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In this study, preparation of a novel bio-sensor based on Fe3O4/chitosan nanocomposites reported for electro-
chemical studies and determination of gallic acid (GA). Combination of chitosan with Fe3O4 nanoparticles causes
to improve oxidation current of the GA. Characterization of the nanocomposite is carried out by different tech-
niques such as X-ray diffraction, transmission electronmicroscopy, scanning electronmicroscopy, vibrating sam-
ple magnetometer, electrochemical impedance spectroscopy and cyclic voltammetry. Furthermore, multivariate
optimization strategy is applied for simultaneous optimization of the chemical and instrumental parameters.
Moreover, electrochemical behavior of GA at the surface of the nano-structured sensor is studied by various tech-
niques such as chronoamperometry, chronocoulometry and linear sweep. Using these techniques, the diffusion
coefficient (D = 5.05 × 10−4 cm2 s−1 and or 4.86 × 10−4 cm2 s−1), and the kinetic parameters containing the
exchanging current density (j0 = 0.23 μA cm−2) and electron transfer coefficient (α = 0.1) are determined for
GA, respectively. Then, the detection limit for GA is found to be 12.1 nM with a broad linear dynamic range
0.5–300.0 μM using differential pulse voltammetry DPV at the surface of the Fe3O4/chitosan sensor. Finally, the
proposed method is successfully applied for the detection of the analyte in real samples.

© 2020 Published by Elsevier B.V.
1. Introduction

Gallic acid (GA; 3,4,5-triphydroxyl-benzoic acid) as a
polyhydroxylphenolic compound iswidely distributed in various plants,
fruits and foods, where it is present either in free form or, more com-
monly, as an ingredient of tannins, namely gallotannin [1]. GA is very
well absorbed in humans; in fact, micromolar concentrations of free
and glucuronidated forms of GA and its main metabolite 4-O-
methylgallic have been observed in human blood plasma after intake
of GA-rich food. This polyphenol exhibits a variety of biochemical prop-
erties, as antioxidant, antimicrobial, and anti-inflammatory, and it has
anticancer and neuro protectant effects [2]. In fact, anticancer activity
of GA has been reported in various cancer cells, such as leukemia, pros-
tate cancer [3], lung cancer, gastric, colon, breast, cervical and esopha-
geal cancers [4]. GA find in various samples such as tea, coffee,
oranges, lemons, apples, kiwi fruit, wine and vines [5–7]. Tea (Camellia),
the most widely consumed drink in the world and has become an im-
portant agricultural product. The effects of lowering cholesterol, high
blood pressure and depression, as well as antioxidant, antimicrobial
and protect against cardiovascular disease and cancer, including the ef-
fects of tea consumption. So detection of GAwith high sensitivity is nec-
essary. So far, GA has been measured by different methods such as high
reishi).
performance liquid chromatography, thin layer chromatography [8],
electrochemical techniques [9–12] and spectrophotometricanalysis
[13]. Chromatography techniques need expensive instrumentation
with high operating costs and sample preparation. However, electro-
chemical techniques are often favored because of their high selectivity,
low cost, rapid detection and their lack of a substantial sample prepara-
tion setup. In electrochemical techniques, working electrodes play a key
role in sensing applications. In recent years, using of nano-structured
materials in modification of the surface of carbon paste electrodes has
been development [14,15]. In this study, iron oxide nanoparticles
based on chitosan (Ch) was prepared by co-precipitation method and
used for modification of carbon paste electrode (CPE).The benefits
such as easy synthesis, cheap raw material and also aspects of safety
and toxicity caused the nanoparticles were selected. Also, for achieve-
ment the best detection limit of the analyte, Ch was used along with
the nanoparticles at the surface of the modified electrode. Actually, Ch
is obtained from chitin deacetylation polymer and is combination of
glucosamine and N-acetyl glucosamine that are connected by links 1
and 4-glycoside [16,17]. Because of Ch has low conductivity and proton
conductivity in acidic solutions, conductivity of the nanocomposite is
improved at the surface of carbon nanotubes [18,19]. Other strategy
for achieving the high sensitivity is optimization of all effective param-
eters on the determination of GA. Optimization by the traditional
‘one-factor-at-a-time’ method needs a considerable amount of experi-
mental run, chemicals and time. An alternate strategy is a statistical

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2020.05.205&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2020.05.205
mailto:s.m.ghoreishi@kashanu.ac.ir
Journal logo
https://doi.org/10.1016/j.ijbiomac.2020.05.205
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


457F. Nazari et al. / International Journal of Biological Macromolecules 160 (2020) 456–469
approach, e.g. the response surfacemethodology (RSM) based on design
of experiment (DOE). The RSM achieves multiple regression analysis to
determine the relationship between the process variables and the re-
sponse. It needs a less number of experiments in order to generate es-
sential information for statistically acceptable results [20].

In the present work, a new nano-structured bio-sensor based on
Fe3O4/Ch nanocomposite was prepared and used for the determination
of GA. Ch in combination of Fe3O4 nanoparticles caused to improve ox-
idation current of the analyte. Other novelty of this work includes appli-
cation of RSM for simultaneous optimization of all effective variables in
the determination of GA. Furthermore, different parameters of GAwere
calculated by some electrochemical methods. Then, with regard to the
performance of the nano-structured modified electrode, the nano-
composite was used for detection of GA in real samples using differen-
tial pulse voltammetry (DPV).
2. Experimental

2.1. Materials

Graphite, GA, phosphoric acid and sodium hydroxide were pur-
chased from Merck Co. Ch with medium molecular weight and
deacetylation degree of N75% was provided from Sigma-Aldrich. Also,
other chemicals supplied by Sigma-Aldrich. All Chemical substances
used in this study have been high purity and were used without purifi-
cation. Deionized water was used in all of the experiments.
2.2. Instrumentation

To study and identification of Fe3O4 nanoparticles X-ray diffraction
spectroscopy (XRD) (Philips, Cu K radiation (λ = 1.54060 Å), the dif-
fraction angle (2) ranged from 10° to 80°), scanning electron micros-
copy (SEM) (KYKY-EM3200), transmission electron microscopy (TEM)
(Philips EM208S) at an accelerating voltage of 150 kV and vibrating
sample magnetometer (VSM) (laker shore 7400) were. In order to in-
vestigation of morphology of the modified and unmodified carbon
paste electrodes scanning electronmicroscopy (SEM) and electrochem-
ical impedance spectroscopy (EIS) PGSTAT 35 (Eco chemie Utrecht,
Netherlands) were applied. Electrochemical measurements were per-
formed by a Sama 500 potentiostat (Isfahan, Iran). All experiments
were performed using a conventional three-electrode electrochemical
cell composed of a platinumwire (Metrohm, Switzerland), an unmodi-
fied or modified carbon paste electrode (2 mm in diameter) and an Ag/
AgCl/KCl 3.0M electrode (Metrohm, Switzerland), as an counter, work-
ing and reference electrodes, respectively. A Metrohm 691 pH meter
was applied for preparing the phosphate buffer samples with different
pHs. An ultrasound bath (BandelinSonorex, Germany) operated at con-
stant frequency of 35 kHz was used for dispersing of nanopowders.
2.3. Synthesis of Fe3O4 nanoparticles

In this research the co-precipitation method was used to prepare
Fe3O4 nanoparticles. In this method, Fe2+and Fe3+ ions are mixed to-
gether with a ratio of 1 to 2. For this purpose, the amount of 1.15 g of
FeCl2·4H2O and 3.0 g FeCl3·6H2O individually were prepared in deion-
ized water and then the solutions were mixed. In order to remove oxy-
gen, N2 gas into the flask at room temperature was placed in an
ultrasonic bath. Then, 20 mL ammonia was added to the flask for
15 min and put under ultrasound. Then, the mixture was precipitated
by a strong magnet and the precipitate was washed with deionized
water and ethanol. The precipitate was obtained after drying in the
oven at 45 °C for 30 h.
2.4. Preparation of the modified electrode

To reach the proper amounts of nano-particles and chitosan, the op-
timization step were performed and reached to the optimum value for
each substance. After that for preparation of the modified electrode,
0.0820 g Fe3O4 nanoparticles were dispersed with 2 mL deionized
water in an ultrasonic bath (power: 200 W) for 45 min. Next, 0.4900 g
graphite powder and 0.015 g Chweremixedwith the above dispersant.
After drying, 0.18 g paraffin oil was added, well mixed and then trans-
ferred to a polyethylene tube. Finally, a copper wire was inserted to
the electrode to create an electrical contact. Also, before each experi-
ment, the electrode surface was polished with weighing paper.
2.5. Optimization strategy

The optimization of all effective parameters on the DPV responses of
GA was performed using RSM which is a collection of statistical and
mathematical methods that are suitable for analysis and modelling of
problems when a response is influenced by several variables. However,
before RSMaDOE is needed. Rotatable central composite design (RCCD)
is a useful method for experimental design that is combined with RSM
to analyse the interaction between the variables with aminimum num-
ber of experiments. This design contains of three parts: (1) a full facto-
rial or fractional factorial design; (2) an additional design, often a star
design in which experimental points are at a distanceα from its centre;
and (3) a central point. RCCD present the following characteristics:
(1) require an experiment number according to N = 2f + 2f + r,
where f is the number of factors and r is the replicate number of the cen-
tral point; (2)α-values depend on the number of factors and can be cal-
culated by α = ±2f/4; (3) all factors are studied in five levels. The
response behavior is related to the selected independent variables by
a second-order polynomial. The generalized response surface model is
shown by Eq. (1) [20]:

Y ¼ β0 þ
X4

i¼1

βiXi þ
X4

i¼1

βiiX
2
i þ

X X4

ib j¼1

βij Xi Xj ð1Þ

where Y describes the predicted response, Xi is the independent factor,
β0 is intercept, βi, βii and βij are the linear, quadratic and interaction co-
efficients, respectively.

In the present study, RCCD was used for investigation of four effec-
tive factors on the DPV response of GA. The factors contain pH, iron
oxide/chitosan amount, scan rate and pulse height. Also, MINITAB® Re-
lease 16, developed byMinitab Inc. (USA), a statistical software package,
was applied for data processing and studying linear terms, squared
terms and interaction between the factors. The significance level 95%
was selected for the mathematical model and surface response.
2.6. Real samples preparation

Determination of the GA in real sample is one of the main purposes
of the proposed electrode. The ability was checked by the detection of
GA in green tea which is contains GA. In order to prepare the sample,
2.0 g powder of green tea leaf was transferred in a mortar. Then,
0.5 mL of nitric acid was added and the solution was heated to drying
point. Then, deionized water was added to the dry material. After dis-
solving, the solution was filtered and diluted to 100.0. Finally, 2.0 mL
of the sample was transferred into the electrochemical cell containing
phosphate buffer pH = 2.0 for detection of GA using DPV.



Fig. 1. XRD pattern of the Fe3O4 nanoparticles.
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3. Results and discussion

3.1. Structural and morphological studies of the nano-structured materials

3.1.1. XRD spectra
In order to study the structure of iron oxide nanoparticles, XRD was

applied. X-ray diffraction pattern of the sample can be seen in Fig. 1. The
XRD pattern of the Fe3O4 nanoparticles presents several diffraction
peaks, which are placed at Bragg angle values of at 30.42, 36.01, 43.58,
54.46, 57.69, 63.01, 71.96 and 74. 58. Using the data, average crystalline
size of the iron oxidenanoparticleswas calculated based on the Scherrer
equation about 45 nm.
Fig. 2. TEM (A) and SEM (B) micro
3.1.2. TEM and SEM analysis of the Fe3O4 nanoparticles
For study of the size and morphology of iron oxide nanoparticles

microscopic techniques were used. In Fig. 2 TEM [21] and SEM im-
ages of the nanoparticles are shown. According to the Fig. 2, the av-
erage particle size of the iron oxide nanoparticles was obtained
52 nm. The TEM image shows magnetic Fe3O4 nanoparticles are al-
most spherical or ellipsoidal.
3.1.3. VSM analysis of the Fe3O4 nanoparticles
The magnetic properties of Fe3O4 nanoparticles were studied by

VSM to confirm superparamagnetic properties of the nanoparticles.
graphs of Fe3O4 nanopowders.



Fig. 3.Magnetization hysteresis loops of Fe3O4 nanoparticles.
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Magnetization hysteresis loops at 25 °C of Fe3O4 nanoparticles are
shown in Fig. 3. The nanoparticles showed no magnetic hysteresis and
presented superparamagnetic property. This property prevents nano-
particles from magnetically aggregation in the absence of magnetic
field and then, nanoparticles can re-disperse rapidly when themagnetic
field is switched off.
Fig. 4. SEM images of (A) unmodified CPE and (B), (C), (D) modified e
3.1.4. SEM analysis of the nanocomposite modified electrode
The Fe3O4/chitosan/carbon paste electrode (Fe3O4/Ch/CPE) was first

characterized by SEM. Fig. 4 presents the SEM images of CPE (a), Fe3O4/
CPE (b), Ch/CPE (c) and Fe3O4/Ch/CPE (d). As can be observed the pres-
ence of Fe3O4 and Ch at the surface of the modified electrodes is very
clear.
lectrode by Fe3O4 nanoparticles, chitosan, Fe3O4/Ch, respectively.



Fig. 5. (A) Nayquest curves: (a) unmodified electrode and (b), (c) modified electrode by Fe3O4 nanoparticles, chitosan, respectively (B) Nyquist curves of Fe3O4/Ch/CPE.

Fig. 6. (A) Cyclic voltammograms of phosphate buffer (pH=2.0) containing 5.0mM [Fe(CN)6]−4 using various scan rates 30.0, 40.0, 50.0, 60.0, 70.0, 80.0 and 90.0mV s−1 (a to g), (B)ΔEp
vs. log (ν/V s−1) and (C) as (B)in high scan rates.
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Table 2
Analysis of variances for GA using RSM.

Source Degree of freedom Sum of
squares

Mean
square

F value P value

Regression 14 168.35 12.02 27.66 b0.0001
Linear 4 106.02 26.73 61.49 b0.0001

A 1 73.96 73.96 170.13 b0.0001
B 1 0.029 0.029 0.07 b0.0001
C 1 6.79 6.79 15.64 b0.0001
D 1 26.13 26.13 60.12 b0.0001

Square 4 48.38 12.09 27.82 b0.0001
A2 1 0.24 4.58 10.53 b0.0001
B2 1 21.09 31.17 71.71 b0.0001
C2 1 18.85 16.04 36.91 b0.0001
D2 1 8.20 8.20 18.86 b0.0001

Interaction 6 13.056 2.1760 5.01 0.013
AB 1 0.117 0.117 0.27 0.615
AC 1 1.562 1.562 3.59 0.087
AD 1 9.786 9.786 22.51 0.001
BC 1 0.287 0.287 0.66 0.435
BD 1 0.488 0.488 1.12 0.314
CD 1 0.815 0.815 1.88 0.201

Residual 10 4.347 4.347 − −
Lack of fit 8 3.708 0.4636 1.45 0.470
Pure error 2 0.639 0.3194 − −
Total 24 172.704 − − −
R-squared = 97.48% Adj. R-squared = 93.96%
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3.1.5. Characterization of the nanostructured modified electrode by EIS
In the present study, EIS was also used to characterize the elec-

trodes. Fig. 5(A) shows impedance spectrum of the bare (a), Fe3O4/
CPE (b), Ch/CPE (c) and Ch/Fe3O4/CPE (Fig. 5(B)) in the presence of
5.0 × 10−3 M K4Fe (CN)6 and K3Fe (CN)6 solution in 0.2 M phosphate
buffer (pH 2.0) as a probe sample. Using the analysis, electron trans-
fer resistance (Rct) can be calculated to feature conductivity and di-
electric intermediate electrode/electrolyte properties. According to
the Fig. 5, the Rct values for the bare CPE, Fe3O4/CPE, Ch/CPE and
Ch/Fe3O4/CPE were obtained 12,730, 2924, 2077 and 1178Ω, respec-
tively. The decrease in Rct can be attributed to the presence of the
Fe3O4 and Ch at the CPE that accelerates the transfer of the electrons
at the surface of the electrode.

3.1.6. Voltammetric study of Fe3O4/Ch/CPE
For more study of the behavior of Fe3O4/Ch nanocomposite at the

surface of themodified electrode Fe2+/Fe3+ probe solutionwas used.
Fig. 6(A) displays the spectra of the modified electrode in the pres-
ence of 5.0 × 10−3 M [Fe(CN)6]3−/4− in 0.2 M phosphate buffer
(pH 2.0) by cyclic voltammetry (CV). Fig. 6(B) shows the variations
of peak potentials (Ep) as a function of logarithm of the potential
scan rate. By the studies, electron transfer rate constant (KS, S−1)
and charge transfer coefficient (α) between the probe and Fe3O4/
Ch/CPE were calculated using Laviron equation (Eq. (2)) [22]. Thus,
value of the α and the Ks was obtained 2.08 and s−1 0.458, respec-
tively.

Log ks ¼ α log 1−αð Þ
þ 1−αð Þ logα− log RT=nFvð Þ−α 1−αð Þ nα F ΔEp=2:3R T

ð2Þ

3.2. Electrochemical studies of GA

3.2.1. Multivariate optimization studies
In the presetwork, RCCD and RSMmethodswere used for the design

of experiments and multivariate optimization, respectively. The effects
of the different parameters on the responses of GA were investigated
through these methods. Chemical factors contain pH (A) and iron
oxide nanoparticles and chitosan (B) and also, instrumental factors con-
tain scan rate (C) and pulse height (D). The selected range for the factors
is 1.5 to 3.5, 30% to 70%, 0.01–0.13 V s−1, and 0.02–0.1 V, respectively
(Table.1). In this design, the number of factors is 4, and considering
the 3-point iteration, the total number of tests contains 27 tests. For
this purpose, the design of experiments was performed using Minitab
software. Then, the differential pulse voltammograms of each test for
GA were recorded at the surface of Fe3O4/Ch/CPE. Also, using the 27
tests, an appropriate model was selected. Next, the results were ana-
lyzed and reported in Table 2. According to the Table 2, the P-value of
lack of fit (LoF) was 0.47 indicating insignificant LoF for the selected
model. Also, R-squared and Adjusted R-Squared values were 97.48%
and 93.96%, respectively, which indicate the validation of themodel. Fi-
nally, the optimum amount of each effective factor was obtained. The
actual optimized values are reported in Table 3. Also, optimum values
by graphical analysis using Minitab software as an optimal response
Table 1
Coded and actual levels of effective factors for GA.

Factors Coded levels

Name −2 −1 0 +1 +2

X1 pH 1.5 2.0 2.5 3.0 3.5
X2 Fe3O4/Ch% 30% 40% 50% 60% 70%
X3 Scan rate (v s−1) 0.01 0.04 0.07 0.1 0.13
X4 Pulse height (v) 0.02 0.04 0.06 0.08 0.1
curves, surface plots and contour plots were extracted (Figs. 7, 8). Fur-
thermore, some experimental runs were performed Based on the opti-
mal conditions. The results are presented in Table 4 and approve that
the obtained peak current has good agreement with the predicted
value by the mathematical model.

3.2.2. Electrochemical behavior of GA at the modified electrode
To understand the catalytic activity of the nano-structured

modified electrode, CV was investigated in the presence of
100.0 μM GA in 0.2 M phosphate buffer (pH = 2.0) in scanning
rate of 130.0 mV s−1 (Fig. 9). Based on the Fig. 9, the produced cur-
rent by GA on the Fe3O4/CPE and Ch/CPE are 1.5 and 2 times more
than the unmodified electrode, respectively. However, when CPE
was modified by Fe3O4/Ch nanocomposite increased the current
of GA about 2.5 times. This result demonstrates of the sensitivity
of the Fe3O4/Ch/CPE.

3.2.3. Influence of scan rate
Fig. 10(A) shows cyclic voltammograms of GA in different scanning

rates at the surface of Fe3O4/Ch/CPE. According to the Fig. 10(B) the
GA oxidation process was controlled by mass transfer according to
Eq. (3) [22]:

Ipa ¼ 2:99� 105 n 1–αð Þ nα½ �1=2 A D1=2 C υ ð3Þ

In the Eq. (3), n is the number of electrons involved in the redox re-
action, A (cm2) is the electrode surface area, C (mol cm−3) is the GA
concentration and D (cm2 s−1) is the diffusion coefficient. Using the
Table 3
Optimized conditions for GA using RSM.

Factors The coded optimized
values

The actual optimized
values

X1 (A) pH −2 1.5
X2 (B) Fe3O4/Ch% −0.14 48.74
X3 (C) Scan rate (V s−1) 0.78 0.1
X4 (D) Pulse height (V) −1.27 0.044



Fig. 7. Surface plot of GA at the Fe3O4/Ch/CPE.

Fig. 8. Contour plot of GA at the Fe3O4/Ch/CPE.
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Table 4
Results of the experimental runs comparedwith the predicted values by themathematical
model.

Parameters Predicted
response
(Ave.)

95% CI
low·high

Predicted
Std. Dev.

Observed
response
(n = 3)

Obtained
values

8.72 8.12–8.85 0.19 8.51 ± 0.12
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Fig. 10 by increasing in the scan rate from 10.0–130.0 mV s−1 an in-
creasing in the current of GA is happened.

3.2.4. pH dependence study
Using DPV the effects of pH values in the determination of GA at the

modified electrode was studied. DPV graphs of GA at the surface of the
modified electrode were studied in phosphate buffer in the range of
pH of 2.0 to 6.0. Fig. 11 shows by increasing in the pHs an shift in poten-
tial to negative values is observed. This movement indicates that the
proton was involved in oxidation process of GA. Also, these potentials
values have liner relationship with pHs as follow equation:

Ep Vð Þ ¼ −0:067 pHþ 0:602 R2 ¼ 0:9905
� �

Using theNernest equation the amount of 1.8 is obtained for number
of the protons. Thus, it can be stated that the number of two-electron
oxidation and two protons exchanged in the reaction. So, possible
mechanism for oxidation of GA can be shown in Scheme 1 [24].

3.2.5. Chronoamperometry and chronocoulometry studies
To determination of diffusion coefficient (D) of GA,

chronoamperometry (CHA) technique was performed. Fig. 12 displays
chronoamperograms of GA in 2.0 M phosphate buffer (pH = 2.0) at
Fig. 9. Cyclic voltammograms of phosphate buffer (pH 2.0), in the presence o
different concentrations. As can be observed with increasing of the con-
centrations of GA, anodic current is increased in step primary potential.
By the slope resulting from Fig. 12 and Cottrell equation (Eq. (4)) the
value of D was calculated to be 5.05 × 10−4 cm2 s−1.

I ¼ nFAD1=2Cπ−1=2t−1=2 ð4Þ

In order to supporting the data that was obtained from CHA tech-
nique, the diffusion coefficient (D) of GA was also calculated using
chronocoulometry (CHC). Fig. 13(A) shows chronocoulograms of
GA in phosphate buffer (pH 2.0) for various concentrations of the an-
alyte at the modified electrode with step potential of 1000.0 mV.
Using the data the value of D was obtained near the CHA technique
(4.86 × 10−4 cm2 s−1).

3.2.6. Linear sweep voltammetry study
Linear sweep voltammetry (LSV) and Tafel plot was performed to

determination of the kinetic parameters of GA such as exchange current
(j0) and transfer coefficient (α). Thus, the linear sweep voltammograms
of GA in 0.2 M phosphate buffer (pH = 2.0) were recorded (Fig. 14(A),
scan rate: 130.0 mV s−1). So, by slope and intercept of the Tafel curve
(Fig. 14(B), i0 and α were obtained, respectively. Using the average of
the data, i0 and α for GA were calculated 0.23 μA cm−2 and 0.1,
respectively.

3.2.7. Calibration curve and detection limit
To determine of the detection limit, differential pulse voltammo-

grams of GA in the optimum conditions was drawn at the surface of
Fe3O4/Ch/CPE (Fig. 15 (A)). Also, Based on the Fig. 15(B) a liner relation-
ship between GA and peak current is observed with the linear regres-
sion equation of Y = 0.0232x + 0.1749 (R2 = 0.984). Moreover, the
relative standard deviation (RSD) of the buffer (blank) for fifteen deter-
minations was calculated. Using Eq. (5), where Sb and m are the stan-
dard deviation of the blank solution and the slope of the calibration
curve, respectively, the detection limit for GA was calculated to be
f 100.0 μM GA by CPE (a), Fe3O4/CPE (b), Ch/CPE (c), Fe3O4/Ch/CPE (d).



Fig. 10. Cyclic voltammograms of Fe3O4/Ch/CPE in phosphate buffer (pH 2.0) for 50.0 μM SA, using various scan rates: 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0 and 90.0 mV s−1 (a to j),
(A) Current vs. E (mV), (B) Peak current vs. ν1/2.

Fig. 11. (A) DPV of a solution containing 100.0 μM GA at various pH values, at Fe3O4/Ch/CPE, (B) dependency graph of GA oxidation pick to pH solutions at scan rate 130 mV s−1.
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Scheme 1.Mechanism of GA oxidation.
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12.1 nM.Using the study, linear calibration range for GAwas obtained in
the range of 0.5–300.0 μM. The results are superior to the values re-
ported by other research groups (Table 5) [23–28].

c ¼ 3 Sb=m ð5Þ

3.2.8. Repeatability and stability of the nanostructured modified electrode
To investigate of the repeatability of the modified electrode, the

five electrode was prepared and five differential pulse voltammo-
gram of each electrode were recorded in phosphate buffer with
pH = 2.0 for 100.0 μM of GA in the optimal conditions. The DPV re-
sponses of the electrodes were compared and the RSDwas calculated
to be 2.7% that suggest the highly repeatable surface for the proposed
modified electrode.
Fig. 12. Chronoamperograms obtained at the Fe3O4/Ch/CPE in phosphate buffer (pH= 2.0) for
0.56, 0.78, 0.97 and 1.15 μM of GA (A); Plots of I vs. t−1/2 (s-1/2) obtained from chronoamprogr
The stability of the modified electrode in standard solution with a
concentration of 100.0 μM GA in the phosphate buffer (pH = 2.0) was
investigated for a 2-week period (with three replicates in each day
and an average standard deviation value of 2.9%) at the surface of the
modified electrode and DPV. Fig. 16 shows the electrode response de-
creases only 2.38% rather than its initial value. Based on the studies
the results show Fe3O4/Ch/CPE has a good long-time repeatability and
stability for the determination of GA.
3.2.9. Interference studies
To investigating the effects of various compounds interferences in

the determination of GA, the DPV was applied. For the study, the peak
current of 100.0 μM of GA in 0.2 M phosphate buffer with pH = 2.0
was determined. This study was repeated for 5 times and the average
and standard deviation was calculated. Next, GA with 200 times in the
various concentrations of GA with potential step of 1000.0 mV. a to e correspond to 0.47,
ams a–e (B), A plot of the slope of the straight lines versus the concentration of GA (C).



Fig. 13. (A) Chronocoulograms of phosphate buffer (pH=2.0) for various concentrations of GA at themodified electrode, potential step of 1000.0mV. a to e correspond to 20.0, 30.0, 40.0,
50.0, 60.0 and 70.0 μM of GA, (B) Plots of Q vs. t−1/2 (s−1/2) and (C) Plot of the slope of the straight lines versus the concentration of GA.
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concentration was measured in the presence of the interfering sub-
stance. According the investigation amount of the differences of GA in
the absence and presence of interfering substances were b5%. Table 6
shows the effect of the interfering substances in determination of GA
at the surface of Fe3O4/Ch/CPE.

3.2.10. Real samples analysis
The ability of the proposed procedure for detection of GAwas also

studied in real samples. For this purpose, green tea leaf that contains
GA, as a real sample was selected. Tea samples were determined by a
standard addition method to keep any matrix effect. For preparation
of the sample, green tea powder was dissolved in nitric acid on the
heater till solution to dry. The rest of the substance was dissolved
to 100 mL and take 2.0 mL to electrochemical cell. The standard ad-
dition method was performed for testing recovery by three repeat-
able measurements on each sample. The results are listed in
Table 7. The recovery rates of the spiked samples are acceptable, in-
dicating that the sample matrix does not interfere with the detection
procedures.

4. Conclusions

This study tried to investigate the electrochemical behavior of a
bio-based Fe3O4/Ch nanocomposite sensor. At first, co-precipitation
method was used for synthesis of Fe3O4 nanoparticles. Then, Ch
was combined with Fe3O4 nanoparticles to prepare a bio-based
nano-structured modified electrode. The characterization of the
bio-based nanocomposite was studied by different techniques such
as XRD, TEM, SEM, VSM, EIS and CV. The modified sensor was im-
proved oxidation peak current of GA, indicating that the modified
electrode has a great electrocatalytic activity for GA. Also, different
techniques such as CHA, CHC and LSV were applied for investigation
of the electrochemical behavior of GA at the surface of the modified
electrode. After optimizing the experimental conditions using multi-
variate optimization strategy, the anodic peak current of GA showed
a linear correlation to its concentration in a broad linear dynamic
range with low detection limit. Also, the proposed method creates
a sensitive and selective approach for the detection of GA in real
samples with satisfactory results.
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Fig. 14. (A) Linear sweep voltammograms of Fe3O4/Ch/CPE in 0.2Mphosphate buffer (pH=2.0) containing 0.47, 0.64, 0.78, 0.97, and 1.15 μMof GA (from inner to outer) at a sweep rate of
130.0 mV s−1 and (B) Tafel plot derived from linear sweep voltammograms.

Fig. 15.DPV of Fe3O4/Ch/CPE in a phosphate buffer (pH=2.0), containing different concentrations of GA. a to j correspond to: 1.0–300.0 μMofGA (A), plot of the catalytic peak current as a
function of GA concentration (B).
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Table 5
Comparison of the efficiency of some electrochemical techniques in the determination of GA.

Technique Electrode material Linear range (μM) Detection limit (μM) Reference

DPV WCrGO/GCE 10–100 3.1 Stankovic et al. [23]
DPV PEI-rGO/GCE 1–100 0.7 Luo et al. [24]
ASV PEP/GCE 1–20 0.663 Refat and Newair [25]
SWV PVA/GCE 1.6–49 0.495 Khan and Goh [26]
DPV PmPD/Pal-IL 1–300 0.28 Wang et al. [27]
AMP Bi-MWCNT/MCPE 1–100 0.16 Madhusudhana et al. [28]
DPV IONPs/CPE 0.5–300.0 0.0121 This work

Abbreviations: WCrGO/GCE: wolfram carbide-doped reduced grapheme oxide/glassy carbon electrode; PEI-rGO: polyethyleneimine-functionalized graphene oxide; PEP:
polyepinephrine; PVA: polyvinyl alcohol; PmPD/Pal-IL: poly(m-phenylenediamine)/palygorskite-ionic liquid; Bi-MWCNT/MCPE: bismuth nanoparticles decorated multi-wall-carbon-
nanotubes modified carbon paste electrode; ASV: Anodic stripping voltammetry; SWV: square wave voltammetry; AMP: amperometry.

Fig. 16. Plot of stability of the modified electrode in 0.2 M phosphate (pH = 2.0),
containing of 100.0 μM GA for a 2-week period.

Table 6
Influence of some interference substances in determination of GA at the surface of Fe3O4/
Ch/CPE.

Interferences substance Tolerance limit (WSubstance/WGA)

NH4
+, K+, Na+ 500.0

NO3
−, I−, CO3

2−, Cl−, Br− 500.0
L-tyrosin 200.0

Table 7
Determination of GA in green tea.

Sample GA added (μM) GA found (μM) Recovery%

1 0.00 8.43 –
2 10.0 19.67 112.8
3 20.0 28.01 98.4
4 30.0 36.35 107.0
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