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a b s t r a c t
In this paper, the decontamination performance and its underlying mechanism of magnetic graphene oxide
(MGO) towards nickel (Ni(II)) ions were studied by batch technique and X-ray absorption ﬁne structure
(XAFS) analysis. The conditions that affect Ni(II) uptake, such as reaction time, pH, ionic strength, coexisting
ions, humic/fulvic acid (HA/FA) and temperature were investigated by control variable method. The adsorption
kinetics indicated that Ni(II) uptake on MGO was corresponded with pseudo-second-order rate equation, and it
can reach equilibrium after ~4.0 h. The pH had ken speckle effect on Ni(II) uptake, while the ionic strength and
coexisting ions had scant impact on Ni(II) uptake. The presence of HA/FA has a positive impact on Ni(II) uptake
at pH b 7.0, while has a negative impact on Ni(II) uptake at pH N 7.0. The uptake of Ni(II) can be better described
by Langmuir model than Freundlich model. The thermodynamic analysis suggests that Ni(II) uptake was an endothermic and spontaneous behavior. XAFS analysis indicate that Ni(II) was captured on the binding sites of
MGO, and some Ni(II) can bind on the surfaces of the iron oxides coated on GO to form strong inner-sphere complexes with good thermodynamic stability. Results of this study indicate that MGO is a signiﬁcant material for
treatment of Ni(II)-bearing efﬂuents and may also be an effective adsorbent for removing other metal ions
from wastewater.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
In recent years, heavy metal pollution has become one of the
sharpest environmental problems, which is mainly caused by rapid industrialization and is threatening to public health [1–3]. Industrial sewage contains various toxic heavy metals, if random discharge without
treatment, it would be damage to the environment and ecosystem.
Among these metal ions, Ni(II) is widely used in electroplating, leather
tanning, textile printing and other industrial activities [4–6]. So, there
is plenty of Ni(II)-contaminated wastewater generating continuously.
Meanwhile, Ni(II) is one of the most important toxic pollutants afﬁrmed
as by World Health Organization (WHO), because higher concentration
of Ni(II) is harmful to public health and can cause lung cancer, anemia,
hepatitis and nervous system related diseases [7–10]. Therefore, the
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removal of Ni(II) from wastewater is very signiﬁcant and has attracted
wide attention.
So far, a variety of remediation techniques for removing Ni(II) from
wastewater have been reported, such as electrocoagulation [11], membrane ﬁltration [12,13] and adsorption [14–17]. Among these techniques, adsorption is considered as the attractive choice for the
removal of Ni(II) due to its advantages of low cost, high efﬁciency and
easy handling. Thus, different kinds of absorbents were studied and applied in Ni(II) adsorption [18–37]. Especially, magnetic materials have
aroused people's interest in sewage management because of their
strong adsorption capacity and simplistic separation. For examples,
Dong et al. [38] synthesized CD/MWCNT/iron oxides by plasma technique at low temperature, and explored the mechanisms of Ni(II) adsorption on it by X-ray absorption ﬁne structure (XAFS).
Magnetic graphene oxide (MGO) is one of the most outstanding
magnetic materials in the environmental pollution control, which is
regarded as an ideal adsorbent because it combines the large speciﬁc
surface area of graphene oxide and the high separation simplicity of
magnetic materials [39,40]. In this regard, many studies have been
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focused on the MGO and modiﬁed MGO applications in the treatment of
contaminants [41–45]. Chandra et al. [46] synthesized MGO with magnetite particle size of ~10 nm, and this material can almost completely
remove arsenic within 1 ppb in several minutes. Wang et al. [47] studied
the preparation of a graphene-based magnetic nanocomposite for the
removal of an organic dye from aqueous solution. Recently, Our group
[45,48] reported the adsorption behavior of Eu(III), Cu(II) and humic
or fulvic acid (HA/FA) on MGO. Although, there are numerous studies
concerning MGO towards different pollutants removal from the macroscopic level, the sorption mechanisms are still not clear, and more information needs to get from the microscopic view to better explain the
mechanisms.
In this study, magnetic graphene oxide (MGO) towards Ni(II) uptake
as a function of different inﬂuence factors was studied by bath experiments. Moreover, in order to conﬁrm the intrinsic mechanisms of Ni
(II) uptake by MGO, X-ray absorption ﬁne structure (XAFS) spectral
technique was applied in the experiments. Finally, the possible mechanism of Ni(II) uptake on MGO nanocomposities was discussed based on
the macroscopic and microscopic experimental results.
2. Experimental process
2.1. Materials
The agents including Ni(NO3)2·6H2O, FeCl3·6H2O, FeCl2·4H2O and
other chemicals were analytical grade and used without further puriﬁcation. Graphite powder (70 um) was commercially available from
Qingdao Graphite Company (China). Fulvic acid (FA) and humic acid
(HA) were got from the institute of plasma physics, Chinese academy
of sciences, and their structural characterization were presented in detail previously [49–51]. All aqueous solutions were prepared by MilliQ water.
2.2. Preparation of GO and MGO
Graphene oxide (GO) was obtained by using the modiﬁed Hummers
method [52–54]. Magnetic grapheme oxide (MGO) was synthesized by
chemical co-precipitation, which was based on previous work [45,48].
Typically, 2.79 g FeCl3·6H2O and 0.52 g FeCl2·4H2O were taken into
500.0 mL round bottom ﬂask and were dissolved by 250.0 mL Milli-Q
water under the N2 protection. Meanwhile, 0.3 g GO was disperse into
water to get GO suspension via ultrasonic technique. Then the Fe2+/
Fe3+ mixed solution was tardily added to the GO suspension, after
that, the NH3·H2O was quickly added to precipitate Fe2+/Fe3+ ions for
generating the magnetite particles (Fe3O4) at pH ~10.0 value. After
~60.0 min reaction at 85.0 °C, the obtained MGO were separated by
using the permanent magnet, washed three times with Milli-Q water
and ethanol, and ﬁnally dried at ~80.0 °C under vacuum. The characterization of structural properties of MGO has been provided in the
supporting information (SI).
2.3. Ni(II) uptake in bath experiments
Brieﬂy, the bath experiments about Ni(II) uptake onto MGO from
water solutions were carried out as follows: (1) Ni(II) stock solution
(100 mg/L) were prepared by using Milli-Q water and Ni(NO 3 )
2 ·6H 2 O; MGO suspension and electrolyte stock solutions (such as
NaClO4, NaNO3 and so on) were also preconﬁgured to achieve the required concentrations. (2) The tests used 10 mL polyethylene tubes
as reaction vessel, and the solution pH was adjusted to the desired
values by 0.01 mol/L NaOH or HNO 3 solutions; (3) The centrifuge
tubes were gently oscillated for 24 h to achieve adsorption equilibrium and then the solid and aqueous phases were separated with a
permanent magnet. The concentration of Ni(II) was analyzed by
spectrophotometry at wavelength 530 nm through the formation
of Ni-butanedione dioxime complexes. The Ni(II) adsorption
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percentage was calculated according to the Eq. (1):
Adsorption% ¼

C 0 −C e
 100%
C0

ð1Þ

where C0 (mg/L) is the initial concentration of Ni(II), and Ce (mg/L) is
the concentration of Ni(II) in aqueous phase at adsorption
equilibrium.
The mass of the adsorbed Ni(II) per gram of MGO was determined as
the Eq. (2):
qe ¼

C 0 −C e V

m
C0

ð2Þ

where C0 (mg/L), Ce (mg/L), V (L), m (g) and qe (mg/g) represent the
initial Ni(II) concentration, equilibrium Ni(II) concentration, volume of
solution, mass of MGO and the adsorbed amount of Ni(II) on MGO at
equilibrium, respectively.
2.4. XAFS data collection and analysis
The preparation of Ni(II) uptake samples for XAFS analysis were similar to batch experiments. Concisely, the Ni(II) stock solution was slowly
added into the appropriate amount of MGO suspension under continuous stirring. The mixed suspension was separately adjusted to pH ~ 6.3
(and the other one was adjusted to pH ~ 4.7) and shaken on a thermostat shaker for 24.0 h. Then, the solid and aqueous phases were separated by magnetite, and the solid samples were collected in Ziplock
bags for XAFS analysis and data collection. The Ni K-edge XAFS spectra
were collected at the BL14W1 beam line in Shanghai Synchrotron Radiation Facility (SSRF, China) in ﬂuorescence mode. The electron beam energy was 3.5 GeV and the mean stored current was 300 mA. The energy
of the X-ray was tuned by using a double-crystal Si(111) monochromator. The XAFS signals were collected with a multi-element high purity
Ge solid-state detector. Each XAFS spectrum was collected in triple
and averaged to improve the signal to noise ratio. The energy correction,
ﬂuorescence dead time calibration and the subsequent XAFS data ﬁtting
were performed by using the Athena and Artemis software. During
ﬁtting, the amplitude reduction factor (S20) was ﬁxed to 0.85. The total
number of variable parameters did not exceed the maximum limit
given by Stern's rule [38].
3. Results and discussion
3.1. Contact time and adsorbent dosage
Fig. 1 shows the impact of the contact time on Ni(II) adsorption onto
MGO. It can clearly see that the mount of Ni(II) adsorption on MGO increased over time at the primary stage, and after about 10 h, it gradually
achieved adsorption equilibrium. In order to further study the adsorption rate of Ni(II) on MGO, the pseudo-second-order rate equation
was used to ﬁt the Ni(II) removal experimental data, and the linear
form is expressed by [19,48]:
t
1
1
¼
þ t
qt 2Kq2e qe

ð3Þ

where qt (mg/g) and qe (mg/g) are the Ni(II) adsorption amount at time
t (h) and equilibrium, respectively. K (g/(mg·h)) is the pseudo-secondorder rate constant. The value of qe and K, calculated from the intercept
and slope of the plot of t/qt versus t (inset ﬁgure in Fig. 1), are 40.7 mg/g
and 7.24 × 10−3 g/(mg·h), respectively. The correlation coefﬁcient (R2
= 0.994) comes near to 1, which explains that the kinetic of Ni(II) sorption can be well reﬂected by pseudo-second-order rate equation. To determine the sorption performance of MGO, the effect of adsorbent
dosage ranging from 0.1 g·L−1 to 1.2 g·L−1 on adsorption capacity
was investigated, and the results were shown in Fig. 2. It can be seen
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Fig. 1. Effect of contact time on the adsorption of Ni(II) on MGO. Inset: plots of pseudosecond-order kinetic model, T = 293 K, CNi(II) = 10 mg/L, m/V = 0.1 g/L, initial pH =
5.0 ± 0.2, I = 0.01 mol/L NaClO4.

that the uptake of Ni(II) on MGO increased with the solid content increasing, and reached a high level at 1.0 g·L−1.

3.2. Inﬂuence of pH and ionic strength
The impact of ionic strength as a function of pH values was studied
and shown in Fig. 4A. It is evident that the Ni(II) adsorption is signiﬁcantly inﬂuenced by pH, but independent on ionic strength. The inﬂuence of pH values is constituted by three sections: 3 b pH b 6, 6 b pH
b 9 and pH N 9. For 3 b pH b 6, the Ni(II) adsorption percentage generally
almost remains at 3%–5%. While 6 b pH b 9, with the increase of pH, the
removal efﬁciency of Ni(II) by MGO improved signiﬁcantly. Then it
tends to the saturation value of Ni(II) adsorption at pH N 9.0.
As is well known, in aqueous solutions, Ni(II) ions can exist in different forms at different pH. Fig. 3 shows the relative distribution of Ni(II)
species, which is calculated and drawn on the basis of Ni(II) hydrolysis
constants [18–23]. It is obvious that Ni2+ exists as the major component
at pH b 9. Therefore, Ni(II) removal was restrained at low pH due to the
competition between H+ and Ni2+ on the adsorption sites [18–23]. Furthermore, the surface charge of MGO can be easily effected by the solution pH. With the increase of pH, more and more deprotonation
reactions (i.e., MGO-OH → MGO-O– + H+) happen on the MGO surface
and lead to the surface become negatively charged. The point of zero
charge (pHpzc) of MGO is 4.65, which was measured by using acidbase titration method in previous work [39,48]. When pH b pHpzc, the
MGO surface is positively charged and the removal of Ni(II) can come
up by Ni2+ and H+/Na+ ions exchange on the MGO surface. While pH
N pHpzc, positively charged of Ni2+ can be caught by negatively charged
of MGO in a breeze due to the electrostatic attraction. From Fig. 3 we can
see that Ni(OH)2 (s) would take shape at pH N ~8.6 if no Ni(II) ions are
adsorbed by MGO. However, ~90% of Ni(II) have been adsorbed on MGO
at pH 8.6 in this work. Also, it should be clear to realize that the sorption
edges involve three units of pH are usually relevant to the existence of
different surface complexes [19]. The mechanisms of Ni(II) uptake is intricate and cannot be described clearly from the macroscopic results.
Unlikely, ionic strength has little impact on Ni(II) removal at a wide
pH range (pH 2.0–11.0). The similar result was reported in the previous
work [48]. It is well known that inner-sphere complexes are insensitive
to ionic strength, whereas the outer-sphere complexes are susceptible
to ionic strength. In 1987, Hayes and Leckie came up with the relationship between ionic strength and adsorption mechanism: (1) If adsorption is easily affected by ionic strength, it can be thought of the β-

Fig. 2. Adsorption of Ni(II) on MGO as a function of MGO content, T = 293 K, CNi(II) =
10 mg/L, initial pH = 5.0 ± 0.2, I = 0.01 mol/L NaClO4.

plane adsorption. (2) In contrast, if ionic strength has no impact on
the sorption, o-plane adsorption may take place [20,55]. Thus, comprehensive the above experimental results and theoretical basis, we can deduce that the removal of Ni(II) participates mainly due to the o-plane
complex reaction and the form of inner-sphere complexation.
In order to intuitively understand the relationship of pH, qe and Ce,
the 3-D plots are shown in Fig. 4B. For the pH-qe and pH-Ce planes, it
is clear that Ni(II) adsorption on MGO is signiﬁcantly dependent on
pH, and the results are corresponding to those showed in Fig. 4B; As
shown in Ce-qe plane, it is a straight line that because the initial concentration of Ni(II) is the same at each point. And the relationship between
Ce and qe can be analyzed by the following eq. [48]:
qe ¼ −C e

V
V
þ C0
m
m

ð4Þ

where m is the mass of MGO and V is the volume of solution. From Eq.
(4), we can obtained the lope (−V/m = −10) and intercept (C0V/m
= 100) from the Ce-qe line, and then can calculate the values of m/V
= 0.1 g/L and C0 = 10 mg/L.
3.3. Inﬂuence of coexisting ions
As more and more metal ions are released into the natural environmental, a lot of the natural water has been polluted by these metals [56–

Fig. 3. Distribution of Ni(II) species as a function of pH.
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61]. Actually, there are various kinds of cations and anions coexisting in
sewage and natural water. These coexisting ions may have impact on
the pollutant treatment, so the typical and widespread cations (K+,
−
−
Na+, Li+) and anions (NO−
3 , Cl , ClO4 ) were chosen to study the affects of different electrolyte ions on the Ni(II) adsorption onto MGO.
For ease of comparison, perchlorate and sodium salt were used for
cations and anions, respectively. From Fig. 5A, one can see that the
cations (K+, Na+, Li+) has negligible impact on the Ni(II) removal.
Usually, the cations are likely to go by a sequence of weakening selectivity for complexing with organic substances (transitional
group cations (e.g. Ni2+, Cu2+, Ag+) N alkaline earth cations (e.g.
Mg 2+ and Ca 2+ ) N H+ N alkali metal cations (e.g. K + , Na +, Li +))
[18,19]. Therefore, the alkali metal cations have weak effect on Ni
(II) uptake onto MGO. Fig. 5B shows the inﬂuence of three different
electrolyte anions on uptake of Ni(II) onto MGO as a function of solution pH. As illustrated in Fig. 5B, diverse anions has little impact on
the capture of Ni(II) onto MGO, which may due to the formation of
inner-sphere surface complexes.
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3.4. Inﬂuence of HA/FA
Fig. 6 displays the pH-dependence of Ni(II) uptake onto MGO in the
presence and absence of humic acid (HA) or fulvic acid (FA). As shown
in Fig. 6, the adsorption curves of Ni(II) onto MGO are almost the same
that in the presence of HA or FA. HA/FA has an afﬁrmative impact on Ni
(II) removal at pH b 7, while has a passive impact on Ni(II) adsorption at
pH N 7. At low pH values, due to the effect of electrostatic attraction, the
positively charged MGO can easily capture the negatively charged HA/
FA to form the intermediate of “MGO-HA(FA)”. The adsorbed HA or FA
on MGO surfaces can lead to a more beneﬁcial electrostatic surrounding
for Ni(II) adsorption, which prompts the formation of MGO-HA(FA)-Ni
(II). Furthermore, with the adsorption of the negatively charged HA/FA
on the positively charged MGO surface, the reduction will happen on
the MGO surface. It can result in more advantageous electrostatic interactions with Ni(II) ions in solution, which contributes to the Ni(II) removal [62]. Nevertheless, at high pH values, the surface of MGO
becomes negatively charged. Thus, MGO is intractable to adsorb the

Fig. 4. (A) Adsorption of Ni(II) on MGO as a function of ionic strength, and (B) 3D plots of qe, Ce and pH of Ni(II) adsorption onto MGO. T = 293 K, CNi(II) = 10 mg/L, m/V = 0.1 g/L.
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negatively charged HA/FA on this condition because of the electrostatic
repulsion. The competition between the soluble HA/FA and MGO with
Ni(II) ions increases the formation of strong HA-Ni(II) or FA-Ni(II) complexes in solution, which goes against the adsorption of Ni(II) onto MGO
[23,62]. In previous investigations, Sheng et al. [20–23] studied the impact of pH on Ni(II) adsorption on titanate nanotubes, diatomite, respectively. Hu et al. [19,62] studied the impact of pH on the sorption of Ni(II)
onto illite and colloidal goethite, respectively. Dong et al. [38] also studied the impact of pH on the sorption of Ni(II) on plasma-induced CD/
MWCNT/iron oxides. Yang et al. [18] studied the impact of pH on the
sorption of Ni(II) on HA or FA bound to mordenite. And similar foundlings have been reported.
3.5. Thermodynamics study
As shown in Fig. 7, the adsorption isotherms of Ni(II) on MGO at
three different temperature (293, 313 and 333 K) were studied. It is
very clear that the sorption isotherm is the highest at 333 K and is the
lowest at 293 K from Fig. 7, which manifests that higher temperature
is more applicable for Ni(II) removal. To evaluate further sorption
mechanisms, both the Langmuir model and Freundlich model are used
to simulate the Ni(II) sorption data, respectively.
Langmuir model: qe ¼

bqmax C e
1 þ bC e

Freundlich model: qe ¼ k F C ne

ð5Þ
ð6Þ

Fig. 5. Effect of (A) cations and (B) anions on the adsorption of Ni(II) onto MGO as a
function of pH, T = 293 K, CNi(II) = 10 mg/L, m/V = 0.1 g/L.

Fig. 6. Effect of HA and FA on the adsorption of Ni(II) onto MGO as a function of pH, T =
293 K, CNi(II) = 10 mg/L, m/V = 0.1 g/L.

where qe (mg/g) is mass of Ni(II) adsorbed onto the per weight unit of
MGO at sorption equilibrium; qmax (mg/g) and b (L/g) are Langmuir parameters, which related to the adsorption capacity and adsorption energy, respectively; Ce (mg/L) is the concentration of Ni(II) in solution
after sorption equilibrium; kF (mg1-nLn/g) and n are the Freundlich parameters that represent the sorption capacity and the intensity of dependence of sorption at equilibrium concentration, respectively.
The simulated Ni(II) sorption data are also embodied in Fig. 7 by
using Langmuir and Freundlich models. And the parameters obtained
from the ﬁtting adsorption isotherm patterns are given in Table 1.
From Fig. 6 and Table 1, one can see that the adsorption experimental
data can be better described by Langmuir model than Freundlich
model. The Ni(II) adsorption on the base of Langmuir isotherm explains
that the adsorption activity of MGO surface is homogeneous. Thus,
adsorbed Ni(II) ions onto MGO have no competition with each other.
Also, this result hints that Ni(II) uptake onto MGO was mainly accomplished by chemisorption reaction [48]. A comparison of adsorption capacity of MGO with that of other adsorbents such as carbon aerogel,

Fig. 7. Adsorption isotherms of Ni(II) on MGO at different temperatures. Solid and dash
lines represent Langmuir model and Freundlich model ﬁts, respectively. CNi(II) =
10 mg/L, m/V = 1.0 g/L.
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Table 1
The parameters of Langmuir and Freundlich isotherm ﬁtting of Ni(II) removal by MGO at
three different temperature.
Temperature

293 K
313 K
333 K

Langmuir

drawing lnKd-Ce context diagram and extrapolating Ce to zero [62–
64], and the results are given in Table 2. The values of ΔS0 can be calculated as the following equation:

Freundlich

qmax (mg/g)

b (L/g)

R2

KF ((mg1-nLn)/g)

n

R2

46.8
53.0
59.7

0.14
0.32
1.06

0.95
0.99
0.99

8.3
16.3
34.1

0.51
0.39
0.20

0.89
0.85
0.93

∂ΔG0
ΔS ¼ −
∂T

!

0

ð8Þ
P

The values of ΔH0 are obtained from the equation:
ΔH0 ¼ ΔG0 þ TΔS0

Table 2
The values of lnK0 and thermodynamic parameters for Ni(II) removal by MGO at three different temperature.
T(K)

lnk0

ΔG0(kJ/mol)

ΔS0(J/(mol∙K))

ΔH0 (kJ/mol)

293
313
333

8.57
9.24
10.15

−20.88
−24.05
−28.10

180.5
180.5
180.5

32.01
32.45
32.01

waste tea, magnetic alginate microcapsules, coir pith, charcoal ash and
3-mercaptopropionic acid functionalized bio magnetite nanoparticles,
which is presented in Table S1, displayed that the adsorption capacity
of MGO for Ni(II) is higher than those of other adsorbents. Thus, considering the lower cost of MGO, this adsorbent can be used as an alternative
material to eliminate Ni(II) from wastewater.
The thermodynamic parameters (ΔH0, ΔS0 and ΔG0) for Ni(II) uptake onto MGO can be obtained from the temperature dependent adsorption and the results are showed in Table 2. The values of ΔG0 are
calculated from the following expression [62–64]:
0

ΔG0 ¼ −RT lnK

ð7Þ

where R = 8.314 J/(mol∙K) is the ideal gas constant, and K0 is the parameter of adsorption equilibrium. The values of lnK0 can be acquired by
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ð9Þ

The thermodynamic analysis from Table 2 illustrates that the Ni(II)
adsorption on MGO is an endothermic and spontaneous reaction. In addition, the recycling performance and ability of MGO in the decontamination of Ni(II) was investigated. We found that the recycling was valid
for at least six times which is presented in Fig. S6 to get a satisﬁed decontamination performance even in the sixth sorption round. This suggests that MOG showed a good decontamination performance and can
be employed repeatedly in the adsorption Ni(II) from wastewater.
3.6. Ni(II) adsorption mechanisms
In order to further study the mechanisms of Ni(II) uptake onto MGO,
the XAFS technique was used to determine the coordination surrounding and microstructure of the adsorption products. Fig. 8A shows the k3weighted EXAFS spectrum of the prepared sorption samples. The spectrum exhibits two beak features at 5.3 and 7.5 Å, suggesting the presence of heavy backscattering from higher atomic shells [22,23].
Fourier transformation was performed to gain the corresponding RSFs
(uncorrected for phase shift) for the typical oscillation features in the
k3-weighted EXAFS spectra (Fig. 8B). In the RSFs for both samples,
there exhibit a peak with high intensity at 1.60 Å, which arises from
the signal of O atoms in the ﬁrst shell. An additional peak appears in
the R range of 2.20–3.20 Å, pointing to the presence of higher coordination shells. The RSFs were ﬁtted using the least-square approach based
on theoretically derived phase and amplitude functions and the

Fig. 8. (A) The k3-weighted spectra and (B) the radial structure functions (RSFs) produced by forward Fourier transforms (uncorrected for phase shift) of Ni(II) adsorption samples at pH =
4.7 and 6.3. Solid lines and symbols represent experimental spectra and spectral ﬁts, respectively. T = 293 K, m/V = 0.1 g/L.
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Table 3
EXAFS-derived structural parameters for Ni(II) sorption samples.
Reacted samples

Shell

R (Å)

CN

σ2 (Å2)

pH = 4.7

Ni-O
Ni-C
Ni-Fe
Ni-O
Ni-C
Ni-Fe

2.03(4)
2.81(3)
3.24(2)
2.04(4)
2.84(3)
3.27(6)

6.1(5)
0.7(3)
1.3(2)
5.9(3)
0.9(4)
1.4(5)

0.012(7)
0.014(5)
0.027(6)
0.015(5)
0.024(7)
0.029(4)

pH = 6.3

structural parameters are listed in Table 3. Spectral analysis shows 6.1 O
atoms at RNi-O ~ 2.03 Å in the ﬁrst shell and 0.7 C atoms at RNi-C ~ 2.81 Å,
as well as 1.3 Fe atoms at RNi-Fe ~ 3.24 Å in the second coordination shell,
for the sorption sample prepared at pH ~ 4.7. Besides, spectral analysis
shows 5.9 O atoms at RNi-O ~ 2.04 Å in the ﬁrst shell and 0.9 C atoms
at RNi-C ~ 2.84 Å, as well as 1.4 Fe atoms at RNi-Fe ~ 3.27 Å in the second
coordination shell, for the sorption sample prepared at pH ~ 6.3. Herein,
the absence of Ni\\Ni bond in the second coordination shell eliminates
the occurrence of surface polymerization or co(precipitation). The presence of Ni\\C bond in the second coordination shell suggests that Ni(II)
is adsorbed on the binding sites of MGO. However, the powder EXAFS
technique cannot differentiate these two binding modes from each
other. In addition, the presence of Ni\\Fe bond in the second coordination shell indicates that some of Ni(II) tends to directly bind on the surfaces of the iron oxides coated on GO. This binding mode resulted in the
formation of strong inner-sphere complexes with high thermodynamic
stability [38]. The underlying mechanisms can provide important guidance for the preparation of high-efﬁcient adsorbent materials.
4. Conclusions
In this work, we provide a novel approach for removing nickel ions
from wastewaters by using magnetic graphene oxide (MGO) as an effective adsorbent. And the underlying mechanisms of magnetic
graphene oxide towards nickel ions have been explored by XAFS technique. The whole experiment processes are schematically shown in
Fig. 9. From the results of Ni(II) removal experiments and XAFS analysis

data, the following conclusions can be drawn. The Ni(II) sorption kinetics can be well reﬂected by pseudo-second-order rate equation, and the
Ni(II) adsorption on MGO can reach equilibrium after about 10 h. The
sorption of Ni(II) on MGO is dependent on pH of solutions, but almost
independent on ionic strength and coexisting ions. HA/FA has a positive
impact on Ni(II) removal at pH b 7, while has a negative impact on Ni(II)
adsorption at pH N 7. The Ni(II) adsorption process was an endothermic
and spontaneous behavior. XAFS analysis results indicate that Ni(II) was
adsorbed on the binding sites of MGO, and some nickel ions can directly
bind on the FeO6 octahedra of the iron oxides coated on GO to form
strong inner-sphere complexes with good thermodynamic stability. In
summary, batch experiments and XAFS technique demonstrate that
MGO can be used as a potential material for Ni (II) -bearing wastewater
treatment. And the underlying mechanisms can provide important
guidance for the synthesis of high-efﬁcient adsorbent materials.
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