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ABSTRACT: Chelating groups are successfully linked to graphene oxide (GO)
surfaces through a silanization reaction between N-(trimethoxysilylpropyl)
ethylenediamine triacetic acid (EDTA-silane) and hydroxyl groups on GO
surface. EDTA-GO was found to be an ideal adsorbent for Pb(II) removal with a
higher adsorption capacity. EDTA-modification enhances the adsorption capacity
of GO because of the chelating ability of ethylene diamine triacetic acid. This
study investigates the adsorption and desorption behaviors of heavy metal cations
and the effects of solution conditions such as pH on Pb(II) removal. The
adsorption capacity for Pb(II) removal was found to be 479 ± 46) mg/g at pH
6.8, and the adsorption process was completed within 20 min. The Langmuir
adsorption model agrees well with the experimental data. The experimental results
suggest that EDTA-GO can be reused after washed with HCl, suggesting potential
applications in the environmental cleanup.
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1. INTRODUCTION
Water pollution due to the indiscriminate disposal of metal ions
and organic contaminants has been a rising worldwide
environmental concern. For example, wastewater from many
industries such as metallurgical and chemical manufacturing,
mining, battery, etc., contains one or more toxic metal ions.1,2

For environmental protection, it is necessary to remove these
metal contaminants from the wastewater before releasing into
the environment.3 Entire removal of heavy metals and organic
contaminants in natural water resources can not only protect
the environment itself, but also stop the toxic contaminant
transfer in food chains. Traditional techniques for treatment of
metal ions include reduction, coprecipitation, membrane
filtration, ion exchange and adsorption. Among the above
methods, the most promising process for the removal of metal
ions is adsorption. Several adsorbents that have been studied
for metal removal include activated carbon (AC),4 zeolite,5

inorganic materials,6,7 and resins. However, these adsorbents
have been suffering from either low adsorption capacities or
low efficiencies. Therefore, tremendous effort has been made in
recent years to seek new adsorbents and develop new
techniques. An ideal adsorbent should have the ability to
rapidly and efficiently remove toxic contaminants from
environments to a safety level. Nanotechnology and nanoma-
terials have gradually demonstrated playing an important role in
this aspect.8−11 The benefits from the use of nanomaterials for
metal removal may derive from their enhanced reactivity,
higher specific surface area and sequestration characteristics. So
far, a variety of nanomaterials are in various stages of research
and development, each possessing unique functionalities that

are potentially applicable to the remediation of industrial
effluents, groundwater, surface water, and drinking water.
Carbon-based nanomaterials are one type of these materials
that have potential applications in the wastewater treatment
system.11,12

Carbon-based nanomaterials have been studied as superior
adsorbents for their potential environmental applications to
remove pollutants, such as organic pollutants and metals with
high capacity and selectivity in aqueous solutions.11,13−19 One
of the advantages of carbon-based nanoparticles as attractive
adsorbents is that they have much larger specific surface areas.20

For example, carbon nanotubes (CNTs) have been suggested
as “a superior adsorbent” for dioxins with excellent adsorption
capacity because CNTs provide geometry sites for stronger
interactions with organic pollutants. Many methods have been
exploited for the preparation of various functional CNTs. The
surface oxidized CNTs have showed exceptional adsorption
capacity and high adsorption efficiency for metal removal.20−26

Earlier studies indicate that CNTs can be promising adsorption
materials used for environmental protection regardless of their
high cost at present. The prospect of using carbon nanotubes
for water pollution control appears to be very favorable, but
large-scale applications of CNTs in the near future are limited
by cost and availability. So far, it is difficult to predict in general
which of these CNTs-based adsorbents will be commercialized
because of cost concerns. Therefore, the rational design of
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adsorbents with lower cost is a challenge. Greater efforts are
made to seek the lower cost carbon-based nanomaterials as
adsorbents for environmental applications. Graphene or
graphene oxide, a CNT-substituted material and a product of
graphite from an oxidization process, may be an ideal material
for wastewater treatment. Normally, graphene obtained from
graphite exists in two states, i.e., graphene oxide (GO) and
reduced graphene oxide (RGO).27−29 Graphene oxide (GO) is
water-soluble with low conductivity while RGO has good
conductivity with poor solubility in water.30 The oxidation
process of graphite to graphene oxide can introduce abundant
functional groups on GO surface that can be used as anchoring
sites for metal ion complexation, making it a potential material
as a super adsorbent.31 Unlike CNTs, which need a special
oxidation process to introduce hydrophilic groups for metal
removal, the formation process from graphite to GO already
introduces many functional groups, such as −COOH, −CO
and −OH on GO surface. These groups are the essential
chemical skeletons for an ideal adsorbent.31−38

Ethylenediaminetetraacetic acid (EDTA) is well-known for
forming stable chelates with metal ions. Therefore, it can be
ideally used for metal removal.39,40 Immobilization of EDTA on
different supporting materials for adsorption purpose as
received widespread attention, these substrate include silica
gel,41 polymer resin,42−44 and cellulose.40,45,46 In a previous
study, we reported a method to chemically functionalize
graphene sheets with N-(trimethoxysilylpropyl) ethylenedi-
amine triacetic acid via a silanization reaction.47−49 EDTA-GO
is found to be an ideal adsorbent for heavy metal removal.
Upon linked to substrate, EDTA serves as a chelating group to
form a stable chelate with metal ions. This laboratory research
was designed to investigate the adsorption behavior of Pb(II)
on EDTA-GO surface and the potential applications of EDTA-
GO for heavy metal removal. We found that Pb(II)
concentration in Pb(II) contaminated water could be decreased
to ∼0.5 ppb or less after the treatment with EDTA-GO.

2. EXPERIMENTAL SECTION
2.1. Materials. Graphite, activated carbon powders, standard

Pb(II) solution (1.000 mg/mL Pb (II) in 2% HNO3), sulfuric acid,
HCl, and other chemical reagents used in our experiment are
commercial products purchased from Aldrich. These reagents and
solvents were used without further purification. Pb(II) metal solutions
in various pH conditions were prepared by directly diluting 1.000 mg/
mL Pb(II) solution with the buffer solutions prepared from NaAc-HAc
and NH4Cl-NH3.
Graphene oxide was prepared by oxidizing natural graphite with

strong oxidants such as H2SO4 and KMnO4 using a modification of
Hummers and Offeman’s method in our laboratory.48,50 The sizes of
single-layer graphene sheets vary from several hundred nanometers to
several micrometers, depending on the initial graphite sizes.48 Briefly,
graphite powders were first preoxidized by sulfuric acid, K2S2O8, and
P2O5. Next, the preoxidized graphite was oxidized by concentrated
H2SO4, KMnO4, and 30% H2O2, and the products were filtered and
washed with 0.1 M HCl and DI water. The resulting GO solid was
dried in room temperature. EDTA-GO was finally obtained by
reacting N-(trimethoxysilylpropyl) ethylenediamine triacetic acid
(EDTA-silane) with GO in ethanol solution in a silylation process
following by filtration and washing with methanol and water
sequentially.48 In this experiment, the mass percent of Si of EDTA-
GO is determined to be 5.5 ± 1.2 wt %. To reduce graphene oxide
(GO) to reduced graphene oxide (RGO), we thermally treated 0.1 g of
EDTA-GO directly in an oven at 300 °C for 30 min under nitrogen
protection. Upon reduction, the EDTA-GO changed color from
brown to black (EDTA-RGO).

2.2. Equipment. The concentration of metal ions in a solution was
analyzed using Perkin-Elmer 3110 Atomic Absorption Spectrometry
(AAS), a Thermo Scientific ICAP 6000 Series ICP system, and a
Thermal Fisher Evolution 300 UV−vis spectrum instrument. The
Energy-dispersive X-ray spectroscopy (EDXS) was taken on a JEOL
2010F microscope (JEOL Ltd., Japan) with an energy dispersion X-ray
(EDXS) analyzer. A Zeta-sizer Nano-ZS (Malvern, UK) was used for
zeta potential measurement. The sample separation was achieved using
a Thermo Scientific Sorvall centrifuge. Brunauer−Emmett−Teller
(BET) surface area measurements were completed using a GAPP V-
Sorb 4800S.

2.3. Characteristics of EDTA-GO. The zeta potential of EDTA-
GO, GO and AC were measured using a Zeta-sizer Nano-ZS
(Malvern, UK). Before the experiment, 10.0 mg of EDTA-GO, GO
and AC were suspended in a 20.0 mL buffer solution with various pH
values of 3.0, 4.5, 5.8, 6.8, 7.9, and 11.8, respectively. The suspensions
were first sonicated for 30 min and then keep stirring overnight before
the experiment. The pH values of the suspensions were measured
before and after the experiment.

The total acidic and basic sites as functional groups on GO and
EDTA-GO were determined following Boehm titration proce-
dure.51−54 To prepare a sample for Boehm titration, 0.1000 g of
AC, GO, EDTA-GO, and EDTA-RGO was dispersed into 10.0 mL of
DI water, and then 10.0 mL of 0.10 M NaOH and HCl solutions were
added to the above solutions, respectively, sealed and stirred for 36 h.
The suspensions were then filtrated and all the filtrated solutions were
transferred into beakers and the solutions were titrated with 0.10 M
standard HCl or NaOH solution.

2.4. Adsorption Experiments. To perform an adsorption
isotherm analysis, a typical adsorption experiment was carried out by
adding 10 or 25 mg of EDTA-GO to a 100 or 200 mL Pb(II) solution
(in a plastic vial) at room temperature (25 ± 2 °C). The initial Pb
concentrations varied from 5 ppm to 300 ppm (or mg/L), and the pH
value of all Pb(II) solutions was maintained at 6.8 with a buffer
solution. After adding EDTA-GO, the vial with solution was sealed and
left for 24 h for enough reaction time to achieve the adsorption
equilibrium state. Then, the mixture was filtered through a 0.2 μm
pore size membrane. The Pb(II) concentration on the filtrate was
carefully analyzed using AAS, ICP and UV spectrometry, which is
identified as the equilibrium concentration of Pb(II) (Ce). The amount
of Pb(II) adsorbed by the EDTA-GO was taken as the difference
between the initial and equilibrium concentrations of Pb(II) in the
solutions and the adsorption capacity (qe, mg/g) of the Pb(II)
adsorbed onto EDTA-GO was obtained from the following equation
and used for further adsorption isotherm analysis:

=
−

q
C C V

w
( )i e

e (1)

where Ci and Ce are the initial and equilibrium concentrations of
Pb(II) (mg/L), respectively; V is the volume of Pb(II) solution (L);
and w is the weight of EDTA-GO adsorbent (g).

The filtered EDTA-GO adsorbent was then investigated with SEM
EDXS to identify the surface element components. The effects of pH
on Pb(II) adsorption were measured using the same procedure
mentioned above, but the pH values of the solution were adjusted to
2.0, 3.0, 4.5, 5.5, 6.0, 6.8, and 8.2, respectively, with a buffer solution.
To test the effect of treatment times on the adsorption process, 20 mg
of GO or EDTA-GO was mixed with 100 mL of 100 mg/L Pb(II)
solution (6.8). The solution was filtered immediately when the
reaction times were reached to 3, 5, 8, 15, 30, 60, 90, and 120 min,
respectively. And the Pb(II) concentration remained in filtrate was
analyzed for adsorption kinetics analysis.

2.4. Desorption Experiments. To measure the desorption
process of Pb(II) on EDTA-GO adsorbents, the preloaded-Pb
EDTA-GO adsorbents were prepared using the same procedure
mentioned above. The amounts of the loaded Pb(II) on EDTA-Go
adsorbent (Wad) were calculated by eq 2.

= −w c c V( )i ead (2)
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where all the parameters are the same as defined before. After being
filtered through a 0.2 μm membrane and quickly washed with a buffer
solution, the samples were dried in an oven at 100 °C. The Pb-
pretreated EDTA-GO was then put in 100 mL of HCl solution with
pH adjusted at 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0, respectively. After 4 h of
treatment, Pb(II) adsorbed onto EDTA-GO surface was desorbed and
dissolved in HCl solution. The solution was then filtered through a 0.2
μm membrane. The filtrate was carefully collected, diluted to 250.0
mL, and used to determine the amount of Pb(II) desorbed from
EDTA-GO adsorbent (wds). After being dried in an oven, the filtered
HCl-washed EDTA-GO solid was measured using SEM EDXS. The
surface element ratio was calculated from the adsorption strength and
the results reflect the surface element enrichment.
The desorption ratio (αds) was calculated by the equation below

α =
w
wds

ds

ad (3)

where wad is the mass (g) of adsorbed Pb(II) on EDTA-GO adsorbent
that was calculated from eq 2, and wds is the mass (g) of the dissolved
Pb(II) from EDTA-GO surface into HCl solution that is calculated
from Pb(II) concentration in HCl solution.
As an experimental control, other related carbon materials, such as

graphite, activated carbon, GO, RGO, EDTA-RGO, etc., were used to
examine the adsorption and desorption behavior using the same
procedure mentioned above.

3. RESULTS AND DISCUSSION
3.1. Adsorption Isotherms. Figure 1 shows the adsorption

isotherms of Pb (II) at its initial concentration range of 5−300

mg/L (an average of five replicate tests at the same initial
concentration). Pb(II) ions are more favorably adsorbed on
EDTA-GO and the adsorption capacity of Pb (II) attained
∼479 ± 46 mg/g at an equilibrium concentration of 208 ± 17
mg/L, while the adsorption capacity for Pb (II) on GO is 328
± 39 mg/g. These results are much higher than that obtained
from activated carbon and nitric acid treated CNTs.
The experimental data for metal ions adsorption onto GO

are analyzed using the Langmuir and Freundlich adsorption
isotherm model, which is applicable to highly heterogeneous
surfaces. From the linear form of this isotherm, the equation is
given as

= +
q q q K C
1 1 1

e max max l e (4)

where qe is the adsorption amount of Pb(II) on adsorbent (mg/
g) at an equilibrium state,15,17,55−57 qmax is the adsorption

capacity of metals on adsorbent (mg/g), Ce is the equilibrium
concentration of metals (mg/g), and Kl is the Langmuir
adsorption constant, which is related to the adsorption energy.
For Freundlich model as presented in eq 5

=q K C n
e f e

1/
(5)

where qe is the adsorption amount of metals on adsorbent (mg/
g), Ce is the equilibrium concentration of metals (mg/g), and
Kf and n are Freundlich constants related to adsorption capacity
and adsorption intensity, respectively.
It can be seen from the Table 1 that Langmuir model shows

a good agreement with the experimental data with a correlation

coefficient of 0.975 at pH 6.8. Our investigation demonstrates
that Freundlich model fits the results with a correlation
coefficient of 0.933. The maximum adsorption capacities of
Pb(II) on EDTA-GO and GO from five-times tests are 479 ±
46 and 328 ± 39 mg/g, respectively. These values are greater
than that of most carbon-based nanomaterials such as oxidized
carbon nanotube and activated carbon.
In addition, EDXS can also be used to track the adsorption

process through the analysis of the surface element contents. As
shown in Figure 2, the presence of Pb, C, O, Si, and Na at

EDTA-GO and GO surface is confirmed by the signal of above
elements. No signal of Pb element is observed on graphite
surface, indicating that no adsorption of Pb occurs at graphite
surface. The strong signal of Pb observed at EDTA-GO surface
indicates that Pb(II) has been adsorbed onto EDTA-GO
surface. Although it is difficult to accurately estimate the surface
ratio, the higher EDXS counting ratio of Pb(II) to carbon
implies a high adsorption capacity. In addition, the signal
strength of Pb at EDTA-GO surface are stronger than that at
GO, and the appearance of Si element signal has also confirmed

Figure 1. Adsorption isotherms of Pb (II) on three adsorbents at pH
6.8. Experiment conditions: Initial concentration 5−300 mg/L, sample
dose 25 mg/200 mL, pH 6.8, temperature (25 ± 2) °C, contact time
24 h.

Table 1. Results and Parameters Associated with Langmuir
and Freundlich Models

Langmuir model Freundlich model

materials
qmax

(mg/g)
Kl

(L/mg) R2
KF (mg/g
(mg/L)n) n R2

EDTA-
GO

525 0.122 0.975 71.66 2.27 0.933

GO 367 0.035 0.92 10.69 1.29 0.80
EDTA-
RGO

228 0.031 0.98 7.38 1.35 0.75

Figure 2. EDXS spectrum of graphite, GO, and EDTA-GO with
Pb(II).
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that presence of EDTA-silane after EDTA groups is introduced
on to GO surface, These results suggest that the EDTA group
can dramatically increase the adsorption capacities of the heavy
metals. In a typical experiment, the surface elements, such as
Pb, C, O, and Si, on EDTA-GO are obtained as C+O (72−
80%), Pb (26−18%).
3.2. Characterizations of EDTA-GO and Adsorption

Mechanism. The adsorption of Pb(II) on a adsorbent can be
defined as physical absorption, chemical absorption, and
electrostatic attraction. Chemical absorption and electrostatic
attraction are two major factors that can affect the adsorption
performance of a adsorbent. Generally, a chemical or thermal
treatment is necessary to yield higher performance of the
traditional carbon-based adsorbents. The chemical and thermal
treatment processes can result in great impact on the
adsorption capability of activated carbon, carbon fiber and
CNTs for metal ions removal because the performance of
carbon materials is mainly determined by the nature and
concentration of the surface functional groups. For example,
the adsorption capacity of the activated carbon and carbon
nanotubes increases mainly with the increase of surface density
of the surface groups such as carboxylic acids, hydroxyl and
carbonyl groups.13,14,21,22,26,48 Thus, the oxidation of carbon
surface can offer not only a more hydrophilic surface structure,
but also a larger number of oxygen-containing functional
groups, which increases the adsorption capability of carbon
material.24 Thus, it can be predicted that GO can be an ideal
adsorbent for heavy metal removal from pollutant and other
natural water resources. Figure 3 shows the EDTA-GO and
EDTA-GO-metal chemical structures. The synthesis of GO
from graphite can introduce a huge amount of −COOH and
−OH functional groups onto GO surface, which makes GO
become hydrophilic in aqueous solution.48 When reacted with
EDTA-Silane, the hydrolysis of the trialkoxy groups of silane
generates -Si−OH groups and the reaction between Si−OH
and C−OH of graphene can link EDTA to the graphene
surface through Si−O−C bonds. Thus, the chelating groups are
introduced onto GO surface.
The above prediction is confirmed by the surface properties

of GO and EDTA-GO. The textural characteristics of the as-
prepared GO, EDTA-GO are listed in Table 2. The BET
surface areas of GO and EDTA-GO powder are determined to
be 430 m2/g and 623 m2/g, respectively. These results are
within the range reported by other authors who found that the
BET surface area of the graphene sheets are between 50−1300
m2/g.59−63,67 The amount of functional groups formed on the
GO and EDTA-GO surface were determined by Boehm’s

titration method and the results are listed in Table 2. The total
amount of acidic group on GO is much higher than that of AC,
most of acidified SWCNTs and MWCNTs.64−66 In addition,
after EDTA was linked to GO surface, the amount of basic of
EDTA-GO was obtained, which can be attributed to the
formation of the amine group on EDTA. Because the
adsorption capacity of carbon-based adsorbents mainly depends
on the amount of functional groups, the results in Table 2
indicate that the EDTA-GO has the highest adsorption
capacity.
Two adsorption processes are responsible for the removal of

Pb(II) with EDTA-GO: ion-exchange reaction between Pb(II)
and −COOH or −OH groups and surface complexation and a
complex of Pb(II) with EDTA. The first adsorption mechanism
is an ion-exchange reaction between Pb(II) and −COOH or
−OH groups71

(1) Pb(II) reacts with −COOH and −OH groups on GO
surface to form a complex

− +
→ − − +

+

− + +
GO COOH Pb

GO COO Pb H

2

2

− +

→ − − +

+

− + +
(GO COOH) Pb

(GO COO ) Pb 2H
2

2

2
2

− + → − − ++ − + +GO OH Pb GO O Pb 2H2 2

Figure 3. Chemical structure of EDTA-GO (left) and its interaction with heavy metal cations (right).

Table 2. Amount of Functional Groups on GO, EDTA-GO,
EDTA-RGO, and Activated Carbon (AC)

species SBet (m
2/g)

total of
basicity
groups

(mmol/g)

total of
acidity
groups

(mmol/g)

capacity for
Pb(II)
(mg/g)

GO 430 0.2 ± 0.02 6.2 ± 1.3 328 ± 39
EDTA-GO 623 1.8 ± 0.4 8.5 ± 1.9 479 ± 46
EDTA-RGO 730 2.2 ± 0.3 3.0 ± 0.4 204 ± 26
AC 1070a 0.27 0.36 ± 0.2 80−120a

SWCNTsa69 145−1200a n 0.43a 30−80a

acidified
SWCNTsa70

77−237a n 1.0−4.5a 90a

activated
carbon
clothsa71

1689a 1.2a 1.2a 210a

activated
carbon
fibera67,72,73

1375a n na 40−360a

aThese data are from refs 67−73.
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− +

→ − − +

+

− + +
(GO OH) Pb

(GO O ) Pb 2H
2

2

2
2

(2) Pb(II) may also react with COOH groups of EDTA to
form a complex with EDTA groups

− − +
→ − − − +

+

− + +GO
GO EDTA COOH Pb

EDTA COO Pb H

2

2

− − +

→ − − − +

+

− + +
(GO EDTA COOH) Pb

(GO EDTA COO ) Pb 2H
2

2

2
2

The above reaction mechanism is supported by the pH change
when the EDTA-GO solution is mixed with a Pb(II) solution.
The reaction between −COOH and −OH with Pb(II) releases
proton into the solution and then decreases the pH value of the
solution.73 Figure 4 depicts the pH values of solution after

Pb(NO3)2 was added to the GO, EDTA-GO and AC solution.
In our laboratory experiment, 0.10 g of GO, EDTA-GO or AC
sample was added to 20.0 mL DI water, respectively. The initial
pH was measured, and GO and EDTA-GO solutions showed
lower pH (3.46 and 3.36, respectively). This is because of the
dissociation of hydroxyl and carboxyl groups present on GO
and EDTA-GO surface. Then, 0.1 mL of 0.10 mg/mL
Pb(NO3)2 solution was injected and pH value was monitored.
Upon Pb(NO3)2 was added to the solution, ion exchange
process occurred between −COOH and −OH. Thus, H+ ion
was released from EDTA-GO and GO to the solution, and
caused a decrease in pH. The pH decreased when more
Pb(NO3)2 was added to the solution and reached a stable value
when all of the surface sites of carboxyl and hydroxyl groups
were occupied by Pb(II). For EDTA-GO and GO, the
saturated regions were between 0.03−0.06 g Pb(NO3)2/0.1 g
(EDTA-GO or GO). This trend is in agreement with the
adsorption capacity. As a controlled experiment, Pb(NO3)2
added to AC suspension can also cause a decrease of pH, but
the amount of Pb(NO3)2 required to reach a saturated state is
less than 0.01 g Pb(NO3)2 /0.1 g AC. When Pb(NO3)2 was
added to the DI water solutions containing EDTA-GO, GO,
and AC, more [H+] was released from the solutions with
EDTA-GO and GO samples than that from the solution with
AC sample. This trend is in accordance with the adsorption
capacity and also matches AC adsorption capacity for Pb(II)
(less than 100 mg/g).
Another mechanism is the formation of complex of EDTA

with Pb(II). It is expected that there is a very stable complex

formed between EDTA and Pb(II) ions and this will contribute
the properties of EDTA-Go to entirely remove Pb(II) from
water system.72 Table 3 lists the removal results after various

lower concentrations of Pb (II) solutions were treated with
EDTA-GO. It can be seen clearly that the Pb(II) concentration
in water reached to a safe level after treated with EDTA-GO.
The equilibrium concentration of Pb(II) was about 0.5−5 ppb,
which is lower than the FDA drinking water standard level (10
ppb). The higher removal efficiency of Pb(II) is probably due
to the higher stability constant of Pb(II)-EDTA complex (log K
≈ 18.0). For a real filtration system, this is an ideal adsorbent
because it can remove toxic heavy metals entirely.

3.3. Zeta Potentials of EDTA-GO and the Adsorption
Behavior Effect of pH. The adsorption of Pb(II) on the
EDTA-GO surface is a surface reaction. It can be predicted that
the pH plays an important role in the adsorption of particular
metal ions onto GO.15,58 To evaluate the effect of pH on the
adsorption of Pb ions on EDTA-GO, we prepared a series of
sample solutions (100.0 mL) containing 100 mg/L Pb(II). The
pH values of the solutions were adjusted from 2 to 8.2 with a
buffer solution, and 10.0 mg of EDTA-GO was added to above
solution separately. After the adsorption was allowed to react
for 24 h to achieve the equilibrium state, the solutions were
filtered and the Pb(II) concentration in the filtrate (Ce) was
analyzed. The adsorption capacity was calculated by eq 1.
Figure 5 depicts the relationship between the adsorption

capacity of Pb(II) on adsorbents and the pH, showing that the
adsorption capacity increases with the increasing pH. When pH
is less than 5, the adsorption was weak. However, the
adsorption of Pb(II) increased with the increasing pH from 5
to 8.2. Generally, the adsorption capacities of metallic species of
most adsorbents increase with increases in the pH. In this
system, Pb(II) can be adsorbed onto EDTA-GO surface by
reacting Pb(II) with EDTA chelating groups, −COOH and
−OH groups, respectively. Pb(II) adsorption occurred at lower
pH (pH 3) is about 45 mg/g. One explanation could be
attributed to the formation of Pb(II)-EDTA chelates on EDTA-

Figure 4. pH change with added Pb(NO3)2 in 20 mL of DI water with
0.10 g of adsorbent sample.

Table 3. Removal Efficiency of EDTA-GO Towards Pb(II)

initial concentration of P(II) (ppb)

1.0 5.0 10.0 50.0 100.0
Equilibrium Concentration of P(II) after Being Treated with EDTA-GO (ppb)

pH 6.5 0.64 0.8 0.73 1.74 5.65
pH 6.8 0.44 0.68 0.87 1.82 5.21
pH 7.2 0.57 0.64 0.73 2.94 4.14

Figure 5. Effect of pH values on the adsorption capacity of Pb(II).
Experiment conditions: initial Pb(II) concentration 100 mg/L (100
ppm), sample dose 10 mg/100 mL, temperature (25 ± 2) °C, contact
time 24 h.
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GO surface, such as Pb(II)-HEDTA and Pb(II)-H2EDTA.
Besides this reason, other effects of pH on the adsorbents are
surface charge, degree of ionization and speciation. In an acidic
solution, the species of surface groups are −COOH and −OH,
respectively. The decrease in pH leads to neutralization of
surface charge, and thus the adsorption of cations should
decrease. In addition, there are some competitions on −COO−

and −O− sites between proton and metal cations in an acidic
condition, which will result in a lower adsorption capacity. The
increase in the pH values of the solution will convert more of
above groups to −COO− and −O−, and provide electrostatic
interactions that are favorable for adsorbing Pb(II) and other
cationic species. These results are also confirmed with zeta
potential results of EDTA-GO. Figure 6 depicts that the zeta

potential of EDTA-GO decreases first when pH increases from
3 to 6, then exhibits a plateau from 6 to 8 and then increases
when pH is 12. The trend of the zeta potential of EDTA-GO is
in accordance with the phenomenon observed from oxidized
carbon nanotubes.76,77 It is obvious that in all test pH ranges,
EDTA-GO surface is negatively charged, which is due to the
functional groups of EDTA-GO that can be ionized to make
EDTA-GO be negative in solutions and can provide stronger
electrostatic interactions between metal cations and the
adsorbents. At the same pH, the zeta potential of EDTA-GO
and GO were more negative than that of AC, EDTA-RGO, and
RGO, which indicates that the amounts of −COOH and −OH
of EDTA-GO and GO is the highest among the above
adsorbents. These results are in consistent with the absorption
capacity and the surface acidity groups presented in Table 2.
However, it should be pointed out that a high pH value, for

example, pH value >8.0, will cause a hydrolysis process of metal
cations and form metal hydroxide, such as Pb(OH)+, Pb(OH)2,
etc.74−77 In this condition, the removed Pb(II) will be divided
into two clusters: the adsorption and the precipitation of lead
hydroxide. The test of the precipitation of Pb at different pH
values was obtained by mixing 1.0 mL 100 mg/L standard Pb
(II) solution with a series of pH buffer solutions (10.0 mL).
The pH values are 5.5, 6.5, 6.8, 7.0, 7.2, 7.5, 8.2, and 9.5,
respectively. The mixture solutions were left overnight and the
Pb(II) precipitation was formed on the bottom of the beakers
and then the upper clear solutions were used for analyzing the
remained Pb(II) concentration with AAS. It was found that
when pH is higher than 7.2, a precipitation of Pb(II) occurs,
when pH is lower than 7.0, no precipitation was found.
Therefore, the optimized adsorption pH value was performed
at pH 6.5−7.0. Under these conditions, no precipitation of

Pb(II) occurred and then all of the removed Pb(II) from the
solution were adsorbed on EDTA-Go surface. Therefore, our
experiment was performed at pH 6.8 in order to avoid any
precipitation at higher pH values except when high pH was
needed for investigation purpose. At pH 6.8 in NH3−NH4Cl
buffer, no precipitation of lead was observed and 100% of Pb
species was water-soluble. Pb(II) was removed by adsorption
only.

3.4. Effect of Treatment Times. The adsorption behavior
of Pb(II) by GO and EDTA-GO in relation to contact time was
carried out by varying the treatment times from 5 min to 2 h for
a 100 mL of 100 mg/L Pb(II) solution with a dose of adsorbent
of 20 mg at an optimum pH of 6.8. The adsorption process was
investigated with and without the sonication treatment. The
adsorption equilibrium capacity was obtained by mixed the
adsorbents with Pb(II) solution for 24 h, which are believed to
be equilibrium state. The percent (%) of adsorption
equilibrium capacity was calculated by divided the adsorbed
amounts of Pb(II) on adsorbents at different times by the
adsorption equilibrium capacity. The results are presented in
Figure 7. It was found that, without a sonication treatment, the

time for the adsorption to reach the equilibrium state for
EDTA-GO and GO were 20−30 min and 30−45 min,
respectively, with the ratio to reach the maximum adsorption
capacities of 90−95%. With a sonication treatment, the
adsorption reached to the equilibrium state within 5−15 min
for the EDTA-GO and GO with 90−95% of the maximum
adsorption capacities. As a comparison, it took some
commercial adsorbents about 1 to 24 h.40 This rapid adsorption
was directly owed to the 2D structure of EDTA-GO because
this 2D structure enables the adsorbents to be ready for
accessibility of the chelating EDTA, making it easy for metal
chelation. This short equilibrium time indicates that GO has a
strong potential application for metal ion adsorption.
The effect of the initial concentration of Pb (II) on the

adsorption rate was also investigated. It was found that the
adsorption capacity of Pb(II) onto EDTA-GO reached 90% of
its equilibrium state in about 11, 15, and 18 min when the
initial concentrations (Ci) of Pb(II) were 10, 50, and 100 mg/L,
respectively. It is apparent that the adsorption rate achieved to
equilibrium state is faster at a lower initial heavy metal
concentration (Ci), probably because the adsorption site
adsorbed the available metal ions more rapidly at a lower Ci.
This rate is much faster than other carbon based adsorbents,
such as AC, carbon nanotubes and other materials.17,45,55 The

Figure 6. Zeta potentials of carbon materials under various pH
conditions.

Figure 7. Effect of contact time on the adsorption capacity of Pb(II).
Experiment conditions: initial Pb(II) concentration 100 mg/L (100
ppm), sample dose 20 mg/100 mL, temperature (25 ± 2) °C.
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time required to reach the equilibrium state is much shorter
than AC and other carbon based adsorbents, indicating a
commercially available product of GO for the waste treatment.
3.5. Desorption Process. The adsorption capacity and the

desorption property are two key parameters to evaluate a
adsorbent. An ideal adsorbent should not only possess higher
adsorption capability, but also show better desorption property,
which will significantly reduce the overall cost for the
adsorbents. Figure 8 gives the desorption ratio of EDTA-GO

with Pb(II). It is apparent that Pb(II) desorption increased with
decreasing pH values. Only about 9−15% of Pb(II) adsorbed
onto GO surface was desorbed from EDTA-GO surface using
washing solution at pH >6, then increased sharply at pH <5.0,
and eventually reached about 90% at pH <2.0.
To further investigate the desorption process, we applied

EDXS technique to monitor the surface element components
of the EDTA-GO and GO sample before and after the washing
process. The strength of Pb signal at EDTA-GO surface was
used to estimate the desorption process. Figure 9 depicts a

series of EDXS spectrum of Pb-pretreated GO, and EDTA-GO
samples before and after the HCl washing process. After the
washing process, the signal of Pb was diminished, which
confirms the complete desorption process. Pb(II) absorbed on
EDTA-surface was washed out through the process. In a typical
sample, the surface element ratio (mass) of Pb on EDTA-GO
surface decreased from 15.8 to 1.2%, implying that almost all
the Pb (92%) can be removed by HCl within 1 h. This result is
in a good agreement with the AAS result (Figure 8), proving
that Pb(II) adsorbed by EDTA-GO can be easily desorbed and,
therefore, EDTA-GO can be employed repeatedly for heavy
metal removal. Further research demonstrates that the capacity
of EDTA-GO for Pb(II) removal was maintained at 80% of its

initial capacity after about 10 cycles. These data confirm that
GO is an ideal heavy metal adsorbent.

4. CONCLUSIONS

The introduction of EDTA groups to the GO surface through
silanization process can significantly increase the adsorption
capacity of GO for heavy metal removal. The EDTA groups
together with −OH and −COOH groups on the GO surface
can make EDTA-GO an excellent adsorbent for removal of
toxic heavy metals, such as Pb(II), Cu(II), Ni(II) and Cd(II) in
aqueous solution. The adsorption of Pb(II) fits the Langmuir
equation well. The highest adsorption capacity varies with pH
of the solution. The highest adsorption capacity of EDTA-GO
for Pb(II) is found to be 479 ± 46 mg/g, which is 4−5 times
higher than that of oxidized carbon nanotubes, and 1−2 times
higher than that of GO. It was found in this study that the
Pb(II) adsorption processes reached their equilibrium state
within 10 to 30 min, which is faster than most of carbon-based
adsorbents can do. On the other hand, the desorption behavior
of metals on the GO surface suggests that GO can be reused
after treated with HCl solution. This research demonstrates
that EDTA-GO can be an effective adsorbent for toxic heavy
metal removal.
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