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Abstract

Herein, reduced graphene oxide (RGO) and magnetic reduced graphene (RGO-MNP) nanosheets were synthesized by using
Fe?" ions via the facile and green method for the first time. Prepared nanomaterials were characterized by UV—Vis, FTIR,
Raman, XRD, VSM and TEM techniques. Interaction of RGO, GO, RGO-MNP and GO-MNP nanosheets with two valance
metal ions were investigated by tracing square wave voltammetry of a modified carbon paste electrode (CPE) responses. Both
modified CPE by RGO-MNP and GO-MNP showed higher response between ions to Pb*" ion. In optimized experimental and
instrumental conditions, a linear calibration curve from 1.0x 107 to 1.0x 1073 M Pb>* with detection limit as 3.07x 10™° M
Pb** was observed for modified CPE by GO-MNP, and two linear calibration curve from 1.0 X 10~ t0 5.0x 107® and from
1.0x 1075 to 1.0 x 107> M Pb** with detection limit as 8.13x 107! M Pb** were observed for modified CPE by RGO-MNP.

Prepared sensors showed good stability, sensitivity, repeatability and reproducibility in this work.

1 Introduction

Graphene with a two-dimensional structure has high stability
and its interesting properties like, elastic, thermal and elec-
trical led to great consideration in recent years [1]. Today,
varieties of methods are used to synthesize graphene. The
most common of which are mechanical methods, includ-
ing micro mechanic peeling of graphite [2], dry ice [3] and
chemical methods, including chemical vapor deposition
[4] and reduction of graphene oxide [5]. By these methods,
graphene can be made with a fairly complete structure and
excellent properties.
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Following the research on graphene, the graphite oxide
discovered about 150 years ago and production of it was first
reported in 1840 by Schafhaeutl [5] and in 1859 by Brodie
[6]. The proposed method has two important characteristics:
(a) Graphite is used as a raw material that is economically
feasible [7] and can provide a high percentage of graphene
in large scale. (b) The resulting graphene oxide is hydro-
philic [8] and can form a stable aqueous colloid solution
[9]. Besides, the reduction of graphene oxide will partially
repair the structure and properties of graphene [10]. Dif-
ferent methods of reducing graphene oxide create different
properties of graphene, which can affect its final perfor-
mance. Therefore, graphene oxide and its reduction are key
issues in the research on the production of graphene [11-13].

The chemical structure of graphene oxide was first tested
by Dreyer et al. [14]. Recently, the methods proposed by
Hummers and Offeman in 1958 [15] are often used to pro-
duce graphene oxide in which the graphite is oxidized to
graphite oxide using sulfuric acid, sodium nitrate and potas-
sium permanganate. The reduction of graphene oxide can
cause a large change in its structure and properties such
as apparent features [16], electrical conductivity, and car-
bon to oxygen ratio [17]. Some of which are important
and should be considered in the process of resuscitation.
Reduction of graphene oxide involves thermal [18], radia-
tion [19, 20], chemical [16, 21-24], photocatalysis [25, 26],
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electrochemical [27, 28], solvothermal [29-31], and multi-
step [32-35] reduction methods.

In general, the reduction of graphene oxide is accom-
plished to achieve two goals: elimination of functional
groups [3, 36] and the repair of structural defects [37]. The
mechanisms of graphene oxide reduction can be divided into
three general categories; (a) removal of oxygenating func-
tional groups from the surface by mentioned reduction meth-
ods like thermal and chemical reduction methods, (b) repair-
ing defects in long-chain conjugate of graphene sheets [4,
17, 38], and (c) reduction by electron transfer [28, 39]. The
advantage of reducing graphene oxide by chemical reaction
is that the carbon sheet structure is maintained [37]. The high
carbon to oxygen ratio and the high conductivity of reduced
graphene oxide have been proven by Gao et al. [32]. Accord-
ing to simulated results by Bagri et al. [40], if the graphene
oxide sheets are covered only by functional groups without
defects in the framework, the reduction can be achieved by
choosing an appropriate recovery method. Defects in carbon
sheets after reduction are likely to be related to oxidation
during the process [35]. To overcome this problem, it has
recently been recommended to use a poor oxidant in the
modified Hummers method [41]. Although this reduction
method has a low carbon to oxygen ratio, it produces fewer
defects in graphene oxide and reduced graphene oxide has
high electrical conductivity [42—44].

So far, numerous applications of graphene nanosheets
have been reported in various fields of science [45-54].
These nanosheets containing functional groups (such as OH,
COOH and C=0) are widely used for electrochemical and
bioelectrochemical sensing, corrosion protection, catalytic
application and energy storage. The findings demonstrate
the advantage of graphene nanosheets. Magnetic graphene
nanoparticles are also have many applications such as drug
delivery, treatment of cancers, magnetic imaging, magnetic
separation and analytical applications, making rubber and
polymer composites, sensors and heterogeneous catalyst
[55]. However, for introducing the magnetic property to the
graphene, need to attach or composite the graphene with
magnetic nanoparticles (Fe;0,) [46].

Several methods have been reported to reduce the gra-
phene oxide with various chemical reagents that most of
these reagents are toxic and flammable and some of them
are not affordable. This paper focuses on the use of non
hazardous, low-cost and environmentally friendly reagents
to reduce graphene oxide. Achieving green and low levels
of magnetic graphene is the main goal of this study. In this
work, RGO firstly produced from GO in a green and safe
method by using Fe?* ions as reduction agent and then
by adjusting the ratio of Fe>* to produced Fe®* ions dur-
ing reduction of GO, the magnetic nanoparticles (Fe;0,)
were precipitated on the RGO surface to synthesis the
RGO-MNP. The electrochemical behavior of the prepared
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nanocomposites were studied and ultimately their use in a
sensor for determination of lead ion were evaluated.

2 Experimental section
2.1 Materials and reagents

Graphite and other chemicals were of analytical grade,
obtained from Merck or Sigma and used as supplied without
further purification. The Pb(II) stock solution was prepared
by dissolution of 0.0082 g of Pb(NO;), in 25.0 mL of double
distilled water to obtain a solution of 1.0 mM Pb(II). Then,
with successive dilutions, standard solutions were obtained
at lower concentrations. The pH was adjusted with 10.0 mM
NaOH or HCI solutions. The vessels were soaked in 3.0 M
HNO; and carefully cleaned before use to avoid contamina-
tion. To prepare the redox probe solution containing 1.0 mM
[Fe(CN)¢]*"*~ and 0.1 M KCI, 0.0422 g K,[Fe(CN)],
0.3680 g K;[Fe(CN),] and 0.7456 g KCI were weighted and
adjusted in 100.0 mL. All solutions were prepared daily and
kept away from light.

2.2 Synthesis of nanosheets
2.2.1 Graphene oxide (GO) nanosheets

To prepare the GO by the Hummers method [15], 5.0 g
of graphite powder were added to the solution containing
7.5 mL of H,SO,, 2.5 g of K,S,04 and 2.5 g of P,05 at
80 °C. The dark blue mixture containing the initial GO was
cooled at room temperature for 5 h. Then, to reach a neutral
pH, the mixture was washed with distilled water and dried.
In the next step, 2.5 g of the initial GO powder was mixed
with 57.5 mL of H;PO, at 0 °C and then 7.5 g of KMnO,
was added and stirred for 2 h. The reaction was completed
by adding 6.2 mL of H,0, and 350.0 mL of distilled water
to the solution. Finally, the mixture was smooth and then
washed with 10% V/V HCI to remove the concomitant ions.
The remaining solid was GO nanosheets that were used to
continue work.

2.2.2 Reduced GO (RGO) nanosheets

In order to reduction of GO, a green, an easy and envi-
ronmentally friendly method was used for the first time.
15.0 mL of distilled water was added to 0.1500 g GO and
subjected to ultrasonic wave for 30 min. In the following,
4.9702 g of FeCl,-4H,0 was dissolved in 25.0 mL HC1 37%
and then the GO solution was added and allowed that was
stirred for 2 h under nitrogen gas. During the process, the
color of the solution was black, which is due to the formation
of RGO nanosheets.
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2.2.3 GO-magnetic nanoparticle (GO-MNP) nanosheets

To magnetize the GO nanosheets, 0.2500 g synthesized GO
was placed in 50.0 mL distilled water. The prepared sus-
pension was added to 25.0 mL of 1.5 M NaOH at 80 °C
under nitrogen gas, then 25.0 mL solution containing 0.1 M
HCI, 0.5825 g FeCl;-6H,0 and 0.2142 g FeCl,-4H,0 was
added dropwise to it. This should take at least 1 h to magnet-
ize the GO nanosheets. In the end, synthesized GO—-MNP
nanosheets were separated with a magnet and washed twice
with distilled water to completely neutralize. The resulted
GO-MNP nanocomposite had 1:1 (W/W) ratio of GO and
MNP. The advantage of this method for magnetization of
GO is that can easily be separated from the solution [56].

2.2.4 RGO-magnetic nanoparticle (RGO-MNP) nanosheets

The RGO-MNP prepared in a one-step process for the first
time. 4.9702 g of FeCl,-4H,0 was dissolved in 0.1 M HCI
solution containing 0.3 g GO and kept under argon gas
and stirred for 72 h to convert Go to the RGO. After that,
all the suspension was added dropwise to the 250.0 mL
of 1.5 M NaOH, at 80 °C during 1 h and under nitrogen

gas bubbling. After the reaction was completed, synthe-
sized RGO-MNP nanosheets were separated by a magnet,
washed twice with distilled water and dried for further
experiments. The produced RGO-MNP had the ratio
as 1:1 (W/W) of RGO and MNPs. In the same process
RGO-MNP with ratio as 1:20 was also synthesized.

2.3 Electrode preparation

The magnetic carbon paste electrode (CPE) was used as a
working electrode. For this purpose, the carbon paste was
prepared from a uniform mixing of 0.7000 g of graphite
powder with 0.3000 g of paraffin oil and placed inside the
syringe containing a permanent magnet with a diameter
and width as 5.0 and 3.0 mm, respectively. A copper wire
was used as an electrical interface. After polishing the
prepared CPE surface on the paper, 5.0 uL of suspension
containing 10.0 mg/mL of each modifiers was placed on
it and after drying, the resulting electrode was used for
subsequent experiments. Scheme 1 presents the prepara-
tion steps of modified electrode.

Permanent magnet

2 mm

Scheme 1 Schematic representation of the CPE/RGO-MNP preparation and its interaction with Pb>*
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2.4 Apparatus

A Philips PW 1800 instrument was used for X-ray diffrac-
tion (XRD) measurements and the spectra were performed
at a voltage of 60 kV and current of 40 mA. The Fourier
transform infrared (FTIR) spectra were obtained in the
wave-number range of 400—4000 cm™! using PerkinElmer
Spectrum 65. The ultraviolet—visible (UV—-Vis) spectra were
recorded with a Cintra 404 spectrophotometer. The solutions
were placed in quartz cuvettes and scanned over the range of
200-600 nm. Raman spectra of the samples were obtained
by Takram PSOCOR10 Raman spectrometer. A Philips EM
2085 instrument equipped with SADE was used for the
transmission electron microscopy (TEM) imaging, which
was carried out in air using a voltage of 100 kV and magni-
fication of 1.8 x 10’ times. Vibrating sample magnetometer
(VSM) spectra were recorded by alternative gradient force
magnetometer equipped with input power 1500 W and mag-
netic field 0.8 T (Magnetic Daghigh Kashan).

Electrochemical measurements were performed with a
Metrohm 797 VA using a three-electrode assembly includ-
ing a 50.0 mL glass cell, an Ag/AgCl (KCI 3.0 M) as the
reference electrode, a Pt plate with a purity of 99.99% as
the counter electrode and the modified CPE as the work-
ing electrode. All potentials were measured and reported vs
reference electrode.

3 Results and discussion
3.1 Characterization of synthesized nanomaterials
3.1.1 XRD

To specify the composition of the prepared nanomaterials,
the intensity of the experimental peak obtained by XRD was
compared with the reference peak intensity. For this pur-
pose, the graphite, synthesized GO, RGO, GO-MNP and
RGO-MNP XRD patterns were recorded (Fig. 1). The peaks
appearing at 20 of 26.5° and 12.0° in this figure related to
the structure of the initial graphite and GO, respectively,
which can be used to ensure the synthesis of GO due to the
shift of the peak angle [43]. The expansion in the GO peak
is duo to the nanostructure of the synthesized nanosheet.
Regarding Fig. 1, the peak of the synthesized RGO appears
at 20 of 22.4° has less intense and wider than graphite and
GO, which can be related to the small size of the synthesized
nanoparticles. By studying the references [39, 43, 57], we
can conclude that the synthesis of RGO is successful. Peaks
appearing at 20 of 30°, 35°, 43°, 53° and 63° in Fig. 1 related
to GO-MNP and at 20 of 31°, 36°, 44°, 58° and 62° related
to RGO-MNP [57]. By comparing the XRD pattern with
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Fig.1 The XRD pattern of (a) graphite, (b) GO, (c) RGO, (d) GO-
MNP and (¢) RGO-MNP nanosheets

RGO-MNP patterns in references [58], it was found that
these magnetic nanomaterials were successfully prepared.

3.1.2 FTIR

The structure of synthesized GO, RGO, GO-MNP and
RGO-MNP nanomaterials were investigated by FT-IR spec-
troscopy and their spectra were compared with the graphite
spectrum (Fig. 2). The FTIR spectrum of GO was shown
strong absorption bands at 1630 cm™! and 1740 cm™! of
carbonyl group, 3439 cm™! of hydroxyl, 1612 cm™" of alk-
ene group and 1224 cm™! of epoxy (Fig. 2, curve b). The
presence of absorption bands related to functional groups
containing oxygen in the GO spectrum was confirmed the
correct synthesis of these nanoscale sheets [58]. The reduc-
tion of oxygen groups on the GO by Fe(Il) and the formation
of RGO was also confirmed by FTIR spectroscopy (Fig. 2,
curve c¢). The strong absorption bands of functional groups
such as epoxy and ketone is reduced but not eliminated,
which indicates the low efficiency of these groups reduc-
tion while the absorption band of carbonyl group has been
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Fig.2 The FTIR spectra of (a) graphite, (b) GO, (c) RGO, (d) GO-
MNP and (¢) RGO-MNP nanosheets

completely removed. The GO-MNP FTIR spectrum was
shown in Fig. 2 curve d. The peak of the carbonyl group
was shifted from 1630 to 1596 cm™! during the magnetiza-
tion process of GO. The peak appearing at 572 cm™! refers
to the stretching vibration of Fe—O [59, 60]. As was shown
in Fig. 2 curve e, the peak intensity of alkene and epoxy
groups were reduced during the RGO magnetization, which
may be related to the presence of Fe(Il) in the magnetiza-
tion reaction.

3.1.3 UV-Vis

Formation of the RGO was identified by the UV-Vis spec-
troscopy and was compared with GO UV-Vis spectrum
(Fig. 3). At the wavelength of about 230 nm, the absorption
associated with m—x* transition of the aromatic bonds and
another weak absorption at about 300 nm is related to the
n—n* transition of the C=0 band which was confirmed the
synthesis of GO [37, 39]. After the reduction of GO and for-
mation of RGO nanosheets, aromatic bonds have a redshift to
260 nm wavelength which was due to the electrical continu-
ity of the nanosheets [44]. The amount of redshift at different
reduction time was investigated and the maximum shift was
occurred at 120 h (Supporting Information, Fig. S-1). The
UV-Vis spectroscopy can also provide information on the
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Fig.3 The UV-Vis spectra of (a) GO and (b) RGO

solubility stability, so that if a homogeneous solution was
prepared, the absorption curve will be linear as a function
of concentration according to the Beer-Lambert law [61].
The UV-Vis spectra were recorded at various concentra-
tion of RGO at 260 nm (Supporting Information, Fig. S-2).
The results were shown with increasing RGO concentration;
absorption was also increased (R?=0.9980).

3.1.4 Raman

The Raman spectrum of the GO and RGO nanosheets were
shown in Fig. 4. As can be seen in this figure, the intensity of
the RGO band was higher than the GO band. The reason is
that after the reduction reaction, due to the removal of oxy-
genating groups, there are defects in the nanosheets that was
produced more carbon with sp? hybridization and increased
the intensity of the Raman band [37]. There are two peaks
in less than 2000 cm™! in both spectra. The first peak (D
band) that was appeared at 1350 cm™! related to defective
structures edge of nanosheets or amorphous carbons with
sp hybridization [43]. The D band extension can be related
to the conversion of the carbon hybridization (sp® to sp?)
during the intense oxidation and used to track the synthesis
steps of GO. The second peak (G band) at 1600 cm™! was
related to the first-degree diffusion of the E,, mode of the
carbon with sp® hybridization [43]. The ratio of D to G band
intensity (I5/I) was provided a good choice to evaluation of
regular or irregular carbon nanosheets structures. This value
for GO and RGO was 1.06 and 1.10, respectively. The 4%
increasing for RGO in compared with GO was due to the
unprocessed defects that have been created after some of the
functional groups reduction.

The 2D and D + G bands at about 2700 and 2940 cm™!,
respectively, in both of the GO and RGO Raman spec-
trum corresponded to second-order spectra. The 2D
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Fig.4 The Raman spectra of GO and RGO nanosheets

second-order Raman spectra are sensitive to the number
of accumulated nanosheets on each other. It was expected
that by increasing the reaction time, this ratio would be
reduced due to the restoration of the framework of sp?
hybridization [39]. Observed results proofed successful
synthesis of RGO from GO by using Fe(Il) as a reducing
agent.

3.1.5 TEM

The RGO, GO-MNP and RGO-MNP nanosheets were
characterized by TEM. As can be seen in Fig. 5, the pres-
ence of graphene nanosheets in the RGO have relatively
good transparency and were placed on each other. After
magnetizing the GO and RGO nanosheets and producing
the GO-MNP and RGO-MNP, respectively, Fe;O, nano-
particles were randomly distributed on these nanosheets
(black area in Fig. 5). The Fe;0, nanoparticles in the
RGO-MNP have accumulated alongside each other and
located as well as between the nanosheets and have created
a combination like a hamburger.

3.1.6 VSM

VSM has used to evaluate the magnetic properties of
the GO-MNP and RGO-MNP (1:1 and 1:20) as a func-
tion of the external magnetic field applied (Fig. 6) and the
results are presented in Table 1. The results have shown the
GO-MNP and especially RGO-MNP with a ratio of 1:20
have a good response to the magnetic field and have super-
paramagnetic properties [62]. The superparamagnetic prop-
erty has caused these synthesized nanosheets in this work to
have not magnetic properties after removing the magnetic
field and will interfere with each other. This property is very
important and useful.

@ Springer
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3.2 Electrochemical investigation

Figure 7 shows the cyclic voltammograms (CVs) of the CPE
before (a) and after modification by the GO (b), RGO (c),
GO-MNP (d), and RGO-MNP (e) in the presence of the
[Fe(CN)6]3_/4_ probe. By modifying the CPE surface by
GO, the insulation layer forms on the surface of the elec-
trode, which was reduced the Ip and increased the AEp. After
modifying the surface of the CPE by GO-MNP, the I has
increased by 2 and 25 times relative to the CPE and CPE/
GO, respectively. This increase in the I, can be attributed to
the presence of Fe;O, magnetic nanoparticles at the surface
of graphene nanosheets and providing more conductivity in
these [63]. As shown in Fig. 7, the modified CPE by RGO
has a much higher capacitance current than CPE and CPE/
GO (the IlD has been increased by about 5 and 150 times,
respectively), which indicates that the superconducting
property of the RGO nanosheets. Due to the presence of
Fe;0, magnetic nanoparticles in the CPE/RGO-MNP and
superconductivity properties, the I, was reduced in CPE/
RGO-MNP in compared to the CPE/RGO (Fig. 7, curves
d and e).

To study the electrochemical behavior of the reduc-
tion—oxidation process of [Fe(CN)6]3_/4_ at the electrode
surface, CVs of the CPE, CPE/GO, CPE/RGO, CPE/
GO-MNP and CPE/RGO-MNP at different scanning rates
were recorded in 1.0 mM of [Fe(CN)6]3‘/4‘ and 0.1 M KCI.
As can be seen in Figs. 8 and S-3, anodic and cationic cur-
rents in all electrodes were increased linearly with the square
root of scan rate (Table 2) that suggested the reaction of
the redox probe at all electrodes was controlled by the dif-
fusion process. According to Fig. 8, for all the electrodes
used in this work, with an increase in the potential scanning
rate from 50 to 300 mV, a displacement of about 60 mV
in potential appears. The observed behavior indicates the
quasi-reversible reaction of the redox at the surface of all
electrodes.
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Fig.5 The TEM images of a RGO, b GO-MNP and ¢ RGO-MNP.
The inset in b is SAED pattern obtained at the GO-MNP

The presence of mound and fovea at the electrode surface
increases its real surface relative to the geometric surface
and thus increases the roughness factor (real area/geometric
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Fig.6 The VSM spectra of (a) RGO-MNP with 1:20, (b) RGO-MNP
with 1:1 and (c) GO-MNP with 1:1 ratio of Fe;0,: graphene

Table 1 VSM parameters for GO-MNP and RGO-MNP nanosheets

Nanosheets M (emu/g) M, (emu/g) H, (Oe)
GO-MNP (1:1) 14.0 0.02~0 2.1
RGO-MNP (1:1) 4.3 0.01~0 2.0
RGO-MNP (1:20) 49.1 0.01~0 1.9

Mq: saturation magnetization, M,: remanent magnetization, H.: coer-
civity

area), which increases the catalytic response of the elec-
trode to reduction reactions [64]. The real electrode sur-
face area was calculated by Randle-Sevcik equation [65],
1,=2.69x10°n**CD"?Av"", in which n is the number of
the transferred electron, C is the concentration of electro-
active species, D is the diffusion coefficient, A is the real
electrode surface area and v is the potential scanning rate.
The real surface area of the CPE, CPE/GO, CPE/RGO, CPE/
GO-MNP and CPE/RGO-MNP was calculated using the I,
versus V' curves (Fig. 8) and Randle-Sevick equation and
presented in Table 2. The presence of the GO groups on
the surface of the CPE and its coating effect causes the real
surface area of the CPE/GO to decrease 10% compared with
the CPE. The real surface area of the CPE/RGO was about 2
and 20 times higher than the CPE and CPE/GO, respectively,
which can be attributed to the RGO nanosheets in compared
with the GO during the modification process. According
to Table 2 and Fig. 8, it can be concluded that the increase
of 25 and 20 times at the CPE/GO-MNP current and real
surface area, respectively, and a decrease of 1.5 and increase

@ Springer



20236

Journal of Materials Science: Materials in Electronics (2019) 30:20229-20242

-100 - P ]

0.2 0.0 02 04 0.6 0.8
E/V

Fig.7 The CVs obtained on the (a) CPE, (b) CPE/GO, (c) CPE/
RGO, (d) CPE/GO-MNP and (¢) CPE/RGO-MNP in 1.0 mM
[Fe(CN)4]>*~ containing 0.1 M KCI

four times at the CPE/RGO-MNP current and real surface
area were due to the presence of iron magnetic nanoparticles
on nanosheets.

3.3 Analytical characteristics

The interaction of two valance cations with CPE/GO-MNP
and CPE/RGO-MNP was investigated. Square wave vol-
tammograms (SWVs) of mentioned electrodes after pre-
concentration for 25 min in 1.0 M each of Pb**, Co®*, Ni**,
Zn?t, Cd** and Cu** solution were recorded in 0.5 M HCI
(Fig. S-4). The analysis of these graphs was shown the CPE/
RGO-MNP has a better response to Cu®* and Pb>*, and the
CPE/GO-MNP has a better response to Pb** than other ions.
Therefore, for comparison of these electrode performances,
Pb** ion was selected. Due to cumulative toxicant of Pb and
its effect on multiple body systems, its determination and
elimination from water is important [66, 67].

3.3.1 Response characteristics of the CPE and modified CPE
to Pb?*

The SWV of CPE, CPE/MNP, CPE/GO, CPE/RGO, CPE/
GO-MNP and CPE/RGO-MNP after preconcentration in a
1.0 mM solution of Pb>* was recorded in 0.5 M HCI solution
(Fig. 9). As is clear from the figure, the unmodified electrode
has no interaction with Pb>* and was not able to precon-
centrate this ion. The modification of the electrode surface
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with Fe;0, nanoparticles was led to preconcentrate Pb**
and a slight stripping current at the CPE/MNP surface. It
is expected that the modification of the CPE surface by GO
with abundant functional groups (epoxy, hydroxyl and car-
boxylic acid) of the surface was led to preconcentrate Pb>*
and made high stripping current. As can be seen in Fig. 9
curve c, a relatively high current of about 0.9 mA is due to
the accumulation of Pb2* at the CPE/GO. It is expected that,
by reduction the GO to RGO, the functional groups contain-
ing oxygen of the GO eliminated and therefore RGO ability
to collect Pb** decreased. The I, of CPE/RGO was higher
than the CPE/GO which can be attributed to better electronic
properties (higher conductivity) of the RGO in compared to
the GO. The presence of Fe;O, magnetic nanoparticles at the
CPE/GO-MNP and CPE/RGO-MNP due to electrocatalytic
properties and stripping of Pb?* has led to increase in the I,
at both surfaces (Fig. 9, curves e and f).

3.3.2 Optimization of experimental conditions

The effective parameters on the interaction between
Pb%* and modified electrodes (CPE/GO-MNP and CPE/
RGO-MNP) were optimized. The pH of 1.0 mM Pb>*
solution was changed in the range of 1.5-5.0 and after pre-
concentration for 15 min, the SWV of the electrodes was
recorded in 0.5 M HCI (Fig. 10). The I, was maximum at
pHs 3.0 and 3.5 for CPE/GO-MNP and CPE/RGO-MNP,
respectively. According to the solubility product constant
of Pb(OH), (2.5 107!%), Pb** being to precipitate at pH
7.7 and removed from the solution. Competition between
active groups at the electrodes surface with OH™ for collect-
ing Pb>* and saturation surface of the electrodes with Pb>*
were caused the I, was decreased at pHs lower than 3.0 and
3.5 for CPE/GO-MNP and CPE/RGO-MNP, respectively.

Another the investigated factor was the effect of precon-
centration time on the CPE/GO-MNP and CPE/RGO-MNP
response. Preconcentration was performed in 1.0 mM Pb**
solution for both electrodes at different times. The SWVs of
the electrodes in the 0.5 M HCl at pH 3.0 for CPE/GO-MNP
(Fig. 11a) and 3.5 for CPE/RGO-MNP (Fig. 11b) were
recorded. As shown in this figure, with increasing of pre-
concentration time, the intensity of Ip was increased and
reached to a maximum value at 10 min for CPE/GO-MNP
and 25 min for CPE/RGO-MNP.

The next factor that affects the electrode response is
the amount of GO—MNP and RGO-MNP were used to
modify the CPE. To evaluate this factor, the CPE was
modified with 1, 3, 5, 7, 10, 13 and 15 pL of 10 mg/
mL GO-MNP suspension, and with 1, 3,5, 7 and 10 uL
of 10 mg/mL RGO-MNP suspension. The SWVs of the
CPE/GO-MNP and CPE/RGO-MNP after preconcentra-
tion of Pb>* were recorded in 0.5 M HCl (Fig. 12). As
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KCl at different scan rates. Insets show the cathodic and anodic peak current versus v

Table 2 Scan rate equation and
real surface area obtained on the
unmodified and modified CPE

12

Electrode Equation R? Real sur-
face area/
sz
CPE I, /UA=6.22+62.88 (mV s™")!? 0.9981 0.080
I /uA=—10.45-41.87 (mV s)"? 0.9873

CPE/GO I /UA=—0.09+7.34 (W/mV s~ 0.9848 0.009
I /UA=-0.19-7.40 (W/mV s~H"? 0.9851

CPE/RGO I,/uA=3.70+140.84 (W/mV s™")""? 0.9984 0.180
I, /uA=—28.70—142.00 (v/mV s~ 0.9992

CPE/GO-MNP I,/uA=152+136.50 (W/mV s™")"" 0.9838 0.180
I JUA=—16.50—142.70 (/mV s~ 0.9958

CPE/RGO-MNP I/uA=152+136.46 (WmV s™")"? 0.9955 0.180
I /UA=—16.50—142.68 (imV s~ 0.9941
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Fig.9 The SWYV obtained in 0.5 M HCI solution on the (a) CPE, (b)
CPE/MNP, (c) CPE/GO, (d) CPE/RGO, (e) CPE/GO-MNP and (f)
CPE/RGO-MNP after preconcentration in 1.0 mM Pb?* solution

can be seen from this figure, the maximum Ip observed
for CPE modified by 10 pL of GO-MNP and 7 pL of
RGO-MNP.

3.3.3 Optimization of instrumental conditions

The effect of the instrumental factors including square
wave frequency, amplitude potential and step potential on
the CPE/GO-MNP and CPE/RGO-MNP response were
investigated. In each case, two factors were kept constant
and one factor optimized (Supporting Information S-5 to
S-7). The SWVs of CPE/GO-MNP after preconcentration
in a 1.0 mM Pb?* solution at pH 3.0 for 10 min and CPE/
RGO-MNP after preconcentration in 1.0 mM Pb* solu-
tion at pH 3.5 for 25 min were recorded (Figs. S-5 to S-7).
Regarding the recorded voltammograms, square wave fre-
quency as 40 Hz, amplitude potential as 35 mV, and step
potential as 10 mV for CPE/GO-MNP, and square wave
frequency as 100 Hz, amplitude potential as 25 mV, and
step potential as 5 mV for CPE/RGO-MNP were chose
as the best instrumental conditions.

@ Springer

3.3.4 Calibration curve

The CPE/GO-MNP and CPE/RGO-MNP were placed in Pb**
solutions with the concentration of 1 X107, 5x 107, 1x 1078,
5%107%, 1x1077, 5% 1077, 1x107%, 5x107°%, 1x 107,
5%107°, 1x 107, 5x 107 and 1x 107> M in the optimized
experimental conditions. Then, SWVs were recorded in 0.5 M
HCI solution and optimized instrumental conditions (Fig. 13).
By increasing the concentration of Pb** ions in the precon-
centration solution, the Ip was increased (Fig. 13, insets) and
the relationship between I, and concentration was investigated
(Table 3). Regarding the observed trend, it can be concluded
at low concentration of Pb?*, the functional groups that have
a large formation constant (K;) with Pb”* have adsorbed this
ion. By increasing the concentration of Pb**, functional groups
with small K also being to adsorb Pb** ion from the solution
and it was caused the slope of the curve had an incremental
trend.

The interference of some cations on SWV response of
1 mM of Pb** was investigated on both electrode. Co**, Zn*,
Ni**, Mg**, and Cd** in 100-fold, K*, and Na* in 1000-fold
did not effect on the signal of Pb*. Also, the interference of
Cu?* towards Pb?* was performed. Due to well-separate Pb**
and Cu’* voltammetric waves (>300 mV) at the both elec-
trodes, the observed faradaic current for Cu®*, didn’t interfere
with Pb**.,

The figures of merit were calculated for the CPE/GO-MNP
and CPE/RGO-MNP. The detection limit (DL) of the CPE/
GO-MNP and CPE/RGO-MNP for determination of
Pb** using the obtained voltammograms was calculated as
8.13x 107'% and 3.07x 10™° M, respectively. The relative
standard deviation (RSD) of the CPE/GO-MNP and CPE/
RGO-MNP for four times the measuring of Pb>" at a constant
concentration of 1.0 mM was 5.4% and 4.2%, respectively,
indicating high repeatability of the electrodes for measur-
ing of Pb**. In order to investigate the reproducibility of the
electrodes, the RSD for four different electrodes in measuring
the Pb** at a specific concentration was obtained as 6.4% and
6.1% for CPE/GO-MNP and CPE/RGO-MNP, respectively.
Observed results showed the high reproducibility of prepared
modified CPE electrodes. The stability of the electrodes also
examined. A series of 30 repetitive voltammetric measure-
ments has been carried out for 1.0 mM Pb?*. The coefficient
of variation was found to be 5.5% and 4.4% for the CPE/
GO-MNP and CPE/RGO-MNP, respectively. This results
indicating that the electrodes are stable and does not undergo
by fouling products.
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Table 3 Calibration equations and other merits obtained in 0.5 M HCI on the CPE/GO-MNP and CPE/RGO-MNP after preconcentration in dif-

ferent concentration of Pb?*

Electrode Calibration equation 2 Linear range/M

CPE/GO-MNP I/uA = 0.84+42.51 log[Pb**/M] 0.9946 1.0x107°-5.0x 1076
I/uA=2.91+409.63 log [Pb**/M] 0.9984 1.0x107°-1.0x 1073

CPE/RGO-MNP I/uA=3.65+382.58 log [Pb**/M] 0.9960 1.0x107°-1.0x 1073

4 Conclusion

In this research, graphene oxide was prepared by the Hum-
mers method, then using green and easy method deduced
to graphene for the first time. It was reduced by Fe*™ with
an electron transfer mechanism, become to graphene
nanosheets and characterized by spectroscopic and electro-
chemical methods. Within this effective method, can syn-
thesize GO-MNP and RGO-MNP in one step. Also, the
behavior of CPE/RGO-MNP and CPE/GO-MNP was inves-
tigated in different pHs, which 3.5 and 3.0 were selected as
the optimum pH, respectively. In order to analytical charac-
terization, CPEs modified with magnetic composites were
prepared and used for the determination of Pb>* ion. A linear
calibration curve for CPE/RGO-MNP and CPE/GO-MNP
from 1.0x 107°=1.0x 107> M Pb** (R*=0.9960) and
1.0x 107°—=5.0x 1073 (R?=0.9946), with a detection limit as
3.07x 107 and 8.13 x 107! were obtained, respectively. The
results were shown CPE/RGO-MNP had more interaction
with Pb?* ion and better performance in the determination
of this ion than CPE/GO-MNP.
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