
EDTA- and amine-functionalized graphene oxide as sorbents for Ni(II)
removal

Caiyun Zhaoa, Lingjuan Maa, Jinmao Youa, Fengli Qua,b,*, Rodney D. Priestleyb

aCollege of Chemistry and Chemical Engineering, Qufu Normal University, Qufu, Shandong 273165, P.R. China,
Tel. +86 537 4456305; emails: caiyun.zhao@126.com (C. Zhao), qflhn@126.com (L. Ma), jmyou6304@126.com (J. You),
fengliquhn@hotmail.com (F. Qu)
bDepartment of Chemical and Biological Engineering, Princeton University, Princeton, NJ 08544, USA, Tel. +1 609 258 5721;
email: rpriestl@princeton.edu (R.D. Priestley)

Received 8 October 2014; Accepted 20 February 2015

ABSTRACT

The adsorption behavior of Ni(II) onto graphene oxide (GO) derivatives N-(trimethoxysilyl-
propyl) ethylenediaminetriacetic acid-modified GO (EDTA-GO) and 3-Tri-methoxysilyl-
propyl-diethylenetriamine (amine–silane)-modified GO (amine-GO) were investigated. The
EDTA and amine groups significantly enhanced the Ni(II) adsorption capacity of GO. The
experimental results illustrated that GO-based sorbents could selectively remove Ni(II) from
contaminated water with a maximum adsorption capacity of 103 mg/g within 30–45 min.
The influence of pH on the adsorption/desorption properties as well as reusability of the
modified GO derivatives was also investigated. These results demonstrate the application of
modified GO as an effective adsorbent for water protection.
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1. Introduction

Water is essential and plays a prominent role in
human life. Due to the demands of industrialization
and urbanization, water quality has been adversely
affected by the contamination of heavy metals includ-
ing nickel (Ni), cadmium (Cd), chromium (Cr), mer-
cury (Hg), lead (Pb), and arsenic (As) [1]. Removing
these metal contaminants from process wastewater
prior to release is necessary to protect the environ-
ment because this kind of pollution is highly persis-
tent, toxic, and tends to bioaccumulate in food chains
[2–4]. This is problematic for human health, for

instance, trace nickel in water can bind to nucleic
acids and produce significant genetic effects [5,6].

In recent years, tremendous effort has been under-
taken to develop new techniques and sorbents for
water treatment [7]. An ideal sorbent should have the
ability to remove toxic contaminants rapidly and effi-
ciently from water to a safe level. Recent studies have
demonstrated that carbon-based nanomaterials, such as
carbon nanotubes (CNTs), are superior sorbents for the
removal of heavy metal pollutants from water with
high capacity and selectivity [8–12]. Among various
carbon-based adsorbents, graphene oxide (GO), a free-
standing two-dimensional atomic crystal, is potentially
an ideal material for wastewater treatment. The unique
physical and chemical properties of GO make it promis-
ing for potential applications in many fields [13–19].*Corresponding author.
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Unlike CNTs, which require a special oxidation process
to introduce hydrophilic groups for heavy metal
removal, the production process of GO from graphite
inherently introduces the functional groups of –COOH,
–C=O, and –OH on to the surface, which are favorable
chemical functionalities for an ideal sorbent [20–32].
Recently, it was demonstrated that the silylation of GO
is another efficient method to introduce efficient groups
onto the surface of GO for the application of heavy
metal removal from water [33]. For example, GO modi-
fied with N-(trimethoxysilylpropyl) ethylenediamine
triacetic acid (EDTA–silane) via a silylation reaction can
produce GO derivative of EDTA-GO [34,35]. The
adsorption behavior of EDTA-GO for Pb(II) removal
was examined and EDTA-GO was found to be an ideal
adsorbent for Pb(II) removal with a higher adsorption
capacity because of the chelating ability of ethylenedi-
aminetriacetic acid [36]. Here, the adsorption behavior
of Ni(II) on EDTA-GO and, another GO derivative,
3-Tri-methoxysilyl-propyl-diethylenetriamine (amine–
silane)-modified GO (amine-GO) was investigated. We
show that the modified GO can serve as an effective
adsorbent for the removal of Ni from water.

2. Experimental section

2.1. Materials and equipment

Graphite, activated carbon powders (AC),
hydrochloric acid, standard Ni(II) solution
(1.0 × 103 mg/mL in double-distilled water), standard
Cu(II) solution (1.0 × 103 mg/mL in double-distilled
water), ion-exchange resin (DOWEX 50wx4-400), and
other chemicals used in the experiments were pur-
chased from Sigma-Aldrich, and used without further
purification. Ni(II) solutions at various pH conditions
were prepared by directly diluting the 1.0 × 103 mg/
mL Ni(II) solution with a buffer solution prepared
from KH2PO4–Na2HPO4 and NH4Cl.

GO was obtained through natural graphite oxida-
tion based on the Hummer’s method [37]. As shown
in Fig. 1, modified GO was prepare by treating GO
with EDTA–silane or amine–silane in an ethanol
solution [36]. In general, the silanization process con-
sisted of dispersing 20.0 mg of GO into a three-neck
flask with 150.0 mL ethanol using ultrasonication fol-
lowed by the addition of 2 mL of 1.0 wt.% ethanol
solution of EDTA–silane or amine–silane that was
subsquently stirred for 12 h at 75˚C [33]. The products
were filtrated and dried in a vacuum at room tem-
perature. In this experiment, the mass percent of Si in
EDTA-GO is determined to be 5.8 ± 0.5 wt.% and the
mass percent of Si in amine-GO is determined to be
4.2 ± 0.7 wt.%.

The concentration of metal ions in solution was
analyzed using a Thermal Fisher Evolution 300 UV–
Vis spectrum instrument and a Thermo Scientific
ICAP 6000 Series inductively coupled plasma (ICP)
system. The SEM and EDXS data were taken on a
JEOL 2010F microscope (JEOL Ltd., Japan) with an
energy dispersion X-ray (EDXS) analyzer. The sample
separation was achieved using a Thermo Scientific
Sorvall centrifuge. Fourier transform infrared (FTIR)
spectrometry (Perkin–Elmer Spectrum One, USA) was
used to characterize the structure changes of EDTA-
GO, amine-GO, and GO, which were separately
pressed into pellets with potassium bromide and then
scanned from 500 to 4,000 cm−1 at a resolution of
4 cm−1.

2.2. Adsorption experiments

A typical adsorption experiment was carried out
by adding 20 mg of EDTA-GO or amine-GO to a
20 mL aqueous solution containing Ni(II) in a plastic
vial at room temperature (25 ± 2˚C) (named as dosage
20 mL/20 mg). The initial Ni(II) concentrations varied
from 1 to 200 ppm and the pH value of all the solu-
tions were maintained at pH 6.5 with a buffer solu-
tion. After adding the EDTA-GO or amine-GO, the
vial with solution was sealed and left for 12 h to
achieve the adsorption equilibrium state. Then the
mixture was filtered through a 0.2 μm pore size mem-
brane. The final Ni(II) concentration was analyzed
using a UV spectrometry or ICP, and was identified
as the equilibrium concentration (Ce). The amount of
Ni(II) adsorbed was taken as the difference between
the initial and equilibrium concentrations of Ni(II) in
the solutions and the adsorption capacity (qe, mg/g) of
the Ni(II) adsorbed onto the EDTA-GO or amine-GO
was obtained from Eq. (1):

qe ¼ ðCi � CeÞ � V

w
(1)

where Ci and Ce are the initial and equilibrium con-
centrations of Ni(II) (mg/L), V is the volume of Ni(II)
solution (L), and w is the mass of EDTA-GO or amine-
GO adsorbent (g).

The investigation of the adsorption kinetics was
performed in a 50 mL solution containing 100 mg/L of
Ni(II) with 20 mg of GO derivatives. The time used
was recorded immediately when sorbents were mixed
with Ni(II) solution and then were filtered immediately
through a 0.2 μm membrane after a giving time. The
amount of metal ions remained in the solution was
determined and the adsorbed Ni(II) on GO derivatives
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was calculated as the difference between initial and
remained concentration at a specific time. Finally, the
effects of pH on Ni(II) adsorption were measured fol-
lowing the same procedure. Commercial products of
AC, GO, and cation-exchange resin were used as con-
trol materials to detect the adsorption and desorption
behavior after identical conditions.

2.3. Recycle experiments

Recycle experiments were performed utilizing HCl
to wash the sorbents after an adsorption process. The
amounts of the absorbed Ni(II) (Wad) on EDTA–GO or
amine-GO sorbents were calculated from Eq. (2):

Wad ¼ ðCi � CeÞ � V (2)

where all the parameters were the same as Eq. (1).
After filtering through a 0.2 μm membrane and

washing with a buffer solution, the sorbents were
dried in an oven at 100˚C and then put in a HCl solu-
tion of 100 mL with pH values of 2.0, 3.0, 4.0, 5.0, and
6.0, respectively. After treatment for 4 h, Ni(II)
adsorbed onto EDTA-GO or amine-GO surface was
desorbed and dissolved in HCl solution. The amount
of Ni(II) desorbed (released) from the sorbents was
used to determine the desorption ratio of Ni(II) onto
EDTA-GO or amine-GO sorbent (Wds).

The amount of dissolved Ni(II) into HCl solution
was analyzed using ICP. The desorption ratio (αds)
was calculated by the following Eq. (3):

ads ¼ Wds

Wad
(3)

where Wad was the mass (g) of adsorbed Ni(II) on
EDTA-GO and amine-GO sorbents calculated from Eq.
(2), and Wds was the mass (g) of the dissolved Ni(II)
from EDTA-GO and amine-GO surface into HCl solu-
tion. The values of Wds are calculated using the con-
centration of Ni(II) in the HCl solution.

2.4. Competitive adsorption experiments

The competitive adsorption of various heavy met-
als onto the EDTA-GO and amine-GO surface was
performed by adding 20 mg sample into 20 mL aque-
ous solution containing 50 ppm of Cu2+, Ni2+, Cd2+,
and Fe2+. After filtration and drying in an oven, the
filtered EDTA-GO and amine-GO were investigated
using SEM and EDXS. The surface element ratio was
calculated from the adsorption strength and the data
reflected the surface element enrichment.

3. Results and discussion

3.1. FTIR spectra of EDTA-GO, amine-GO, and GO

Fig. 2 shows the FTIR spectra of EDTA-GO, amine-
GO, and GO. The absorption band at 1,630 cm−1,
observed for all samples, is attributed to the C=C
bond of the hexagonal network in GO. The absorption
at 1,730 cm−1 is attributed to the stretching of the C=O

Fig. 1. The chemical structure of amine–silane, EDTA–silane, amine-GO, and EDTA-GO.
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bond and the bands around 1,400 cm−1 are attributed
to the stretching modes of the C–O–H bonds of the
carboxylic acid. These contributions confirm the effi-
ciency of the C=O groups which are formed during an
oxidizing process of graphite to GO [38,39].

Both EDTA-GO and amine-GO spectra show vibra-
tional modes of the N–H bond at 1,510–1,525 cm−1.
This peak is absent for GO. The strength of amine-GO
is stronger than that of EDTA-GO. Another important
absorption band is the stretching of the C–N bond
present in the EDTA-GO and amine-GO molecule at
1,120 cm−1 [40,41]. The bands at 920 cm−1 for EDTA-
GO and amine-GO correspond to the Si–OH vibration,
and the bands of EDTA-GO and amine-GO at
1,066 cm−1 were assigned to the formation of Si–O–C
[42–45]. These characteristics confirm the silanization
of GO with amine–silane and EDTA–silane.

3.2. Adsorption capacity

The adsorption isotherms of EDTA-GO, amine-GO,
GO, and AC toward Ni(II) from initial solution con-
centrations ranging from 1 to 200 mg/L are depicted
in Fig. 3. The adsorption capacity of Ni(II) onto
EDTA-GO is 103 mg/g at an equilibrium concentra-
tion of 92 mg/L, while the adsorption capacity for Ni
(II) onto amine-GO, GO, and AC is 86 mg/g, 58 mg/g,
and 32 mg/g, respectively.

The adsorption capacity of Ni(II) on EDTA-GO
and amine-GO is much higher than AC (4.89 mg/g)
[46] and other methods (39 and 60.38 mg/g) [47–51].
One of the reasons is because of the higher specific
surface area and the functional groups on GO surface.
The oxidation process of GO synthesis introduces a
high concentration of –OH, –COOH, and C=O groups
onto the surface. Another possible binding mechanism
of Ni(II) onto EDTA-GO is that the metal ions can
react with –COOH and –OH groups on the EDTA-GO

surface, either on the graphene sheet or within the
EDTA group [52,53]. The complex structure of Ni(II)
with EDTA-GO and amine-GO is shown in Fig. 4. The
introduced EDTA is an excellent functional group for
chelating heavy metal ions.

Langmuir and Freundlich adsorption isotherm
models are used to analyze the experimental data for
Ni(II) adsorption onto EDTA-GO and amine-GO [54].
Typically, the Langmuir equation can be written as
Eq. (4):

1

qe
¼ 1

qmax
þ 1

qmax � KLCe
(4)

where qe is the adsorption amount of Ni(II) onto the
adsorbent (mg/g), qmax is the adsorption capacity of
Ni(II) onto the adsorbent (mg/g), Ce is the equilibrium
concentration of Ni(II) (mg/g), and KL is the Lang-
muir adsorption constant, which is related to the
adsorption energy.

Eq. (5) represents the Freundlich model, where qe
and Ce are the same as described above. However, Kf
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Fig. 2. FTIR spectra of EDTA-GO, amine-GO, and GO.
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and n are Freundlich constants relating to adsorption
capacity and adsorption intensity, respectively.

log qe ¼ logKF þ 1=n logCe (5)

The detailed experimental data are listed in Table 1.
For EDTA-GO, the Langmuir model shows a good
agreement with the experimental data, with the
correlation coefficient of 0.981 at pH 6.8. And the Fre-
undlich model fits the results well with a correlation
coefficient of 0.943, which demonstrates that a mono-
layer adsorption process at each adsorptive site, such
as –COOH, –OH, amine and EDTA groups, can be
occupied by heavy metal ions only once in a one-to-
one manner.

3.3. The removal efficiency of GO derivatives toward Ni(II)
and the influence of pH

One of the important properties to evaluate a sor-
bent is its removal efficiency. An ideal sorbent should
have the capability to release the heavy metal pollu-
tants. Fig. 5 shows the photograph of a series of solu-
tions with indicator and Ni(II) before and after
treatment with EDTA-GO, amine-GO, GO, AC, and
two commercial resins. It can be seen clearly that Ni
(II) can be entirely removed by EDTA-GO and the
color of the solution coverts to the initial indicator
color. On the contrary, the solution treated with resins
is almost the same color as the indicator binding with
Ni(II). There is no color observed for the solution
treated by AC because AC can adsorb coloured
substances [55].

One mechanism to explain this phenomenon is the
formation of complex of EDTA with Ni(II), the higher
removal efficiency of Ni(II) is probably due to the high
formation constant of Ni(II)–EDTA complex [38]
(log K = 18.0). The stable complex between EDTA and
Ni(II) will contribute to the removal efficiency of
EDTA-GO to entirely remove Ni(II) from water sys-
tem. Table 2 lists the removal efficiency of various
lower concentrations of Ni(II) solutions treated with
EDTA-GO. It shows that the solution with different

concentrations of Ni(II) can reach to a lower level after
treating with EDTA-GO. The final concentration of Ni
(II) in each solution is 4–65 ppb.

Table 1
Values of the parameters associated with Langmuir and Freundlich models

Langmuir model Freundlich model

qe (mg/g) KL (L/mg) R2 KF (mg/g(mg/l)n) n R2

EDTA-GO 103 0.132 0.981 71.66 1.87 0.943
Amine-GO 86 0.028 0.928 10.69 1.24 0.88
GO 58 0.025 0.913 7.38 1.30 0.82

Fig. 5. Photographs of various Ni(II) solutions (A) before
and (B) after treatment with various sorbents.

Table 2
The removal efficiency of EDTA-GO towards Ni(II)

Initial concentration of Ni(II) (ppb)
Initial 10 50 100 500 1,000

Remaining Ni(II) after treated with EDTA-GO (ppb)
pH 6.2 5.3 12 17.3 55 65
pH 6.8 4.2 8.9 14.0 42 52
pH 7.4 4.2 7.2 10.3 24 44

Condition: 100 mg of EDTA-GO was added to 50.0 mL solutions

with different concentrations.
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Since there is a complex formation between chelat-
ing groups and the metal cations, the pH value of the
solution will dramatically affect the adsorption behav-
ior of Ni(II). The pH value effect of EDTA-GO and
amine-GO to the adsorption capacities was investi-
gated. Fig. 6 depicts the adsorption capacities of Ni(II)
at a concentration of 100 ppm in the pH range of 2.2–
9.0. The Ni(II) ions are more favorably absorbed on
EDTA-GO and amine-GO at a pH range from 6 to 9.

Two possible mechanisms for the influence of pH
on absorption have been suggested. First, the pH val-
ues of the solution will affect the surface charge of the
GO and the degree of ionization of the heavy metal
ions. At a higher pH, the negative charge on the GO
surface provides electrostatic interaction, which is
favorable for adsorbing cationic species. The decrease
of pH leads to neutralization of surface charge and the
adsorption efficiency of cations decreases. The increase
of the electrostatic forces between –COO−, –O−, and
metal cations will result in the increase of uptake
capacities for Ni(II). Second, as the pH increases, the
formation complex constant between the chelating
groups and the heavy metals will increase, and the
capacity for heavy metal removal will increase for
higher concentration heavy metal solution [52].

For amine-GO, at lower pH value, the removal effi-
ciency of amine-GO is similar to EDTA-GO. The qua-
ternary ammonium groups will be formed and cannot
donate electrons, which makes it unable to form com-
plexations with Ni(II) cations. However, some precip-
itation of Ni(OH)2 will be formed in high pH solution
which will interfere with the calculation of the absorp-
tion capacity. To avoid the precipitation of metal ions
at high pH values, data collection was performed with
a pH range of 6.5–7.2. It was believed that, at this pH

range, the adsorption uptake reached the maximum
due to the effect of the functional groups formed on
the GO derivatives surface only.

3.4. Effect of contact time

Compared with 3D sorbents, such as AC and ion
exchange resins, the 2D structure of GO enables its
functional groups to make direct contact with metal
ions, and thus a fast adsorption process is predicted.
Fig. 7 demonstrates the adsorption capacities of
EDTA-GO reach to the maximum capacity toward Ni
(II) with a concentration of 50 mg/L at 35 min and the
Ni(II) ions absorbed on amine-GO sorbents reach to
the maximum capacities at the same time scale. This
rate was faster than most commercial adsorbents [56],
which was directly owed to the 2D structure of
EDTA-GO and amine-GO. The 2D structure facilitates
the adsorbents to be ready for accessibility of the
chelating EDTA and amine making them easy for
metal chelation.

For the sorption kinetic analysis, 12 h was selected
as the sorption time to collect the data for analysis of
sorption kinetics, which was enough to reach a sorp-
tion equilibrium state. The pseudo-second-order rate
Eq. (6) was applied to analyze the kinetic adsorption:

t

qt
¼ 1

2k0q2e
þ t

qe
(6)

where k0 (g/mg/min) was the pseudo-second-order
rate constant of adsorption, qt (mg/g) was the
amount of Ni(II) adsorbed on the adsorbent at time
t (min), and qe (mg/g) was the equilibrium
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Fig. 6. The effect of pH values on the adsorption capacity
of Ni(II) onto four sorbents. The adsorbent dosage was
20 mL/20 mg. Initial concentration of Ni(II) was 100 ppm
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adsorption capacity. All of the data used here are
from Fig. 6. From the linear plot of t/qtvs t, the k0

was estimated to be 0.00084 with a correlation
coefficient of 0.9982 (see Table 3) suggesting kinetic
adsorption was well described by a pseudo-second-
order rate equation.

The adsorption rate with various initial Ni(II) con-
centrations was investigated. It was found that the
adsorption rate was not proportional to the initial
heavy metal concentration (Ci). The lower initial con-
centration resulted in the shorter time to reach the
absorption equilibrium state. The possible mechanism
was the sorption site adsorbed the available metal ions
more rapidly at a lower Ci. For example, the absorp-
tion of Ni(II) onto EDTA-GO reached its equilibrium
state at ~10, 17, and 22 min at a Ci of 0.03, 0.30, and
1.0 mg/L, respectively. This rate was much faster than
other carbon-based adsorbents such as AC, resin, and
CNTs [47–51].

3.5. Recycle analysis

Generally, the reusability is one of the most impor-
tant factors in evaluating an ideal sorbent. A typical
recycle process was performed by treating EDTA-GO
and amine-GO powder preloaded with Ni(II) with a
HCl solution. During the HCl washing process, Ni(II)
on EDTA-GO and amine-GO surface was released into
solution. Fig. 8 illustrates the desorption ratio of Ni(II)
absorbed onto EDTA-GO and amine-GO surface as a
function of pH. It was apparent that desorption ratio
of Ni(II) increased with the decrease in pH values of
HCl solution. When the pH value of the HCl solution
was greater than 5, only 15% of the adsorbed Ni(II)
was desorbed from the EDTA-GO surface. The
desorption ratio increased with high concentration of
HCl, and reached to 50% and above when the pH
value of the HCl solution was lower than 3.0. The
desorption ratio eventually reached to about 90%
when the pH value of the HCl solution was 1.0
(0.10 M HCl). We note that amine-GO presented the
same trend.

Fig. 9 demonstrates the reusability of EDTA-GO
and amine-GO toward the removal of Ni(II). It was

shown that both EDTA-GO and amine-GO exhibit
good performance characteristics after 20 wash recy-
cles. After 20 cycles, 80% of the initial adsorption
capacity of EDTA-GO remained and 87% of the initial
adsorption capacity of amine-GO remained.

3.6. The adsorption selectivity

In a real wastewater system, Ni(II) always coexists
with other metal ions, including Cu2+, Cd2+, and Fe2+.
The effects of competitive ions on the adsorption of Ni
(II) was simulated and the selectivity of the EDTA-GO
and amine-GO toward the adsorption of Cu2+, Ni2+,
Cd2+, and Fe2+ was investigated. Fig. 10 demonstrates
the EDXS element analysis results of EDTA-GO and
amine-GO samples treated with a solution containing
50 ppm of Cu2+, Ni2+, Cd2+, and Fe2+, respectively.
The percentages of the metal elements on GO surface
are depicted. It was determined that when the four

Table 3
Values of the parameters associated with pseudo-second-
order adsorption

C qe k0 R

EDTA-GO 50 ppm 105 0.00084 0.9982
Amine-GO 93 0.00069 0.9723
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metal ions co-existed at the same concentration, the
percentage of Ni(II) on EDTA-GO surface (48%) was
higher than all of the other three ions, which proved
that EDTA-GO was a good sorbent for Ni(II) removal
in a mixture solution. On the contrary, the percentage
of Cu(II) on amine-GO surface (52%) was higher
than all other three ions predicting that amine-GO
could be a good sorbent for Cu(II) removal in mixture
solution.

4. Conclusions

The chelating groups, such as EDTA and amine,
linked to the GO surface, can significantly increase the
adsorption capacity and the removal efficiency toward
the heavy metal pollutants. The maximum adsorption
capacities of EDTA-GO and amine-GO for Ni(II) are
103 and 86 mg/g, respectively, which are higher than
that of GO, AC, and other commercial products. The
adsorption behavior of Ni(II) on EDTA-GO fits the
Langmuir equation well. The adsorption capacity var-
ies with the pH value of the solution and these sor-
bents can be reused after washing with 0.10 M HCl.
This research demonstrates that EDTA-GO and amine-
GO can be designed as very effective sorbents for
heavy metal removal.
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