
INTRODUCTION

As one of the most promising techniques for removal or

selectively recovery of heavy metals from the industrial efflu-

ents, the adsorption technology has been employed for many

years and various adsorbents have been studied, including

activated carbon1-3, chitosan4-6, kaolinite7-9, diatomite10-12,

zeolite13-15, silica gel16,17, alumina18,19, functionalized polymers20-22,

zero-valent iron23,24 and nanomaterials25. However, most of

these adsorbents are not the ideal choices for their unsatisfied

adsorption capacity, insufficient adsorption efficiencies, or high

price in application.

Recently, graphene and graphene composites have been

studied extensively for several applications including the

adsorption for the removal and recovery of metal ions26-38.

Chang et al.39 reported the synthesis of graphene sheets by

ionic-liquid-assisted electrolysis and its adsorption for Fe(II)

with a capacity of 299.3 mg/g. Fan et al.40 investigated the

adsorption properties for Pb(II) of the magnetic chitosan

grafted with graphene oxide sheets. Mi et al.41 reported the

synthesis of graphene oxide areogels by a unidirectional freeze-

drying method and their adsorption performance for Cu(II) in

aqueous solution.

In this paper, the graphene oxide was reduced by ethylene-

diamine according to Che's method42 and the reduced graphene

oxide was characterized by Fourier transform infrared spectra

(FT-IR), Raman spectra, thermogravimetric analysis (TGA)

and atom force microscopy (AFM). The purpose of this work
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is to combine the features of graphene oxide with ethylene-

diamine, i.e., the reduced graphene oxide contained carboxyl

and amino group simultaneously. The adsorption behavior of

the reduced graphene oxide for Pb(II), Cd(II), Cu(II) and

Mn(II) was studied. Various factors influencing the adsorption

of Pb(II), Cd(II), Cu(II) and Mn(II), e.g. pH, contact time and

adsorbate concentration were investigated and the regeneration

of the adsorbent was also studied. To the best of our knowledge,

the literatures were scarcely reported about the application of

the reduced graphene oxide which combined both features of

the carboxyl and amino groups for removal and recovery of

heavy metals in aqueous solutions.

EXPERIMENTAL

Graphite powder (Tianjin Kemiou Chemical Reagent Co.,

Ltd., Tianjin, China) was of analytical grade. ethylenediamine

(Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China) was of

analytical grade. Pb(NO3)2, Cd(NO3)2, CuSO4·5H2O,

MnSO4·H2O and the other chemicals used were all of

commercial analytical grade and were purchased from Tianjin

Kemiou Chemical Reagent companies.

Preparation of graphene oxide: Graphene oxide was

prepared by a modified Hummers method43. Under ice bath,

graphite powder (2.5 g), NaNO3 (2.5 g) and concentrated

H2SO4 (115 mL) were stirred together and then KMnO4 (15 g)

was slowly added. Once mixed, the solution was transferred

to a 35 ± 5 °C water bath and stirred for 1 h. Then, the distilled
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water (200 mL) was slowly added, the solution was stirred at

90 ± 5 °C for 0.5 h. And then, the distilled water (500 mL)

was added, followed by adding 15 mL H2O2 (30 %), the color

of the solution turned from dark brown to bright yellow.

Followed, the warm solution was then filtered and washed

with the distilled water. High-speed centrifugation was done

at 8000 rpm for 0.5 h. It was repeated until the solution was

neatly neutral. Then the distilled water inside the solution was

replaced by DMF. Finally, graphene oxide dispersion in DMF

was sonicated for 1 h by using a ultrasonic cleaner.

Preparation of reduced graphene oxide: Reduced

graphene oxide was prepared according to the reported lite-

rature42. Graphene oxide (2 g) was dissolved in DMF in a three-

necked round-bottomed flask. Then ethylenediamine (20 mL)

was added into the flask dropwise and the solution was refluxed

under 80 °C for 24 h. The resultant product was filtered and

washed with DMF. The colloidal sediment was dried under

vacuum at 100 °C for 12 h and the reduced graphene oxide

was prepared.

Characterization of reduced graphene oxide: The

reduced graphene oxide was analyzed by FT-IR (Nicolet iS10,

Thermo Fisher Scientific) using KBr pellets in the 4000-500

cm-1 region. TGA (TGA/DSC1, Mettler Toledo) measurement

was performed under nitrogen atmosphere from 40 to 800 °C

at a heating rate 10 °C/min. Raman spectra were obtained using

a confocal microprobe Raman system (Renishaw, RM 2000).

AFM (SPA 400) image was obtained under ambient in tapping

mode. The N2-based Brunaer Emmett Teller (BET) surface

area and pore-size distribution of reduced graphene oxide were

determined by the Surface Area Analyzer (NOVA4200e,

Quantachrome). The concentrations of metal ions were deter-

mined by an atomic absorption spectrometer (AA-6300C,

Shimadzu). The zeta potential of reduced graphene oxide was

measured using a ζ-sizer (Nano ZS-90, Malvern). The pH

values of metal ion solutions were measured with a PHSJ-4A

pH meter (Shanghai Precision Science Equipment Co. Ltd.).

Adsorption kinetics experiments: 800 mL of metal ions

solution of 200 mg/L was placed into a round-bottomed flask

of 2000 mL, reduced graphene oxide (0.1 g) was added into

the flask and stirred under water bath at 25 °C. Then 5 mL of

this solution was taken out for filtrating at different time

intervals. The concentrations of metal ions were determined

by using atomic absorption spectrometer (AAS). The amount

of metal ions adsorbed by reduced graphene oxide was

calculated according to the following eqn. 1:

0(C – C) V
Q

W

×
= (1)

where Q is the amount of metal ions adsorbed onto unit amount

of the reduced graphene oxide (mg/g), C0 and C are the initial

and equilibrium concentrations of the metal ions in aqueous

phase (mg/L), respectively. V is the volume of the aqueous

phase (L) and W is the dry weight of the adsorbent (g).

Isothermal adsorption experiments: 100 mL of metal

ions solution with different concentration was placed into

round-bottomed flask of 250 mL and reduced graphene oxide

(0.1 g) was added into these solutions, respectively. After

ultrasonic treatment for 1 h, the flask was transferred to water

bath and stirred for 4 h at 25 °C. With the funnel filtering, the

equilibrium concentrations of metal ions were determined by

using AAS. The amount of metal ions adsorbed by reduced

graphene oxide was calculated according to eqn. 1.

Regeneration: The reduced graphene oxide (0.1 g) was

mixed with 414 mg/L Pb(II) solution for 4 h, then the adsorbent

was washed with excess of distilled water after adsorption and

0.05 M HCl solution was applied to elute. Washed with excess

of distilled water, the adsorbent was mixed with 414 mg/L

Pb(II) solution for 4 h again, the equilibrium concentrations

of metal ions were determined by using AAS, the adsorption

capacity was obtained according to eqn. 1.

RESULTS AND DISCUSSION

Characterization of reduced graphene oxide: Fig. 1a

presented the FTIR spectra of graphene oxide and reduced

graphene oxide. The band at 1728 cm-1 was associated with

stretching of the C=O bond of carbonyl or carboxyl groups for

graphene oxide and an intense band at 1230 cm-1 was observed

which is attributed to the stretching of the C-O bond. There

was a new broad band at 1540 cm-1 which was associated with

the vibration of N-H groups. The strong absorption at 3430

cm-1 can be associated with N-H and O-H stretching vibration,

demonstrating the successful chemical reaction between

graphene oxide and ethylenediamine. Fig. 1b presented the

Raman spectra of graphite, graphene oxide and reduced

graphene oxide. Raman spectra of graphite displayed a typical

G peak at 1579 cm-1. In Raman spectra of graphene oxide, the

G band was broadened and shifted to 1592 cm-1. The Raman

spectra of the reduced graphene oxide also contained both G

and D band at 1584 and 1346 cm-1, respectively and the ratio

of ID and IG increased from 1.05 (graphene oxide) to 1.08

(reduced graphene oxide) slightly. This change suggested a

decrease in the average size of the sp2 domains upon reduction

of graphene oxide. As described in Fig. 1c, graphene oxide

decomposed heavily at the temperature of 187.1 °C. It was

caused by the pyrolysis of the oxygen-containing functional

groups, forming CO, CO2 and H2O
44. After being functionalized

by the amine groups, the decomposition temperature of

reduced graphene oxide increased in a certain extent compared

with graphene oxide. Also, the TGA curve of reduced graphene

oxide exhibited a slight weight loss at the temperature lower

than 210 °C suggesting that graphene oxide was reduced,

which showed a better thermal stability45. As shown in Fig. 1d,

AFM was used to further identify the monolayer structure of

reduced graphene oxide sheet. The sheet with a thickness of

0.69 nm was observed, this can be regarded as the monolayer

reduced graphene oxide sheet46. The BET specific surface area

of reduced graphene oxide is 28 m2/g which was much lower

than that of previous graphene oxide sample data42. This might

be due to the incomplete exfoliation of graphene oxide and

the agglomerations occurred during reduction process47.

Effect of pH on the removal of metal ions:  The adsor-

ption performances of reduced graphene oxide for metal ions

at different solution pH values were shown in Fig. 2. As showed

in Fig. 2, the adsorption capacity for heavy metal ions was

increased with increasing solution pH. Below pH of 3, the

H3O
+ ions of higher concentration will compete with M(II) to
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seize the adsorption sites48 and as a result, less adsorption

capacities were observed at low pH. With the pH increased,

the protonation degree of the amino groups weakened and the

coordination and chelating ability of these amino groups

towards Pb(II), Cd(II), Cu(II) and Mn(II) strengthened. But at

pH higher than 4.5, the adsorption capacity for heavy metal

ions decreased in a way because heavy metal ions might preci-

pitate. In addition, the active adsorption sites mainly turned

into dissociated forms, which resulted in the high affinity of

adsorption sites towards the metal ions49. Results of Zeta

potential measurement for reduced graphene oxide at different

pH are shown in Fig. 3. Zeta potentials of the reduced graphene

oxide decreased with increasing pH. The PZCs were estimated

at pH 7 for reduced graphene oxide. It was obvious that in the

pH ranges, reduced graphene oxide surface is positively

charged. With the pH increased, the adsorption capacity of

reduced graphene oxide for heavy metal ions increased and

the numbers of positive charge on reduced graphene oxide

decreased. Then it might be that the electrostatic attraction

between reduced graphene oxide and heavy metal ions was

weak relatively and with the repulsion between heavy metal

ions and positive charge on reduced graphene oxide weakened,

the chelating ability of amino groups towards heavy metal ions

strengthened, which contribute to the increase of the adsorption

capacity of reduced graphene oxide for heavy metal ions.

The optimum pH value at which the maximum metal

uptake were obtained as 4.5, 5.0, 4.5 and 5.0 for Pb(II), Cd(II),

Cu(II) and Mn(II), respectively. These optimum pH values

were used for experiments followed.

Adsorption kinetics: Fig. 4a shows the kinetic curves of

Pb(II), Cd(II), Cu(II) and Mn(II) onto reduced graphene oxide.

It can be seen that the adsorption of Pb(II), Cd(II), Cu(II) and

Mn(II) onto reduced graphene oxide increases sharply within

the first 0.5 h, then it rises slowly and reaches equilibrium in 1

h. The process of adsorption achieved equilibrium in such a

short time, suggested that reduced graphene oxide had very

high adsorption efficiency and high-value industrial appli-

cations.

In order to interpret the kinetic characteristics of metal

adsorption processes, the pseudo-first-order50 and pseudo-

second-order51 kinetic models have been employed to fit the

experimental data in this work. The pseudo-first-order kinetic

model was generally expressed as the equation:

t

1

e

Q
– ln 1 – k t C

Q

 
= + 

 
, F = Qt/Qe (2)
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Fig. 1. (a) FT-IR spectra of graphene oxide and reduced graphene oxide, (b) Raman spectra of graphite, graphene oxide and reduced graphene oxide, (c)

TGA curves of graphene oxide and reduced graphene oxide and (d) AFM image of reduced graphene oxide
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where Qe and Qt are the amounts of the metal ions adsorbed

(mg/g) at equilibrium and at contact time t (min), respectively,

k1 (1/min) is the rate constant. The plots of -ln(1-F) versus t

were shown in Fig. 4b.

The experimental data were also fitted by the pseudo-

second-order kinetic model which was given with the equation

below:

2

t e2 e

t 1 1
t

Q Qk Q

 
= +  

 
(3)

where k2 (g/mg min) is the rate constant of pseudo-second-

order adsorption reaction. The plots of t/Qt vs. t were shown

in Fig. 4c and the rate constants (k2) were presented in Table-1.

TABLE-1 
FIRST-ORDER, SECOND-ORDER RATE CONSTANTS 

First-order rate constants Second-order rate constants 

Metal Qe 
(mg/g) 

k1 
(1/min) 

R2 
k2 (g/mg 

min) 
Qe (mg/g) R2 

Pb(II) 199.82 0.00887 0.8848 0.00403 200.8 0.9999 

Cd(II) 89.95 0.01001 0.9853 0.00285 90.5797 0.9999 

Cu(II) 39.87 0.01746 0.8947 0.00061 44.5831 0.9965 

Mn(II) 22.36 0.01166 0.9298 0.00173 24.2895 0.9991 

 
From Table-1, the R2 values of the pseudo-first-order

kinetic model for the adsorption of Pb(II), Cd(II), Cu(II) and

Mn(II) onto reduced graphene oxide were 0.8848, 0.9853,

0.8947 and 0.9298 and those of pseudo-second-order kinetic

model were 0.9999, 0.9999, 0.9965 and 0.9991. It indicated

that pseudo-second-order kinetic model provided a better

correlation in contrast to the pseudo-first-order model for

adsorption of Pb(II), Cd(II), Cu(II) and Mn(II) onto reduced

graphene oxide. It was possible to suggest that the adsorption

of Pb(II), Cd(II), Cu(II) and Mn(II) followed a second-order

type reaction kinetics. The pseudo-second-order model was

based on the assumption that the rate-determining step might be

a chemical adsorption involving valence forces through sharing

or exchanging of electrons between adsorbent and adsorbate49,52.

Adsorption isotherms: The adsorption isotherms of

reduced graphene oxide for different metal ions were shown

in Fig. 5. When the initial concentration of the metal ions

increased from 1 to 6 mmol/L, the adsorption capacity of

reduced graphene oxide at 25 °C for Pb(II), Cd(II), Cu(II) and

Mn(II) increased in the range of 173.41-396.63, 41.11-115.25,

38.94-54.17 and 22.97-38.61 mg/g, respectively. Obviously,

the adsorption capacity followed the order of Pb(II) > Cd(II)

> Cu(II) > Mn(II). These results indicated that the adsorption

was not only due to the carboxyl group but also the amino

group in the reduced graphene oxide and the reduced graphene

oxide had higher affinity to Pb(II) than Cd(II), Cu(II) or Mn(II).
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The adsorption data for heavy metal ions were analyzed

by fitting the Langmuir and Freundlich adsorption isotherm

models.

TABLE 2 
RELATED CONSTANT AND LINEAR REGRESSION 

COEFFICIENT OF LANGMUIR-FREUNDLICH FITTING 

Adsorbate 
Fitting model 

Pb(II) Cd(II) Cu(II) Mn(II) 

Qm(mg/g) 413.22 162.33 55.34 42.46 

b(L/mg) 0.0267 0.0046 0.1149 0.0382 Langmuir 

R2 0.9976 0.9868 0.9994 0.9964 

k(mg/g) 89.9469 4.4781 27.7293 10.2868 

n 4.2766 1.9026 8.2243 4.0946 Freundlich 

R2 0.7823 0.9810 0.8119 0.9063 

 
The Langmuir adsorption equation53 was as follows:

e
e m

e

bC
Q Q

1 bC
=

+
(4)

e e

e m m

C C 1

Q Q bQ
= + (5)

where Qm (mg/g) is the maximum adsorption capacity of metal

ion per unit weight of adsorbent; b represents the equilibrium

constant of adsorption reaction (L/mg). The values of Qm and

b were presented in Table-2.

The Freundlich adsorption equation54 and its logarithmic

form were as follows:

1/n

e eQ kC= (6)

e e

1
ln Q ln k ln C

n
= + (7)

where k and n are the Freundlich constants. k is roughly an

indicator of the adsorption capacity (mg/g) and 1/n is an

empirical parameter relating the adsorption intensity. The

values of k and n were presented in Table-2.

As shown in Table-2, the linear correlation coefficients

(R2) values of Langmuir isotherms were 0.9976, 0.9868,

0.9994 and 0.9964 for Pb(II), Cd(II), Cu(II) and Mn(II) adsor-

ption onto reduced graphene oxide, respectively. These results

indicated that the adsorption experimental data of Pb(II),

Cd(II), Cu(II) and Mn(II) onto reduced graphene oxide fitted

the Langmuir model well. In addition, it can be calculated

from the fitting results that the adsorption capacity Qm of Pb(II),

Cd(II), Cu(II) and Mn(II) onto reduced graphene oxide were

413.22, 162.33, 55.34 and 42.46 mg/g, respectively. As showed

in Table-2, the adsorption capacity of Pb(II) onto reduced

graphene oxide was far more than that of Cd(II), Cu(II) or

Mn(II). Therefore, it might be concluded that reduced graphene

oxide possessed much superior adsorption ability and higher

affinity for Pb(II) than Cd(II), Cu(II) or Mn(II).

The R2 values of Freundlich isotherms were in the range

0.7823-0.9810 (Table-2), which indicated that the adsorption

processes did not fit well with Freundlich model. Hence, the

Langmuir model gave the better fit to the experimental equili-

brium data. Also, the R2 values were very close to 1, which

indicated that the adsorption of reduced graphene oxide for

metal ions was a typical monomolecular layer adsorption.

Regeneration: From an economical point of view, the

regeneration capability of adsorbent is an important concern

in practical applications. Because the regeneration process

could not only restore the adsorption capacity of exhausted

adsorbent but also recover valuable components present in the

adsorbed phase. Since the adsorption of Pb(II) was highly pH

dependent, the desorption of Pb(II) was possible by controlling

the pH. In this study, 0.05M HCl was used to ensure a complete

detachment of the loaded Pb(II) into washing solution. The

Pb(II) adsorption capacity of reduced graphene oxide under-

going three cycles was shown in Fig. 6. The results showed

that the adsorption capacity for Pb(II) decreased not more than

20 % for the three cycles, which indicated the feasibility of

reduced graphene oxide adsorbent in metal recovery and

removal.
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Conclusion

In presented study, the reduced graphene oxide has been

prepared and characterized. The adsorption capacity of the

reduced graphene oxide for the heavy metal ions was highly

pH dependent. The adsorption process for the heavy metal

ions for reduced graphene oxide can be explained with pseudo-
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second-order type kinetic model, which is based on the assump-

tion that the rate-determining step is a chemical adsorption.

The adsorption of all the metal ions on reduced graphene oxide

fits the Langmuir equation well. The maximum adsorption

capacity of reduced graphene oxide for Pb(II) is found to be

413.22 mg/g, which is higher than that for Cd(II), Cu(II) or

Mn(II). The adsorption reaches equilibrium state within 1 h.

On the other hand, the regeneration studies for Pb(II) demons-

trated that reduced graphene oxide could be recycled for further

use and Pb(II) ion could be separated. The above results

indicated that reduced graphene oxide has excellent adsorption

properties for removing heavy metal ions from wastewater.
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