behavior of phenothrin studied using cyclic voltammetry.
Fig. 6 shows typical cyclic voltammograms at GCE (a), GO/GCE (b),
PPy/GCE (c) and GO/PPy/GCE (d) for 10 μM phenothrin in phosphate
buffer solutions (pH 7.0) at a scan rate of 0.1 V s−1. In all the

voltammograms, only a reduction peak was observed without oxidation
peak in the reverse direction as reported in previous works [17]. The
reduction peak of phenothrin at the surface of glassy carbon is weak
and broad due to slow transfer of electrons. However, at the modified
electrodes the peak current responses are significantly enhanced.
Moreover, at GO/PPy/GCE a remarkably sharp peak was observed at
about −0.89 V, which showed 1.5-fold increase in cathodic current
response compared to that at PPy/GCE (curve c), 1.7 fold to that at GO/
GCE (curve b) and 3.2-fold at GCE (curve a). The results suggest that the
GO/PPy film possess a more pronounced effect on the reduction of
phenothrin than at GO or PPy. This can be attributed to the synergistic
effect of fast electron transfer rate, large surface area; high electrical
conductivity and increased active sites leading to high catalytic activity
of GO/PPy/GCE. Furthermore, the adsorption of phenothrine is more
feasible for due to π-π interactions of graphene oxide, polypyrrole and
phenothrin which contribute to peak current enhancement.

3.3. Effects of scan rate and pH

In order to obtain the optimum experimental conditions, parameters
such as pH and scan rate that can affect the peak current and peak
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potential were studied for phenothrin solution at GO/PPy/GCE. The
effect of the scan rate on the current response of phenothrin in phos-
phate buffer solution of pH 7.0 was studied using cyclic voltammetry
(Fig. 7A). With increased scan rate, the cathodic peak current also in-
creased. A good linearity was observed between the peak current and
scan rate in the range 0.05–0.12 V s−1 (Fig. 7B), which shows that the
reduction of phenothrin at GO/PPy/GCE is an adsorption process. Their
linear relationship is described with the regression equation:

= + =vI(µA) 150.4 3.43, R 0.99732 (1)

Furthermore, with increase in the scan rate, the potential shifted to
more negative values, which confirms the irreversible electrochemical
behavior of phenothrin reduction at GO/PPy/GCE. The linear re-
lationship between the peak potential and the logarithm of the scan rate
can be expressed using the regression equation:

= + =vE (V) 0.13 log 1.12, R 0.9960pc
2 (2)

According to Laviron theory [46], the EPc and v can be related by
the following equation for a totally irreversible process:

= +E E RT
nF

RTk
nF

RT
nF

v2.303 log 2.303 logo
0

(3)

where α is the transfer coefficient, ko is the standard heterogeneous rate
constant of the reaction, n is the number of electrons transferred, v the
scan rate and Eo is the formal redox potential. Other symbols have their
usual meanings. After substituting the values of T, R and F in Eq. (3),
the value of αn was calculated to be 0.445. To determine the number of
electrons transferred (n), the value of α is calculated using the equation:

=
E E

mV47.7
p p/2 (4)

From this, the value of α was found to be 0.23. Thus, the number of
electrons transferred in the electro-reduction of phenothrin was calcu-
lated to be 1.94≈ 2, that indicates two electrons are involved in the
reduction of phenothrin as shown in the mechanism (Scheme 1) [17].

The effect of pH on the electrochemical behavior of phenothrin was
studied in the range 5.0 to 8.0 in phosphate buffer solutions. It was
found that the peak current increased with increasing of pH values from
5.0 to 6.5 and then decreased when the pH exceeded 6.5 (Fig. 8). Thus,
pH 6.5 was selected as an appropriate working pH for phenothrin de-
termination.

In addition, with increase in pH, the reduction peak potential
shifted towards more negative values. The shift in the values of

reduction potential indicates the participation of protons in the elec-
trode reaction. A plot of peak potential vs pH values was found to be
linear over the pH range of 5.0–8.0 with a regression equation of:

= + =E(V) 0.061pH 0.41, R 0.99502 (5)

The slope−0.061 V/pH, which is close to the theoretical value of
−0.059 V/pH, indicates that the same number of protons and electrons
are involved in the reduction of phenothrin [17].

3.4. Effects of accumulation potential and time

The sensitivity of the sensor is undoubtedly improved by varying
accumulation parameters: potential and time. The effect of varying the
accumulation potential on the reduction current of phenothrin was
studied in the range−0.3 to −1.0 V at an accumulation time of 25 s.
The current response increased up to −0.7 V and decreased after
−0.7 V (Fig. S1A). Therefore, the accumulation potential of −0.7 V
was chosen as an optimum potential for further measurements.

The effect of accumulation time on the reduction peak current for
10 μM phenothrin was also investigated by SWV, and the results are
illustrated in Fig. S1B. The peak current increased with increasing ac-
cumulation time in the range 20–60 s and then a current plateau was
observed as a result of surface saturation. Therefore, 60 s was chosen as
the optimal accumulation time for the determination of phenothrin.

3.5. Calibration curve

In order to validate the method for quantitative determination of
phenothrin, the variation of the peak current with concentration of
phenothrin in phosphate buffer solution (pH 6.5) was studied using
square wave voltammetry. The peak current increased linearly with
phenothrin concentrations in the range 0.025 μM to 20 μM (Fig. 9). The
linear equation is:

= + =I(µA) 1.21C(µM) 5.86 (R 0.9971)2 (6)

A detection limit of 13.8 nM (S/N=3) was obtained.
The performance of the GO/PPy/GCE was compared with the report

based on hanging mercury drop electrode (HMDE). The result demon-
strated that the detection limit of the sensor is better than the detection
limit (19 nM) obtained at HMDE [17].
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3.6. Repeatability, reproducibility and stability

The repeatability of the responses of the modified electrode was
studied by replicate recordings of the voltammograms for 10 μM phe-
nothrin and a relative standard deviations (RSD) of 4.28% for six
consecutive determinations, was obtained. The reproducibility of GO/

PPy/GCE electrodes was also evaluated with three different electrodes
prepared in the same experimental procedure. The relative standard
deviation was found to be 5.1%, demonstrating an excellent detecting
reproducibility.

The stability of the sensor was tested by keeping the electrode in
0.1M phosphate buffer solution (pH 6.5) in a refrigerator at 5 °C. For
10 μM phenothrin solution, the current response of the electrode was
found to decrease by 5.6% of its initial value after 7 days of storage.
This indicates that the electrode has good stability.

3.7. Interference study

Selectivity of the sensor plays an important role in the determina-
tion of analyte in various samples. Investigation was made on species
which may affect the signal for phenothrin in fruit samples. The in-
terferents studied were ascorbic acid, citric acid, dichlorvos, phoxim
and urea. The results indicated that the presence of 100–fold excess of
ascorbic acid, citric acid and urea did not affect the determination of
phenothrin (Table 1). Besides, a 10-fold concentration of the two pes-
ticides (dichlorvos, phoxim) showed no interference effect. Thus, these
results reveal that GO/PPy/GCE had a good selectivity for phenothrin.

3.8. Applications

To investigate the practical applicability of the developed method,
the determination of phenothrin was carried out in commercial juice
samples. The samples were prepared according to the procedure de-
scribed in section 4.4.2. The voltammetric measurements were carried
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out in apple, grape and orange juices in phosphate buffer solutions. The
results did not show any electrochemical response at the peak potential
where phenothrin was reduced. This indicates that phenothrine was not
available in all the juice samples.

Recovery experiments were performed by spiking the juice (apple,
grape and orange) samples with three different concentrations of phe-
nothrin. The results are summarized in Table 2. The recoveries of the
spiked samples were in the range 90.0% to 105.0%. It proved that the
sensor could be successfully applied for the detection of phenothrin in
real samples.

4. Conclusion

A new and sensitive electrochemical sensor for the determination of
phenothrin is reported based on graphene oxide-polypyrrole modified
glassy carbon electrode. The impedance data confirmed that the de-
crease in charge transfer resistance (Rct) of the GO/PPy/GCE was sig-
nificant compared with Go/GCE, PPy/GCE and bare GCE. Besides,
cyclic voltammetry results showed that the GO/PPy/GCE exhibited an
enhancement in the peak current and shifts of the peak potential to-
wards negative potential. Phenothrin showed an irreversible reaction at
GO/PPy/GCE.

The selectivity of GO/PPy/GCE towards phenothrin was in-
vestigated in the presence of different interfering species and no sig-
nificant interference was noted. The stability was evaluated and the
signal was found to exhibit a 5.6% decrease for phenothrin reduction.
This work demonstrates that the GO/PPy/GCE is a promising electrode
material for electrochemical determination of phenothrin.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.sbsr.2018.09.003.
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Table 1
Influence of interfering substances on the voltammetric response for 10 μM
phenothrin.

Interferences Concentration ratio ([Interference]/
[pheno.]

Signal change
(%)

Ascorbic acid 100 −1.5
Citric acid 100 +3.4
Dichlorvos 10 +4.3
Phoxim 10 −5.7
Urea 100 +1.7

Table 2
Recovery study of phenothrin in juice samples (n=3).

Samples Added
(μM)

Found/μM
(± sd)

Recovery
(%)

Apple juice 2.5 2.45 (0.08) 98.0
5.0 4.5 (0.25) 90.0
10.0 10.3 (0.16) 103.0

Grape juice 2.5 2.56 (0.23) 102.4
5.0 4.83 (0.42) 96.6
10.0 10.2 (0.52) 102.0

Orange juice 2.5 2.46 (0.07) 98.4
5.0 4.74 (0.3) 94.8
10.0 10.5 (0.46) 105.0
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