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ABSTRACT
Here, graphene oxide was synthesized and reduced by lemon extract (source of vitamin C) in an aqueous 
solution under different pH (3 and 10). The lemon extract was prepared using a solvent-free method. The 
proposed mechanisms for the reduction of GO may be due to the nucleophilic attack of oxygen anion of 
ascorbic acid to the epoxy or hydroxyl groups of GO sheets. Based on Raman spectra, with increasing the 
solution pH, the repair of the graphitic sp2 domain of the RGOs decreased. Reduced graphene oxide was 
successfully used to synthesize Fe3O4/RGO nanocomposite and remove Pb ions from aqueous media. The 
obtained Fe3O4/RGO nanocomposite was characterized by XRD, FTIR, SEM, and BET analysis. Based on 
these characterization techniques, reduced graphene oxide is distinguishably coated by Fe3O4 nanoparti-
cles. The effect of different parameters: contact time (1-60 min), initial lead concentration (25-200 mg/L), 
adsorbent dosage (0.01-0.07 g), and the solution’s initial pH (1-8) on the removal of lead ions was studied 
using batch-scale tests. The maximum lead ion removal was achieved up to 90 % for Pb ions, respectively 
at optimum operating conditions viz. pH 5, Pb initial concentration 100 mg/L, Fe3O4/RGO dose 0.05 g, and 
contact time 30 min. Obtained results showed that the maximum adsorption capacity of Fe3O4/RGO for 
lead ion was 107.52 mg/g within 60 min of contact time. The adsorption behavior can be well described 
with the Langmuir isotherm and the pseudo-second-order models, indicating that the adsorption process 
was a monolayer and chemisorption adsorption. 
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INTRODUCTION
Heavy metals (with atomic weights between 

63.5 and 200.6) are one category of toxic and 
non-degradable pollutants. These pollutants are 
found in surface- and groundwater due to the 
release of wastewater and effluent into them from 
various activities, such as industries, mining, and 
agriculture. The presence of these heavy metals 
above a certain concentration threshold leads 
to many disorders in the normal functioning of 
human beings and animals. Chromium, cadmium, 

copper, mercury, lead, zinc, and nickel are the 
most remarkable toxic compounds in effluents and 
wastewater [1-3]. Lead as the most toxic and long-
term heavy metal is found in different industries. 
These industries include battery and glass 
manufacturing, metal plating, and the finishing 
or printing industry. The presence of this ion in 
the body leads to damage to the central nervous 
system, liver, kidney, and reproductive system. 
The symptoms of metal poisoning include anemia, 
insomnia, headache, dizziness, irritability, weakness 
of muscles, hallucinations, and renal damage. 
According to the US Environmental Protection 
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Agency, the maximum acceptable concentration of 
Pb ion in drinking water is 0.1–0.05 mg/L [4-6].

Various techniques have been used for pollutant 
removal from wastewater, such as coagulation, 
ion exchange, flocculation, membrane separation 
process, aerobic and anaerobic microbial 
degradation, adsorption, photocatalysis, and 
photo-oxidation [7-10]. Some of the mentioned 
techniques have disadvantages and often involve 
producing toxic sludge that is difficult to dispose 
of. The adsorption technique is known as one 
of the best for the adsorption of pollutants from 
wastewater, owing to its simplicity and cost-
effectiveness [11]. In recent decades, researchers 
have used many different types of adsorbents, 
such as single and multi-walled carbon nanotubes, 
nanoparticles, nanocomposites, and low-cost 
adsorbents [5, 12-16]. 

Recently, graphene oxide (GO) and reduced 
graphene oxide (RGO) have been reported as 
efficient adsorbents for the adsorption of pollutants. 
These adsorbents can form complexes with metal 
ions as they have epoxy (–O–), hydroxyl (–OH), 
and carboxyl (–COOH) functional groups [17, 18]. 
Graphene oxide is known as a two-dimensional 
carbon material, and its thickness is a single atom. 
This material has unique electrical, optical and 
structural properties. These properties lead to the 
adsorption of molecules onto both sides of each 
GO sheet. Due to the large specific surface and low 
density of GO, this material has a high sorption 
capacity. Besides, graphene oxide has rich oxygen-
containing groups and can be reduced by various 
methods, including reducing agents, and these 
methods can recover or repair the conjugated 
graphitic network [19, 20]. The dispersion of metal 
or metal oxides nanoparticles (NPs) onto the surface 
or between reduced graphene oxide sheets is an 
effective solution due to their functional properties 
[21]. A solution chemistry approach or utilizing 
the electrochemical deposition of metal oxide NPs 
onto GO sheets using microwave and ultrasound 
irradiation is the most widely used technique to 
produce metal NPs-RGO nanocomposites [22].

Ultrasonic irradiations help form the 
homogenization of GO solution, reduce the size 
of nanoparticles, and activate them in the final 
products [23].

The main factor is finding an appropriate 
reducing agent that can be used to synthesize 
RGO.  Hydrazine (N2H4) [24], sodium borohydride 
(NaBH4) [25], lithium aluminum hydride (LiAlH4) 

[26] and hydroquinone [C6H4(OH)2] [27] are 
chemical reducing agents that have been used in 
RGO preparation and are highly toxic, dangerous, 
and expensive. So, it is desirable to consider new 
green and natural reducing agents for the effective 
reduction of GO sheets. Vitamin C (Ascorbic acid) 
is known as an applicable and green reducing 
agent. Moreover, based on recent research, vitamin 
C is an ideal choice for the chemical reduction of 
GO (instead of hydrazine) [28, 29]. Lemon and 
lemon juice are known to be among the most 
notable sources of citrus vitamin C; lemon peel has 
the highest concentration of vitamin C; and, the 
obtained extract has both stabilizing and reducing 
features [30]. The pH values of the solution can 
play a crucial role in the morphology and structure 
of RGO samples. According to Navarro et al., the 
RGO that is prepared under acidic conditions has 
a higher amount of defects with smaller sizes of the 
sheets [31]. Bai et al. illustrated that the reduction 
process of GO under acidic conditions leads to 
maximum specific capacitance and an increase 
in the number of layers [32]. To the best of our 
knowledge, no studies are available on the effect of 
pH on the green synthesis of RGO.

The purpose of this research is to investigate the 
effect of pH on the green reduction of RGO using 
lemon extract, natural and green reducing agent, 
as the reducing and capping agent and synthesis of 
Fe3O4/RGO nanocomposite. This nanocomposite 
consisting of magnetic nanoparticles can be easily 
separated from the solution with the external 
magnet. It is the first report on the synthesis of 
RGO using the lemon extract prepared based on 
a solvent-free method. The novel nanocomposite 
was characterized by XRD, FTIR, SEM, and BET 
analysis. Lead (Pb) ion was selected as a model 
pollutant to investigate the adsorption process in 
batch-scale tests.

MATERIALS AND METHODS
Materials 

The chemicals and reagents used in this study 
were graphite powder, sulphuric acid (98%) 
(H2SO4), nitric acid (67–70%) (HNO3), iron 
chloride hexahydrate (FeCl3.6H2O), potassium 
permanganate (KMnO4), sodium nitrate (NaNO3), 
hydrogen peroxide (30%) (H2O2), sodium 
sulfite (Na2SO4), lead (II) nitrate hexahydrate 
(Pb(NO3)2.6H2O), sodium hydroxide (NaOH), and 
hydrochloric acid (HCl), that were acquired from 
Merck and Sigma–Aldrich. Fresh lemons were 
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purchased from a local market in Hamadan, Iran. 

Preparation of lemon extract
The lemons were washed in double-deionized 

water, then 500 g of washed and dried lemons were 
put in a closed-door flask in the sunshine. After 
ten days, the obtained extract was filtered using 
Whatman filter paper then stored in a refrigerator. 

Preparation of GO and RGO
Graphene oxide (GO) was prepared using the 

improved Hummer method [33]. In summary, as 
the first step, a mixture of 3 g of graphite and 1 g 
of NaNO3 were stirred in 46 mL of H2SO4 in an 
ice-water bath for 30 min. As the second step, 6 g 
of KMnO4 was slowly added to the above mixture. 
The mixture was stirred continuously for two 
h in an ice-water bath and then at 35 ̊C for 24 h. 
As the third step, 138 mL of deionized water was 
slowly added to the mixture, and its temperature 
was maintained in the range of 90 ̊C for 30 min. 
Immediately, 200 mL of warm distilled water (40 ̊C) 
was added to the mixture, and it was treated with 18 
mL of H2O2 (30%). Finally, the mixture was washed 
in 200 mL of 10% HCl solution and deionized 
water to remove metal ions by filter paper. The GO 
powder was obtained after being dried at room 
temperature for 24 h [33].

500 mg of GO powder was dispersed in 100 mL 
of deionized water by sonication using an ultrasonic 
homogenizer at 50 Hz frequency for 60 min. 400 
mL of aqueous extract was added to the obtained 
GO solution and stirred at 90 ˚C for 8 hours. The 
final product was separated by centrifugation, 
washed several times in deionized water, and dried. 
The pH of GO suspensions was adjusted to 3 and 
10, and the synthesized products were labeled as 
RGO.3 (acidic, pH: 3) and RGO.10 (basic, pH: 10). 
The initial pH of the lemon extract was 2.5. 

Preparation of Fe3O4/RGO nanocomposite
In the first step, 0.5 g RGO.3 was dispersed 

in 10 ml of water for 15 min under magnetic 
stirring. In the second step, 100 mL of iron 
chloride hexahydrate salt with a concentration of 
0.7 M and 10 mL of the lemon extract were added 
to the above-prepared solution. The prepared 
NaOH solution with a concentration of 2 M was 
then added dropwise to the mentioned mixture 
under stirring at 25 ˚C until the pH reached 10. 
In this step, the mixture was passed through the 
filter paper, washed in distilled water, and dried 

for 24 h. The Fe3O4/RGO powder was placed in a 
microwave oven at an output power of 500 W for 
30 min.

Instruments and Characterisation 
An ultrasonic homogenizer model 400ut 

(Fanavari Iranian Pajouhesh Nasir, Iran) was 
used to prepare the RGO solution, operated at a 
frequency of 50 Hz and power of 100 W. The pH 
of the solutions at all steps was measured with 
a pH meter (Metrohm-827, USA). A centrifuge 
Model 5430R (Eppendorf, Germany) was used 
to separate the phases. A programmed controller 
was used to dry all samples (JEIO TECH-CF- 02G, 
Korea). The concentration of Pb ions was measured 
using an atomic absorption spectrophotometer 
(Shimadzu, AA-680, Japan). The structure of 
all samples was observed using an FE-scanning 
electron microscope (Hitachi  S4160, Japan). The 
XRD patterns of GO and RGOs were recorded on a 
diffractometer from Philips Company with Cu–Kα 
radiation. Raman spectroscopies were registered 
by an Apus+ Raman Microscope (Teksan, Iran) 
equipped with a 532 nm laser excitation at room 
temperature. The FTIR spectra were registered by 
an FTIR WQF-510 (Rayleigh, China) spectrometer 
by dispersing the samples in KBr pellets. BET 
surface area was investigated by N2 ads/des 
isothermal liquid nitrogen temperature using a 
BELSORP-max. 

Batch adsorption experiments
The effect of four parameters (solution pH, 

Fe3O4/RGO dosage, contact time, and initial 
concentration of Pb (II) ions) on batch adsorption 
was investigated. The experiments on solution pH 
were performed in a pH range of 1-8, with a lead 
concentration of 100 mg/L and 0.01 g of Fe3O4/
RGO nanocomposite. The experiments of Fe3O4/
RGO dosage were performed in a range of 0.01-
0.07 g, with a lead concentration of 100 mg/L, and 
a pH of 5.0. The kinetic studies were performed at 
different times (1-60 min) by adding 0.05 g of Fe3O4/
RGO to 30 mL of lead solution in concentrations of 
100 mg/L. Equilibrium studies were performed at 
different concentrations (25-200 mg/L) by adding 
.05 g of Fe3O4/RGO to 30 mL of lead solution. All 
adsorption experiments were carried out in 250 mL 
Erlenmeyer flasks at room temperature.

 The amount of Pb (II) ions adsorbed per unit 
mass of Fe3O4/RGO was determined using the 
following equation:
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The percentage of Pb (II) ion removal was 
determined using the following equation:
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where C: the concentrations of lead solution 
(mg/L), the subscripts “o” and “e” refer to initial 
and equilibrium values, q: equilibrium adsorption 
capacity (mg/g), V: the volume of lead solution (L), 
and m: the amount of Fe3O4/RGO used (g).

Kinetics and diffusion studies
In this section, the adsorption rate of lead ions 

onto Fe3O4/RGO adsorbent is evaluated using three 
models: pseudo-first-order (PFO), pseudo-second-
order (PSO), and intra-particle diffusion models 
(IPD).

Based on Lagergren or PFO model, the 
adsorption rate is proportional to saturation 
concentration and the amount of adsorbate uptake 
[12]. This linear model is expressed by the following 
equation:

1log( ) log
2.303e t e

kq q q t− = −                     (5)

where qt and qe are the amounts of Pb (II) 
adsorbed on the adsorbent at time t and equilibrium 
(mg/g), and k1 is the rate constant of PFO model 
(1/min). The values of Lagergren constants can be 
obtained by plotting log (qe−qt) versus t. 

The PSO model evaluated the amount of 
adsorbate uptake on the adsorbent [6]. The linear 
equation is expressed by the following equation:

2
2

1 1

t e e

t t
q k q q
= +                                               (6)

where qt and qe = the amounts of Pb (II) adsorbed 
on the adsorbent at time t and equilibrium (mg/g), 
and k2 = the rate constant of the PSO model (g/mg 
min). The values of PSO constants can be defined 
by plotting t/qt versus t. 

The diffusion of adsorbate from the solution 
inside the adsorbent particle has several steps, 
including the creation of a film layer surrounding 
the adsorbent surface, then migration from this film 
into the adsorbent pores, and finally, the interaction 

between the adsorbate and adsorbent such as 
chemisorption, physisorption, ion exchange, or 
complexation. One of these steps has the slowest 
rate that controls the rate of the adsorption process 
[34]. The IPD model is expressed by the following 
equation:

0.5
t iq k t y= +                                                 (7)

where qt = the amounts of Pb (II) adsorbed on 
the adsorbent at time t (mg/g), ki = the rate constant 
of IPD (mg/g min 0.5), and y is the intercept.

Isotherm studies
In this section, the experimental data of lead 

adsorbed on Fe3O4/RGO adsorbent is evaluated 
using three models: Langmuir, Freundlich, and 
Dubinin-Radushkevich isotherm.

Based on the Langmuir isotherm, the adsorption 
process is a monolayer and homogeneous process 
[35]. The linear model is defined by the following 
equation:

max max

1e e

e L

C C
q q k q

= +                                            (8)

where qmax and kL= the maximum amount of lead 
adsorbed at equilibrium (mg/g) and the Langmuir 
constant related to the energy of adsorption (L/
mg). The values of this model can be defined by a 
linear plot of Ce/qe versus Ce. 

The dimensional factor or RL is used to 
investigate the feasibility of the Langmuir isotherm 
[36] and the kind of adsorption that is favorable if 
0 < RL < 1. This factor is defined by the following 
equation:

1
1L

L o

R
k C

=
+

                                (9)

The Freundlich isotherm is presented as a 
multilayer and heterogeneous process [6] and its 
linear model is defined by the following equation:

1log log loge F eq k C
n

= +              (10)

In this formula, kF: Freundlich constant 
(mg/g) and n: Freundlich exponent related to the 
adsorption intensity (dimensionless). The values of 
this model can be defined by a linear plot of log qe 
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versus log Ce.
The Dubinin–Radushkevich (D-R) isotherm 

can be applied to investigate the nature of 
adsorption. The linear model of the (D-R) isotherm 
is defined by the following equation:

2ln lne m Dq q k ε= −                                  (11)

where qm = the theoretical adsorption capacity 
(mmol/g), kD = the constant related to the medium 
energy of adsorption (mol2/kJ2), and ε = the 
Polanyi potential, which can be calculated from the 
following equation:

1ln 1
e

RT
C

ε
 

= +  
 

    (12)

where R (8.314 J/mol.K) and T (K) is the ideal 
gas constant and absolute temperature, respectively. 
The calculated value of KD related to the adsorption 
energy, E, is defined by the following equation:

1
2 D

E
k

=                                             (13)

The kind of adsorption can be investigated by 
E values [37]: 

E < 8 kJ/mol    physical adsorption

8 < E kJ/mol   chemical adsorption

Error analysis
To determine the conformity between kinetic 

equations and the experimental data, chi-square 
(X2) and average relative error (ARE) were 
calculated [36]. These non-parametric equations 
are defined as:

2
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where qe,exp, and qe,cal refer to experimental and 
calculated equilibrium adsorption capacities and 
N refers to the number of observations in the 
experimental data.

RESULTS AND DISCUSSION
Characterization of RGOs

Sharp diffraction peaks were observed at 10.8° 
with an interlayer distance of 0.81 nm for the GO, 
and this peak was assigned as crystal planes (001) 
(Fig. 1). According to Fig. 1, the X-ray diffraction 
patterns  of synthesized RGOs from GO using 
lemon extract exhibited a broad diffraction peak at 
2θ of 23.8 and 23.2 (002 crystal plane) at initial pH 
of 3 and 10, respectively, indicating the successful 
reduction of GO. The calculated interface spacing 
(dspacing) is 0.37 and 0.38 nm for RGO.3 and 
RGO.10, respectively, indicating a decrease in 
dspacing of RGOs with a decrease in the pH values 
and the synthesized RGOs had smaller dspacing than 
the GO because the oxygen-containing groups 
were partially removed. It proves the presence of 
RGOs with well-ordered 2D sheets and the lower 
population of oxygen-containing functional groups 
in RGO.3 than RGO.10 [38]. The main peck for 
RGO.3 is a sharpener in comparison to RGO.10, 
indicating that reduction in acidic condition leads 
to few-layer sheets with more crystallinity.

Raman spectrum was an important technique 
to analyze the defects and disorders associated with 
GO. Two significant peaks of the D-band - and 
G-band have been studied; structural edge defects 
(sp3-hybridized) and E2g vibration mode of planar 
sp2 carbon (sp2-hybridized), respectively [39]. 
According to Fig. 2, the D-band of GO, RGO.3, and 
RGO.10 were seen at 1363, 1379, and 1368 cm–1, 
whereas the corresponding G-band was seen at 
1609, 1573, and 1583 cm–1, respectively. The ratio 
between the D-band and G-band intensity of (ID/
IG) is related to the defect level, the sp3/sp2 carbon 
ratio, and the number of functional groups [40]. 
Obtained results showed that the ID/IG of GO (0.90) 
is lower than the value of RGO.3 (0.96) and RGO.10 
(0.92), implying an increase in the number of sp3 
bonds and a decrease in the average size of the sp2 
domain. The increase is due to the GO reduction 
and the removal of oxygen functional groups using 
lemon extract. This ratio has increased for RGO.3 
in comparison with RGO.10, indicating repairing 
defects in RGO sheets at pH 3. 

The chemical structures of the RGO.3 and 
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RGO.10 samples were studied by FTIR spectroscopy 
and are illustrated in Fig. 3. According to Fig. 3, Four 
important bands appeared in the GO spectrum, 
including C–O (1060 cm−1), C–OH (1226 cm−1), 
O–H (1412 cm−1), and C = O (1733 cm−1) [41], 
while these peaks did not appear in the synthesized 
RGOs spectrum or peaks intensity are low due to 
removal of the oxygen-containing groups. After 
reducing GO with lemon extract, two bands appear 

around 1580 and 1630 cm-1, attributed to the 
aromatic υ (C=O) stretching, and another band at 
1114 and 1110 cm-1 corresponding to the in-plane 
δ (C=C), which evidences the restoration of sp2 
structure in RGO.10, and RGO.3, respectively [31]. 
The increasing intensity of the above-mentioned 
absorption peaks was observed with the increase 
of the pH values from 3 to 10. The obtained FTIR 
spectra of the RGOs with lemon extract were 
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Fig. 4. SEM images of (a) GO, (b) RGO.3, and (c) RGO.10 with different magnifications (Scale bar 10 and 1 μm).
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almost identical to that of the hydrazine-reduced 
RGO reported earlier [42].

The FESEM images of GO and RGOs were 
obtained and shown in Fig. 4 with different 
magnification. Fig. 4(a) shows oxidation sheets with 
the rough surface of GO, which was synthesized 
using the improved Hummer method. Fig. 4(b) 
indicates that RGO.3 forms dense agglomerates 
with a layered structure, and the nanosheets 
exhibit curved/wrinkled morphology that may be 
due to self-assembly via Vander Waals’ force [43]. 
Uniform nanoporous structures and particle-like 
nanostructures were produced at a pH value of 10 
(Fig. 4(c)).

Various natural reagents were utilized for the 
GO reduction such as Platanus orientalis [44], 
carrot root [45], Artemisia vulgaris [46], green 
tea extract [47], Punica Granatum peel extract 
[48], and Thymbra spicata extract [49]. The plant 
extracts were rich in phenolics, amino acids, 
caffeine, enzymes, vitamins, and proteins that have 
both reducing and stabilizing properties during 
the reduction process. They consist of oxygen, 
nitrogen, or sulfur functional groups which are 
able to reduce GO to RGO Similarly to the use of 
hydrazine as a GO reducing agent [50]. The typical 
ID/IG value for GO and RGO in reduction of the 
mentioned plant extracts is 0.8–1.29 and 0.79–1.30 

respectively, which results in the decreasing of an 
average size of sp2 domains by reduction of GO 
[51].

Mechanism of GO reduction by lemon extract
In the lemon extract, there are chemical 

compounds such as alkaloids, vitamin C, acyclic and 
cyclic hydrocarbons, phenolic, and polyphenolic 
[52]. These compounds possess reducing and 
stabilizing properties. Vitamin C, known as ascorbic 
acid, is one of the important components present 
in the lemon extract, which is able to reduce GO 
sheets. The acidity of hydroxyl groups increases by 
releasing two protons of the ascorbic acid molecule 
and forming dehydroascorbic acid. The reduction 
process involves nucleophilic attack of oxygen 
anion of ascorbic acid to the epoxy or hydroxyl 
groups through a five-membered ring along with 
the release of a water molecule, as shown in Fig. 
5. After that, the dehydroascorbic acid is broken 
down and can be converted to oxalic and guluronic 
acids (Fig. 6 (a)), and they could get adsorbed 
with the residual oxygen-containing groups of the 
RGO sheet via hydrogen bonds and stabilizes the 
RGO surface in the aqueous solution and prevent 
agglomeration and π-π interaction of the graphene 
sheets Fig. 6 (b)) [29, 50]. The reduction of GO was 
achieved in both acidic and alkaline conditions due 
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Fig. 5. Proposed mechanisms for the reduction of epoxide and hydroxyl groups with ascorbic acid
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Fig. 6. Stabilization mechanism of the reduced GO aqueous suspension
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Fig. 7. SEM images of Fe3O4/RGO (a) ×5000, (b)×10000, and (c) EDS spectrum of Fe3O4/RGO
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to the phytochemicals groups found in the lemon 
extract and these compounds converted to the 
benzoquinone form upon oxidation. The obtained 
results represented that the interaction between 
GO and the lemon extract at pH 3 leads to a more 
efficient reduction of GO in comparison to pH 10.

Characterization of Fe3O4/RGO
Fig. 7 presents the SEM images of the 

prepared Fe3O4/RGO nanocomposites at different 
magnifications. According to Fig. 7 (a) and (b), 
Fe3O4 nanoparticles are observed on RGO layers. 
These nanoparticles are spherical and uniformly 
distributed on the surface of RGO sheets. This 
phenomenon was confirmed by energy dispersive 
spectroscopy and is shown in Fig. 7 (c), where the 

Fe3O4/RGO nanocomposite mainly consists of C, 
O, and Fe elements. These results confirmed Fe3O4/
RGO was successfully prepared.

Fig. 8 (a) shows the XRD pattern of Fe3O4/RGO 
nanocomposite. In synthesized nanocomposite, 
the presence of peaks at 2θ=24.1˚ and 2θ=26.6˚ 
indicates the characteristic reflection of reduced 
graphene oxide [19]. The peaks observed at 
2θ=20.1˚, 30.07˚, 33.1˚, 35.7˚, 38.2˚, 40.8˚, 43.3˚, 
49.4˚, 54.07˚, 55.4˚, 57.5˚, 62.3˚, and 63.9˚are 
related to Fe3O4 with a face-centered cubic structure 
[53]. The result confirmed that the nanocomposite 
was successfully synthesized. The sharp and strong 
peaks confirmed that the nanocomposite was 
well crystallized. The crystallite size of the Fe3O4 
nanoparticles was determined as 23.78 nm using 
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Fig. 8 (a) The XRD pattern, (b) FTIR spectrum, and (c) N2 ads/des isotherm and BJH pore size distribution plot of Fe3O4/RGO
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Debye–Scherrer’s formula based on half the width 
of the (3 1 1) reflection.

The FTIR spectra of Fe3O4/RGO are shown in 
Fig. 8 (b). There were characteristic peaks at 400-
600 cm-1 which relate to Fe-O stretching vibration 
[54]. The stretching vibrations of C=C and epoxy 
C-O-C at 1580 and 1255 cm-1 of RGO were present 
in the FTIR spectrum of the nanocomposite [55]. 
The peak at 3420 and 1720 cm-1 was assigned to 
OH/COOH on Fe3O4 particles and RGO sheets and 
C=O bonds. The above analysis indicates that the 
Fe3O4/RGO nanocomposite has been successfully 
prepared using lemon extract.

Fig. 8 (c) shows the ads/des curve of N2 at 
77 K and the differential pore size distribution 
estimated by the Barrett–Joyner–Halenda method. 
The N2 adsorption/desorption curve indicates 
the type IV isotherm and confirms the presence 
of a mesoporous structure in the Fe3O4/RGO 
nanocomposite. BJH curve confirms the presence 
of the main mesoporous with diameters between 

1 and 10 nm (average pore diameter, 4.43 nm). 
The specific surface area, total pore volume and, 
average pore diameter of Fe3O4/RGO sample were 
14.29 m2/g, 0.015 cm3/g and, 4.43 nm, respectively.

Effect of different parameters on the removal of Pb 
ions
Effect of pH on removal 

The initial pH of the ion solution can control the 
adsorption process, and this is due to the presence of 
hydrogen ions, positively charged metal ions in the 
bulk solution, and the competition between them. 
The surface charge and dissociation of functional 
groups on the adsorbent are affected by the pH of 
the solution. The type and behavior of the adsorbent 
with the type of adsorbed ion in the solution result 
in the effects of pH in the aqueous solution [56]. 
Fig. 9 (a) shows the effects of pH on the removal 
of Pb (II) ions on Fe3O4/RGO nanocomposite. It 
was noted that the adsorbed amounts for ions onto 
Fe3O4/RGO increased from 10.8 to 97.5% due to 
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the increase in pH from 1 to 8, and the Fe3O4/RGO 
adsorbent exhibited pH-dependent adsorption 
capacity on Pb ions. At pH 2–4, the percentage 
ion removal for nanocomposite adsorbent is very 
low due to the competition between additional 
hydrogen ions in the solution with Pb (II) for 
binding sites. Also, H+ ions covered the surface of 
Fe3O4 nanoparticles and inhibited the adsorption 
of Pb ions. At pH 5–8, the carboxyl and hydroxyl 
groups of Fe3O4/RGO can be changed to –COO− 
and –O− groups, respectively, and might increase 
the electrostatic attraction between the adsorbent 
surface and Pb (II) ions [57]. In other words, the 
adsorption capacity of Fe3O4/RGO is in accordance 
with the surface oxygen contents. In this pH range 
of the solution, due to the deprotonation of the 
surface of Fe3O4 nanoparticles, Pb ions can adsorb 
on the surface of the adsorbent and result in an 
increase in percentage ion removal at higher pH in 
comparison to lower pH [58]. Also, the mechanism 
of lead adsorption on the RGO surface is cation–π 
interactions. Reduced GO has more sp2 aromatic 
regions than GO, which leads to an increase in 
lead-π interaction. The optimized value of pH is 5.0 
for the following experiments.

Effect of adsorbent dosage on removal 
The effect of Fe3O4/RGO nanocomposite dosage 

on the percentage ion removal of lead ions is shown 
in Fig. 9 (b). It was shown that the ion removal of 
Pb (II) increased from 51.3 to 92.8% owing to the 
rise of the adsorbent dosage of Fe3O4/RGO from 
0.01 to 0.07 g of the solutions. This increase in 
percentage lead ion removal is due to the increase in 
the number of active adsorption sites available for 

the adsorption of Pb (II) onto the surface of Fe3O4/
RGO [59]. As can be seen in Fig. 9 (b), at higher 
concentrations of adsorbent, the ion removal of Pb 
(II) did not increase significantly with increasing 
Fe3O4/RGO. The optimized value of adsorbent 
dosage is 0.05 g for the following experiments.

Effect of contact time on removal 
Fig. 9 (c) shows the effect of contact time between 

adsorbent and adsorbate on the percentage lead ion 
removal by Fe3O4/RGO nanocomposite from the 
model solution. The curve shows two stages; the first 
stage is rapid within the first 6 min, and about 87% 
of lead removal takes place in this stage. The second 
stage is slow, and the process reached equilibrium 
with 91.8% of lead removal. Rapid removal at the 
beginning of the process is due to the presence and 
availability of the vacant active sites of the Fe3O4/
RGO adsorbent. Decreasing the vacant active sites 
of Fe3O4/RGO and creating electrostatic repulsion 
between the lead ions in both phases leads to a slow 
rate of adsorption at equilibrium conditions [60].

Effect of initial concentration on removal 
The effect of initial lead concentration was 

measured, and the results are shown in Fig. 9 (d). It 
can be seen from this figure that the percentage of 
lead removal decreases from 98.2% to 54.7% on an 
increase in the concentration of lead ions from 25 
to 200 mg/L. One of the most important factors for 
the removal of lead ions is the presence of active sites 
on the surface of the adsorbent, and there are more 
active and vacant sites at lower lead concentrations. 
By increasing the initial concentration and 
saturation of Fe3O4/RGO nanocomposite adsorbent 
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sites, the vacant sites decrease, which leads to a 
lower removal percentage [3]. 

Kinetics and diffusion studies
The obtained results of the kinetic models (Fig 

10 (a-c)) are presented in Table 1. The data show 
that the adsorption of Pb (II) ions onto Fe3O4/
RGO nanocomposite follows the PSO model with a 
higher R2 value and lower ARE and X2 values than 
PFO. Furthermore, the qe,cal value was very close to 
the qe,exp value, which confirms the high correlation 
between calculated and experimental data. 
According to these results, lead ions and Fe3O4/
RGO adsorbent affect the adsorption process under 
optimum conditions, so the adsorption process of 
lead ions is a chemisorption process relating to the 
electrons exchanging or sharing [61]. The plot of 
qt versus t0.5 (Fig. (10)) does not pass through the 
origin and includes two regions, so two or three of 
the mentioned steps are involved in the adsorption 
of lead ions onto the adsorbent, and IPD is not the 

only rate-limiting step. 

Isotherm studies
The influence of lead ion concentration on 

metal uptake capacity is shown in Fig. 11(a). 
The linear isotherm models and their obtained 
parameters are shown in Fig. 11 (b-d) and Table 2. 
By comparing the obtained R2 values, it was found 
that the Langmuir isotherm (R2 > 0.99) fitted better 
than other models that implied the monolayer 
coverage and homogenous distribution of lead ion 
adsorption onto the surface of the adsorbent. The 
maximum adsorption capacity (qmax) for Pb (II) 
ions onto Fe3O4/RGO nanocomposite was 107.52 
mg/g. Also, the dimensional factor value was 0.030, 
which shows that the adsorption of lead ions on 
Fe3O4/RGO was favorable. According to Table 2, 
the R2 value of the Freundlich isotherm is lower 
than that obtained using the Langmuir isotherm. 
Based on the D-R isotherm, the obtained value of 
E is greater than 8 kJ/mol, which implies that the 
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Model 
Parameter Values 

qe,exp (mg/g) 110.250 

Pseudo-first-order 

qe (mg/g) 
k1 (min -1) 

R2 

ARE 
X2 

22.745 
0.136 
0.748 
7.936 
0.005 

Pseudo-second-order 

qe (mg/g) 
k2 (g/mg.min) 

R2 

ARE 
X2 

109.890 
0.034 
0.999 
0.032 

9.67E-8 

Intra particle diffusion 

ki,1 (mg/g.min0.5) 
y (mg/g) 

R2 

ki,2 (mg/g.min0.5) 
y (mg/g) 

R2 

16.569 
64.966 
0.987 
0.584 

106.24 
0.903 

 
 
 
 
 
 
  

Table 1. Kinetic parameters for Pb (II) adsorption onto Fe3O4/RGO.
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Model Parameter values 

Langmuir 

kL (L/mg) 
qmax (mg/g) 

RL 
R2 

0.489 
107.526 

0.030 
0.994 

Freundlich 
kF (mg/g) 

n 
R2 

43.102 
4.314 
0.783 

Dubinin–Radushkevich 

kD (mol2/kJ2) 
qm (mmol/g) 
E (kJ/mol) 

R2 

0.0019 
1.165 

22.360 
0.829 

 
 
 
 
 
 
  

Table 2. Isotherm parameters obtained for Pb (II) adsorption onto Fe3O4/RGO.
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adsorption process of lead ions onto Fe3O4/RGO 
nanocomposite was chemical sorption.  

During the reduction process, the oxygen-
containing groups were decreased on the surface 
of GO leading to increased Lewis alkalinity and 
the electrostatic attraction of RGO. This property 
increases the adsorption performance of Pb(II) 
[62]. Moreover, the reactions between Pb ions and 
electrons on the π-bond on the surface of RGO and 
the electrostatic attraction between Pb ions and 
Fe3O4 nanoparticles lead to the removal of Pb ions 
by Fe3O4/RGO nanocomposite [53].

The results of Pb (II) ion removal in this research 
were compared with other literature and listed in 
Table 3 [18, 62-66]. The difference in the qmax values 
of the various functionalized RGO is related to 
the difference in the kind of functionalized agent, 
reducing agent, different experimental conditions, 
etc.

Recyclability and stability studies
Recycling experiments, as a significant factor 

for its practical application, were performed 
five times to check the reusability of Fe3O4/
RGO nanocomposite. Firstly, a solution of HCl 
(0.1 M) was used to desorb Pb ions from the 
nanocomposite, and then the nanocomposite was 
washed with deionized water to reach neutral pH. 
After five cycles of adsorption-desorption, the 
removal efficiency of Pb ion is shown in Fig. 12. As 
can be seen in Fig. 12, Even after five adsorption-
desorption regenerations, the Fe3O4/RGO (81.1%) 
of removal efficiency on Pb(II), indicates that the 
magnetic nanocomposite has great potential as a 
reusable sorbent.

CONCLUSIONS 
In this study, we successfully synthesized RGO 

using lemon extract (as the green reducing agent) by 
reducing GO under acidic and alkaline conditions. 
The internal structure of the RGOs, studied with 
Raman spectroscopy and XRD patterns, confirms 
better repair of the sp2 graphitic lattice and a larger 
lattice size with decreasing pH.  Magnetic reduced 
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Adsorbent 
Pb (II) concentration 

(mg/L) 
qmax (mg/g) References 

1,5-diaminonaphthalene RGO 100 0.056 [18] 
RGO 2-50 6.94 [43] 

Reduced sulphonated graphene oxide 1-30 415 [44] 
magnetic chitosan-functionalised 3D graphene 10-50 957.28 [45] 

rGO/Fe3O4@PDA n.a 42.73 [46] 
GO 1-50 555 [47] 

Fe3O4/RGO 25-200 107.526 This study 
 
 

Table 3. Comparison of the maximum adsorption capacities of Pb (II) ions onto various adsorbents.
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graphene oxide (Fe3O4/RGO) nanocomposite was 
synthesized using the microwave method and was 
used as an effective adsorbent for lead removal. 
The obtained results of XRD, FTIR, SEM, and 
BET analysis showed that Fe3O4 nanoparticles 
were spherical with a diameter of 1-10 nm and 
uniformly covered the surface of RGO. The high 
adsorption performance towards lead ions was 
mainly attributed to the π–π stacking and the 
electrostatic interactions between Pb (II) and the 
RGO layers. The adsorption kinetics and isotherm 
are better described by the pseudo-second-order 
(electrons exchanging or sharing) and Langmuir 
models (homogeneous adsorption). The maximum 
monolayer adsorption capacity of the Fe3O4/RGO 
was found to be 107.52 mg/g with the monolayer 
process. In addition, the Fe3O4/RGO maintained 
good adsorption performance after five adsorption-
desorption cycles, the removal efficiency of Pb(II) 
reached 81.1%, indicating that the nanocomposite 
has reusable value.
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