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a b s t r a c t
Graphene oxide was successfully synthesized by the modified Hummers method using graphite as 
the raw material, and characterized by X-ray diffraction, Fourier-transform infrared spectroscopy 
and scanning electron microscopy. In this study, graphene oxide was used as the electrode for the 
removal of Pb(II) ions by electrosorption. The effects of adsorption time, voltage, pole plate spac-
ing and initial Pb(II) ions concentration on the electrosorption were investigated. The experimen-
tal results showed that the adsorption efficiency of Pb(II) ions was significantly improved, and the 
optimum conditions for adsorption at the graphene oxide electrode were the adsorption time of 
60 min, the adsorption voltage of 30 V and the pole plate spacing of 0.5 cm. The electrode adsorp-
tion under these conditions was 627.02 mg/g and the Pb(II) ions removal efficiency was 63.3%. By 
applying a reverse voltage to the electrode, the experimental electrode regeneration performance 
of the graphene oxide electrode was investigated. The experimental results showed that the regen-
eration performance of the graphene oxide electrode was good and stable, and the regeneration 
efficiency of the electrode was maintained at about 72% after six adsorption regeneration cycles.
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1. Introduction

Heavy metals widely exist in wastewater, which can 
cause damage to the ecological environment and harm to 
humans [1,2]. Among them, Pb(II) ions not only damage 
human brain cells, nerve function and kidney function, but 
also cause dementia and brain death in the elderly [3,4]. 
In order to reduce the hazards of heavy metal pollution, 
there has been a lot of research on Pb(II) ions treatment at 
home and abroad. At present, the main treatment methods 
include chemical precipitation, ion-exchange, electrochem-
ical and adsorption methods [5,6]. The most widely used 
method is adsorption method, but this method is limited 
by factors such as the adsorption capacity of the adsorbent, 
the limited adsorption rate, and the high regeneration cost 
[7–9]. Electrosorption is an emerging electrochemical desali-
nation technology with the advantages of high energy effi-
ciency, low environmental impact and low cost [10–13]. The 

removal of Pb(II) ions is achieved by applying a voltage to 
the working electrode, so that Pb(II) ions are adsorbed to the 
electrode surface under the action of electric field force [14]. 
Electrosorption can further increase the adsorption capac-
ity of the material, and regenerate the electrode by apply-
ing a reverse voltage to desorb the Pb(II) ions, thus enabling 
the electrode to be recycled [15–17].

Graphene oxide is a new type of two-dimensional car-
bon nanomaterial with a large number of oxygen-contain-
ing groups such as hydroxyl, carboxyl and epoxy groups on 
its surface [18,19]. Graphene oxide is a promising material 
for electrosorption electrode due to its large specific surface 
area, good electrical conductivity and stable chemical prop-
erties [20–22]. There are three main traditional methods for 
the preparation of graphene oxide: the Brodie, Standenmaier 
and Hummers methods [23]. Compared with the other two 
methods, the Hummers method is the most commonly 
used method for the preparation of graphene oxide due to 
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its short reaction time, high safety and low environmental 
pollution. The graphene oxide prepared by the modified 
Hummers method has the advantages of abundant oxy-
gen-containing functional groups and low carbon layer 
destruction, which enhance its adsorption of heavy metal 
ions [24]. Most of the graphene oxide prepared by the mod-
ified Hummers method also differ to some extent due to the 
amount of oxidant and oxidation time.

In this study, graphene oxide (GO) was synthesized by 
the modified Hummers method, specifically by increas-
ing the amount of oxidant KMnO4 and increasing the low 
temperature oxidation time, and then exfoliating the GOs 
into layered graphene oxide by ultrasonication. The struc-
ture and properties of the synthesized graphite oxide were 
characterized, and electrosorption experiments were car-
ried out with graphene oxide as the electrode plate mate-
rial. The effects of time, voltage, electrode plate spacing and 
initial Pb(II) ions concentration on the electrosorption of 
Pb(II) ions were investigated, and the regenerative proper-
ties of graphene oxide electrodes were also investigated to 
provide an experimental basis for practical applications.

2. Materials and methods

2.1. Materials

Graphite powder (Qingdao Tianyuan Graphite Co., Ltd., 
China), H2SO4 (98%), NaNO3 (99%), KMnO4, H2O2 (30%), HCl 
(10%), Xylenol orange powder, anhydrous sodium acetate, 
glacial acetic acid.

2.2. Preparation of graphene oxide

In this experiment, the desired graphene oxide was 
synthesized by modified Hummers method. 2  g of graph-
ite powder and 1 g of NaNO3 were added to 46 mL of con-
centrated H2SO4 and treated by ultrasonic under ice bath 
conditions for 0.5  h. Then 8  g of KMnO4 was added and 
stirred for 4 h under ice bath conditions. After that, the water 
bath temperature was adjusted to 40°C and ultrasonication 
was performed for 0.5 h. After adding 200 mL of deionized 
water and stirring well, the reaction was carried out in an 
oil bath at 95°C for 0.5 h. To terminate the reaction, 40 mL of 

deionized water and 10 mL of H2O2 were added to it. After 
stirring at low speed for 15 min, 40 mL of HCl was added to 
the mixture, and then the precipitate was repeatedly washed 
with deionized water in a high-speed centrifuge at a high 
speed of 9,000 rpm. After centrifugal washing, the product 
was dispersed in deionized water with the aid of ultrasound, 
which is a well-dispersed graphite oxide water disper-
sion. The product was dried in a vacuum oven at 60°C for 
24 h to obtain graphite oxide.

2.3. Characterization of graphene oxide

In this experiment, the special functional groups of 
graphite powder and the graphene oxide were determined by 
Fourier-transform infrared spectroscopy (FT-IR; TENSOR27, 
Philips, Netherlands). The physical surface structures of the 
graphite and graphene oxide were determined by scanning 
electron microscopy (SEM; XL30, Bruker, Germany). The 
changes in the surface morphology of graphite and graphene 
oxide were measured by X-ray diffraction (XRD, X’Pert 
PRO, PANalytical, Netherlands).

2.4. Electrosorption experimental device and methods

The electrosorption device used in this experiment is 
shown in Fig. 1 and mainly consists of an electrosorption 
tank, a power supply controller and an electrosorption 
pole plate.

Experimental methods: Put the configured solution in 
the tank and insert the electrosorption electrode plate into 
the corresponding tank. The electrosorption experiments 
were carried out at the given voltage and plate spacing, 
and the solution samples were taken at regular intervals to 
analyze the concentration of Pb(II) ions and to calculate the 
adsorption capacity and removal efficiency of Pb(II) ions.

2.5. Analysis and test methods

2.5.1. Titration solution

0.01 mol/L EDTA standard solution. Add 3.72 g of diso-
dium EDTA to 100  mL of deionized water, heat in a water 
bath until the drug is completely dissolved, leave to cool, 

 
Fig. 1. Diagram of the electrosorption experimental device.
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then pour into a 1,000 mL volumetric flask and dilute with 
deionized water to fix the volume.

2.5.2. Indicator

Xylenol orange aqueous solution with mass fraction 
of 0.2%. Dissolve 0.1 g of xylenol orange solid powder in a 
small amount of deionized water, and then dilute to a 50 mL 
volumetric flask.

2.5.3. Solution pH regulator

Add 150 g of anhydrous sodium acetate to 20 mL of gla-
cial acetic acid, dilute with water to 200  mL, stir well, and 
use a 1,000 mL volumetric flask to dilute to volume.

2.5.4. Measurement method of Pb(II) ions concentration

Measure 25  mL of wastewater sample into a 250  mL 
conical flask, and adjust the pH of the solution to 5~6 with 
acetic acid-sodium acetate buffer. Add 2–3 drops of xylenol 
orange indicator to the conical flask to make the solution 
appear stable purple red. Then titrate with 0.01 mol/L stan-
dard EDTA solution until the solution changes from purple 
to bright yellow, and record the volume of EDTA used at 
this time. Calculate the Pb(II) ions concentration in solu-
tion by Eq. (1).

C V
= ×

×207000 0 01
25
. 	 (1)

where C is the mass concentration of lead ions in the solution 
(mg/L), V is the volume of EDTA used in the titration (L).

The concentration of Pb(II) ions in the solution at differ-
ent adsorption times was determined and the adsorption 
capacity at the electrode was calculated by Eq. (2).

Q
C C V
m

=
−( )0 	 (2)

where Q is the capacity of electrosorption (mg/g), C is the 
concentration of Pb(II) ions in solution (mg/L), C0 is the initial 
concentration of Pb(II) ions (mg/L), V is the volume of Pb(II) 
solution (L), m is the mass of graphene oxide (g).

2.6. Regenerative properties of graphene oxide electrode

After the electrosorption had reached equilibrium, the 
electrode was placed in a flow tank and rinsed with distilled 
water, and the power supply was reversed for the desorp-
tion time of 30 min. After the desorption was completed, the 
saturation adsorption of the graphene oxide electrode was 
measured and the regeneration efficiency of the graphene 
oxide electrode was calculated by Eq. (3).

η =
Q
Q
r

0

	 (3)

where η is the regeneration efficiency, Q0 and Qt are the Pb(II) 
adsorption values of the graphite oxide electrode before 
and after the regeneration process respectively (mg/g).

3. Results and discussion

3.1. XRD analysis of graphene

Fig. 2 shows the XRD patterns of graphite and graphene 
oxide. From Fig. 2 it can be seen that graphite shows a more 
pronounced diffraction peak at 2θ  =  26.5°, which corre-
sponds to the characteristic reflection of the graphite (002) 
plane. In addition, the layer spacing of graphite was calcu-
lated by the Bragg equation to be 0.336  nm. In addition, a 
smaller but distinct diffraction peak appears at 2θ  =  55°. 
However, graphene oxide shows a distinctive characteristic 
diffraction peak at 2θ = 10°, which corresponds to the char-
acteristic reflection of the graphene oxide (001) plane. The 
layer spacing of graphene oxide was calculated from the 
Bragg equation to be 0.884  nm. The characteristic diffrac-
tion peak of graphene oxide is shifted in the direction of a 
small angle, indicating a lattice distortion of the carbon struc-
ture. The oxidation process incorporates a large number of 
oxygen-containing functional groups into the interlayer of 
graphite, which changes the intrinsic structure of graphite 
and allows the exfoliation of single atomic layers of graph-
ite, increasing the specific surface area and adsorption sites 
of the material. The increased layer spacing of the graphene 
oxide sheet is due to the expansion of the graphene sheet 
and the presence of abundant oxygen-containing functional 
groups on both sides of the graphene sheet, resulting in 
atomic-level roughness on the graphene sheet.

3.2. Fourier transform infrared analysis of graphene oxide

The FT-IR spectra of graphite and graphene oxide are 
shown in Fig. 3. As can be seen from the figure, there is a 
broad and strong absorption peak near 3,445  cm–1, which 
belongs to the stretching vibration peak of OH; at 1,632 cm–1 
is the stretching vibration peak of C=O on the carboxyl 
group. The increase in intensity of this peak in graphene 
oxide confirms the formation of graphene oxide by oxida-
tion of graphite. Compared with graphite, graphene oxide 
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Fig. 2. XRD pattern of graphite and graphene oxide.
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shows a vibrational absorption peak of C–O–C at 1,208 cm–1; 
a vibrational absorption peak of C–O at 1,054 cm–1, indicating 
that the oxidation treatment has increased its oxygen-con-
taining functional groups. The oxidation process introduces 
a large number of functional groups on the graphite flake 
layer, resulting in a large number of oxygen-containing 
functional groups such as carboxyl, epoxy and hydroxyl 
groups on the surface of graphene oxide, increasing the 
number of active sites on the surface of graphene oxide. 
Table 1 lists characteristic absorption peaks and corres
ponding functional groups of graphene oxide. The changes 
of oxygen-containing functional groups before and after 
the adsorption of Pb(II) ions on graphene oxide were fur-
ther analyzed by the FT-IR spectra. As shown in Fig. 3, the 
intensity of the peaks associated with oxygen-containing 
functional groups decreased significantly after the adsorp-
tion of Pb(II) ions by graphene oxide, where the intensity of 
the peaks associated with the hydroxyl and carbonyl groups 
decreased significantly and the peaks associated with 
the epoxy and carboxyl groups almost disappeared com-
pletely. This is mainly due to the ion-exchange and surface 
complexation between the Pb(II) ions and the oxygen-con-
taining functional groups on the surface of the graphene 
oxide structure. The intensity of the peaks associated with 
the oxygen-containing functional groups is significantly 
reduced after the adsorption of Pb(II) ions by graphene 

oxide to form the corresponding complex GO- Pb(II). 
The above results indicate that the adsorption capacity of 
graphene oxide for Pb(II) ions mainly depends on the con-
tent of oxygen-containing functional groups on its surface.

3.3. SEM analysis of graphite oxide

Fig. 4 shows SEM images of graphite and graphene oxi
de before and after adsorption. SEM image analysis shows 
that compared to graphite powder, graphite oxide exhibits 
a lamellar structure with a smoother surface and more folds 
at the edges. From Fig. 4e, it is clear that the graphite oxide 
lamellar structure is evident, with a multilayer folded flake 
surface. From Fig. 4f, it can be clearly seen that the edges of 
graphene oxide are stepped morphology or partially folded 
with a good layered structure. From the graph it can be ana-
lyzed that the oxidation process introduces a large number 
of oxygen-containing functional groups, which makes the 
graphene oxide layer structure obvious and increases the 
specific surface area, increasing the active sites on the sur-
face of the graphene oxide. The SEM images before and 
after adsorption can be analyzed to show that the surface of 
graphene oxide after the adsorption of Pb(II) ions is rough 
and distributed with fine particles. This is mainly due to the 
ion-exchange and surface complexation between Pb(II) ions 
and oxygen-containing functional groups on the surface 
of the graphene oxide structure, forming the correspond-
ing GO-Pb(II) complexes on the surface of the graphene 
oxide. The lamellar structure of the graphene oxide disap-
pears and a rough flat block is formed on the surface. This 
is mainly due to the accumulation of the formed complexes 
on the graphene oxide surface, which changes the original 
lamellar structure of the graphene oxide.

3.4. Electrosorption experiments

3.4.1. Effect of different adsorbent materials

In order to express the good adsorption performance of 
graphene oxide in a more objective way, comparative anal-
ysis experiments were conducted with carbon fiber, acti-
vated carbon, and graphene oxide as adsorption materials, 
respectively. The relationship between adsorption capacity 
and adsorption time was investigated at the electrosorption 
voltage of 35  V, the positive and negative plate spacing of 
1 cm and the initial solution concentration of 500 mg/L. The 
experimental results are shown in Fig. 5. The curve analysis 
showed that the adsorption capacity of the three adsorbents 
increased rapidly within the first 60  min, but the adsorp-
tion capacity of graphene oxide was much greater than that 
of activated carbon and carbon fiber. The graphene oxide 
synthesized in this study has a significant adsorption effect.

By analyzing the electrosorption curves of graphene 
oxide in Fig. 5, it can be seen that the adsorption process 
can be divided into three stages: fast adsorption (0–60 min), 
slow adsorption (60–120  min) and equilibrium adsorp-
tion (120–480  min) as the adsorption time increases. In the 
fast adsorption stage, the graphene oxide surface contains 
a large number of oxygen-containing functional groups, 
there are a large number of unoccupied active sites on the 
adsorbent surface, and the concentration gradient of Pb(II) 
ions in the solution and on the adsorbent surface is high, 
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Fig. 3. FT-IR spectra of graphite and graphite oxide.

Table 1
Characteristic absorption peaks and corresponding functional 
groups of graphene oxide

Absorption peak position (cm–1) Functional group

3,445 OH
1,632 C=O
1,208 C–O–C
1,054 C–OH
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which makes the rate of Pb(II) ions diffusion to the adsor-
bent surface faster, so the adsorption capacity increases 
rapidly. In the next stage, the adsorption rate slows down 
until it remains constant at the adsorption equilibrium state. 
This is due to the reduction of available active sites on the 
adsorbent surface and the reduced rate of diffusion of Pb(II) 
ions to the inner surface of the adsorbent.

To investigate the mechanism of Pb(II) ion adsorption 
by graphene oxide, the adsorption process at the graphite 
oxide electrode was fitted by the pseudo-first-order kinetic 
equation [Eq. (4)] and the pseudo-second-order kinetic 
equation [Eq. (5)].

Q Q K tt e= − −( )( )1 1exp 	 (4)

Q
Q K t
Q K tt
e

e

=
+

2
2

21
	 (5)

where t is the adsorption time (min), Qt and Qe are the 
capacity of adsorption at t and at equilibrium respectively 
(mg/g), K1 and K2 are the adsorption efficiency constants of 
pseudo-first and pseudo-second kinetics respectively (min–1).

The fitted curves and their corresponding characteristic 
parameters are shown in Fig. 6 and Table 2, respectively. It 
can be seen that the R2 of the pseudo-second-order kinetic 
fitting equation is significantly larger than that of the pseudo- 
first-order kinetic equation, and the adsorption process is 
in good agreement with the pseudo-second-order kinetic 
curve, indicating that the pseudo-second-order kinetic 

 

Fig. 4. SEM image of graphite/GO. (a) x500 graphite, (b) x2,000 graphite, (c) x10,000 graphite, (d) x500 GO, (e) x2000 GO, (f) x10,000 
GO, graphene oxide before (g) and after (h) adsorption of Pb(II) ions.
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equation can be used to describe the electrosorption pro-
cess at graphene oxide electrode. This indicates that the 
adsorption process of graphene oxide with Pb(II) ions is 
mainly affected by chemisorption. This may be due to the 
fact that graphene oxide contains many functional groups 
such as hydroxyl, carboxyl and carbonyl groups, and these 
active functional groups are able to adsorb Pb(II) ions 
through ion-exchange reactions and chemical bonding.

3.4.2. Effect of electrosorption voltage

The adsorption experiments with different voltages were 
investigated under the conditions of adsorption time of 
60 min, plate spacing of 1 cm and Pb(II) ions concentration 
of 0.5 g/L. The experimental results are shown in Fig. 7. With 

the increase of adsorption voltage, the adsorption capacity 
and removal efficiency of Pb(II) ions increased gradually. 
When the adsorption voltage was 30 V, the adsorption capac-
ity was 558.32  mg/g, and the removal efficiency of Pb(II) 
ions was 58.91%. Theoretically, the higher the voltage, the 
stronger the electrostatic field force, and the greater the effi-
ciency and capability of electrosorption deionization. As the 
voltage increases, the attractive force of the provided elec-
tric field gradually increases, and the directional migration 
of ions in solution is enhanced by the electrostatic gravita-
tional force. The increase in voltage also increases the thick-
ness of the double layer formed, allowing more charged 
ions to be adsorbed. As a result the adsorption rate and the 
adsorption capacity increase, the adsorption effect increases 
and the removal rate also increases. When the adsorp-
tion voltage is greater than 30  V, electrolysis of water and 
electrode oxidation reactions occur in the solution and the 
current efficiency decreases, affecting the electrodes’ elec-
trosorption process. As a result, the adsorption rate and the 
adsorption capacity decrease, the adsorption effect decreases 
and the removal rate also decreases. And the higher volt-
age will increase the energy consumption and reduce 
the electrode life. According to the experimental results, 
the optimal adsorption voltage was determined to be 30 V.

3.4.3. Effect of plate spacing

The electrosorption experiments with different 
plate spacing were investigated under the conditions of 
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Table 2
Fitting parameters of pseudo-first-order and pseudo-second- 
order reaction kinetics

Electrode Pseudo-first-order 
kinetics

Pseudo-second-order 
kinetics

K1 (10–2 min–1) R2 K2 (10–4 min–1) R2

GO 7.191 0.951 2.302 0.991
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adsorption time of 60  min, adsorption voltage of 30  V 
and Pb(II) ions concentration of 0.5 g/L. The experimental 
results are shown in Fig. 8. The adsorption capacity and 
removal efficiency of Pb(II) ions increased gradually with 
the decrease of the plate spacing. At the plate spacing of 
0.5  cm, the adsorption capacity was 620.21  mg/g, and the 
removal efficiency of Pb(II) ions was 65.42% at this time. 
According to the double layer theory, the thickness of the 
double layer formed on the electrodes has a large relation-
ship with the electrode plate spacing. When the electrode 
plate spacing decreases, the double layer generated at the 
same electrode potential is thicker, so the adsorption capac-
ity and adsorption effect will increase. Due to the increase 
in the thickness of the double electric layer, the graphene 
oxide was able to adsorb more Pb(II) ions on the orig-
inal basis, thus increasing the removal rate of Pb(II) ions. 
However, too short the plate spacing can impede the flow 
of water and may short-circuit the electrode, increasing 
energy consumption. According to the experimental results, 
the optimum plate spacing was determined to be 0.5 cm.

3.4.4. Effect of the initial concentration of Pb(II) ions

The adsorption experiments with different initial con-
centrations were investigated under the experimental 
conditions of adsorption time of 60  min, adsorption volt-
age of 30 V and plate spacing of 0.5 cm. The experimental 
results are shown in Fig. 9. With the increase of the ini-
tial concentration, the adsorption capacity of Pb(II) ions 
increased gradually, but the removal efficiency of Pb(II) 
ions decreased continuously. This is because the concen-
tration gradient of Pb(II) ions on the solution and adsor-
bent surface increases with increasing initial concentration, 
which makes the rate of Pb(II) ions diffusion to the adsor-
bent surface accelerate and the ion density around the elec-
trode increase. Under the action of electric field, the contact 
between Pb(II) ions and the electrode increases, and the 
adsorption capacity and efficiency increases. However, as 
the initial concentration increases, the saturation adsorp-
tion capacity of the graphene oxide electrode remains 

unchanged, which makes the Pb(II) ion removal efficiency 
decrease and the treatment effect is reduced.

In order to investigate the maximum adsorption of Pb(II) 
ions by graphene oxide and further analyze its adsorption 
mechanism, the experimental data were fitted by Langmuir 
[Eq. (6)] and Freundlich [Eq. (7)] isothermal adsorption 
models. The fitted curves and their corresponding charac-
teristic parameters are shown in Fig. 10 and Table 3.

Q
Q K C
K Ce

m L e

L e

=
+1

	 (6)

Q K Ce F e
n= 1/ 	 (7)

where Ce is the concentration of Pb(II) ions in solution at 
equilibrium (mg/L), Qe and Qm are the equilibrium and 
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saturation sorption capacities respectively (mg/g), KL and 
KF are the Langmuir and Freundlich adsorption equilibrium 
constants respectively, n is the Freundlich constant related 
to the adsorption strength.

As shown in Fig. 10 and Table 3, the Langmuir model 
correlation coefficient (R2 = 0.984) is significantly larger than 
that of the Freundlich model (R2 = 0.925), indicating that the 
Langmuir model is more suitable for describing the electro-
sorption behaviour of graphene oxide on Pb(II) ions, and also 
indicating that its adsorption belongs to single molecular 
layer adsorption. The adsorption parameter 1/n is an import-
ant parameter to judge whether the adsorption occurs easily. 
Apparently, the adsorption parameter 1/n of graphene 
oxide on Pb(II) ions is about 0.15, which is less than 1, indi-
cating that the electrosorption of Pb(II) ions by graphene 
oxide occurs easily. From the Langmuir model, the maxi-
mum adsorption of Pb(II) ions by graphene oxide reached 
810.38 mg/g, this is more similar to the maximum adsorption 
of 760 mg/g measured under experimental conditions.

3.5. Regenerative properties of graphite oxide electrode

The great advantage of electrosorption is that the elec-
trode is easily regenerated. By applying a reverse voltage 
to the electrode, the Pb(II) ions adsorbed on the electrode 
are returned to the solution by the reverse electric field, 
thus regenerating the electrode. Fig. 11 shows a graph of 
the regeneration efficiency of the graphene oxide electrode 
over 6 cycles. It can be seen from the graph that the regener-
ation rate for the first regeneration reached 75%. This indi-
cates that there is physical adsorption on the electrode that 
cannot be completely desorbed, making the electrode not 
fully reusable. The subsequent regeneration rates were all 

around 72%, which shows the good recycling performance 
of the electrode.

4. Comparison with other studies

There are many other research methods for the removal 
of heavy metal ions such as ion-exchange, adsorption and 
bioremediation. The ion-exchange method (Liang et al. [25];  
Golbad et al. [26]; Iqbal et al. [27]) for the removal of Pb(II) 
ions has the advantages of high removal rates, easy regen-
eration and effective recovery, but the disadvantages of the 
method are the high initial investment costs and the vul-
nerability of the ion-exchange agent to contamination or 
oxidation failure. The adsorption method (Hao et al. [28]; 
Hassan et al. [29]; Cataldo et al. [30]) has the advantages of 
high removal efficiency, low cost and simple operation, but 
it is limited by the low adsorption capacity and rate of the 
adsorbent and the high cost of regeneration. The bioremedi-
ation method (Sarı et al. [31]; Tüzün et al. [32]; Shanab et al. 
[33]) has the advantages of being environmentally friendly, 
low investment costs and no secondary pollution, but it has 
relatively strict requirements on the external environment 
and is unable to treat high concentrations of lead pollution, 

Table 3
Fitting characteristic parameters for the adsorption isotherm 
equation

Electrode Langmuir model Freundlich model

KL Qm R2 KF 1/n R2

GO 0.018 810.38 0.984 305.64 0.15 0.925
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Table 4
Comparison of different adsorption methods for Pb(II) ion removal in other studies
From: The treatment of Pb(II) ions in wastewater by electrosorption

Adsorption method Adsorbent Q (mg/g) References

Ion-exchange
MnO2-biochar (MBR) 273 [25]
Novel activated carbon-alginate composite 10.5 [26]
Hydroxy sodalite 153.84 [27]

Adsorption
SiO2/graphene composite 113.6 [28]
TSGO 192.7 [29]
Large-pore diameter nano-adsorbent 169.34 [30]

Bioremediation
Macrofungus (Amanita rubescens) 38.4 [31]
Microalgae Chlamydomonas reinhardtii 93.8 [32]
Green microalga P. typicum 5.51 [33]

Electroabsorption Graphene oxide 627.02 This study
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and the remediation cycle is affected by the growth of plants, 
making it difficult to achieve rapid remediation results. In 
this paper, the maximum adsorption capacity of the above 
adsorption methods were compared with this study and 
the data results are shown in Table 3. Compared with the 
other adsorption methods, the adsorption capacity of the 
electroabsorption method in this study are relatively high, 
and the adsorption rate and adsorption effect are better. 
Moreover, the method is simple to operate, environmen-
tally friendly and low cost. Compared with other methods, 
the electroadsorption method has greater potential and 
feasibility for the removal of Pb(II) ions.

5. Conclusions

In this study, the layer spacing and specific surface area 
of graphene oxide synthesized by the modified Hummers 
method were increased to a certain extent, and a large 
number of oxygen-containing functional groups such as 
carbonyl, hydroxyl and carboxyl groups were present on 
the lamellae. The adsorption efficiency of Pb(II) ions was 
significantly increased by using graphite oxide as the elec-
trode, and the adsorption process was in accordance with 
the pseudo-second-order kinetic equation. The effects of 
different parameters on electrosorption effect were inves-
tigated experimentally. The optimum conditions for the 
adsorption of graphene oxide electrode were the adsorp-
tion time of 60 min, the adsorption voltage of 30 V and the 
pole plate spacing of 0.5  cm. At this time, the adsorption 
capacity of the electrode was 627.02 mg/g and the removal 
efficiency of Pb(II) ions was 63.3%. With the increase of 
initial concentration, the adsorption capacity of Pb(II) ions 
by the electrode gradually increased, but the removal effi-
ciency of Pb(II) ions continued to decrease and the treat-
ment effect decreased. The regeneration performance of 
the graphene oxide electrode was good and stable, and 
the regeneration rate of the electrode was maintained at 
about 72% after several adsorption and regeneration cycles. 
This study provides an alternative way to treat heavy 
metal ions in wastewater without potential environmen-
tal problems and the electrodes can be reused, which is an 
applicable wastewater treatment technology.
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