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Well-ordered, hollow, magnetic, high specific surface area composites have recently received enormous attention for the treatment of pollutants containing heavy metal ions. Herein, a serious of magnetic chestnut shell-like
hollow sphere structure composites (NiOx/Ni@C) were derived via pyrolyzing a MOF containing nickel as selfsacrificed template and served as adsorbent materials for arsenic(V) (As(V)) removal from aqueous solutions.
The experimental results indicated that the adsorption capacity of NiO/Ni@C400 towards As(V) (454.94 mg/g)
was higher than that of Ni@C600 (342.77 mg/g), Ni@C500 (290.89 mg/g), NiO@C300 (210.40 mg/g), and NiMOFs (133.93 mg/g), which could be ascribed to NiO/Ni@C400-rich oxygen-containing functional groups and
high specific surface area. The NiO/Ni@C400 had a high magnetization intensity and could be easily separated
under external magnetic field. In addition, the NiO/Ni@C400 had an excellent As(V) removal performance over
a broad pH range from 1 to 10. The significant adsorption capacity and reusability of the NiO/Ni@C400 coupled
with the easy separation property indicated that the NiO/Ni@C400 has great potential in As(V) purification
industry.
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1. Introduction

magnetic chestnut shell-like hollow sphere structure composites by
using the MOF as a self-sacrificed precursor, and the composites were
served as adsorbent materials in environmental pollution cleanup.

Arsenic (V) (As(V)) contamination poses a serious threat to the diversity of the environment and human health [1]. Therefore, the recovery of As(V) from industrial wastewater has caught widespread
concern among researchers. At present, a number of methods such as
membrane separation, photocatalysis, ion exchange and chemical precipitation have been used to recover toxic heavy metal ions from aqueous solutions [2–5]. Among the available methods, adsorption is
considered as an efficient separation approach of As(V) because of its
simple operation, low cost and high efficiency [6–8].
Metal-organic frameworks (MOFs), as novel crystalline porous materials, have been widely applied in the fields of adsorption, biomedical
applications, drug delivery and sensors due to their tunable structures,
large specific surface area and easily functionalized [9–13]. Yang et al.
reported that MOF-76 possessed an outstanding removal capacity for
uranium (VI). However, MOF-76 presented a small adsorption capacity
at a low pH values as the structure of the sample partly collapsed over a
very narrow pH range, which still cannot satisfy large-scale actual application [14]. Therefore, it is urgent to synthesize a kind of adsorbent
materials with highly effective adsorptive capacity and acid resistant.
Recently, MOFs have triggered attention as self-sacrificed precursor/
template for the preparation of nanoporous carbons because the highly
ordered porous structure can be inherited and the metal ions/clusters
and organic ligands in MOFs can be changed into metal/metal oxide
porous carbons by carbonization [15]. Compared with metal/metal
oxide porous carbons synthesized by traditional methods, MOF-derived
nanoporous carbon composites possess good thermal and chemical
stability, and in-situ generation methods make metal/metal oxide
carbon more uniformly dispersed in porous carbon structure [16].
Furthermore, 3D ordered nanoporous structure and relatively uniform
pore sizes are beneficial to the mass transfer. For instance, Teng et al.
found that MOF-derived hierarchical porous carbon possessed significant removal capacity for aromatic pollutants [17]. Besides, adsorbent materials with excellent magnetic properties can be easily separated in the context of the external magnetic field. Ni has a high Curie
temperature and therefore possesses a larger magnetic intensity at a
lower temperature. Since MOFs-derived carbon shows lots of excellent
properties (thermal stability, large specific surface area, hydrophobicity, etc.), Ni nanomaterials when coupled with various kinds of
carbon present a wonderful perspective for many applications including
catalysis, adsorbents and others [18,19].
In this study, the objectives of this investigation were (1) to synthesize a novel MOF-derived NiOx/Ni@C magnetic hollow spheres and
served as adsorbent materials for As(V) species removal and the samples were characterized by X-ray diffraction (XRD), Scanning electron
microscopy (SEM), Fourier transformed infrared spectroscopy (FT-IR),
X-ray photoelectron spectrometer (XPS) and so on; (2) to explore the
effect of reaction time, co-existing ions, pH value and temperature of
solutions on the adsorption of As(V) onto MOF-derived NiOx/Ni@C by
using batch experiments; (3) to analyze interaction mechanisms of As
(V) on MOF-derived NiOx/Ni@C by using FT-IR and XPS characterization. The highlight of the study was the first synthesis of fascinating

2. Experimental
2.1. Materials
N,
NNickel
nitrate
hexahydrate
(Ni(NO3)2·6H2O),
Dimethylformamide (DMF), polyvinylpyrrolidone (PVP) and trimesic
acid (H3BTC) were commercially available from Sinopharm Chemical
Reagent Co., Ltd (China). The As(V) stock solution (120.0 mg/L) was
prepared by dissolving Na2HAsO4·7H2O in purified water. All reagents
were used without further treatment.
2.2. Preparation of Ni-MOFs and NiOx/Ni@C
As reported previously [20], the Ni-MOFs were synthesized via
hydrothermal method (Fig. 1). In short, 216.0 mg of Ni(NO3)2·6H2O,
0.75 g of PVP (Mw = 40000) and 75.0 mg of trimesic acid (H3BTC)
were dissolved in a mixture solution of 5 mL ethanol, 5 mL water and
5 mL DMF. The light green solution was vigorous stirring for 30 min,
and then transferred into a Teflon-lined stainless-steel autoclave and
reacted at 150 °C for 15 h. The product was collected by centrifugation
at 6000 rpm for 10 min, washed with ethanol for 3 times, then the NiMOFs hollow spheres was dried at 60 °C under vacuum for overnight.
The NiOx/Ni@C was prepared by transferring Ni-MOFs to a tube
furnace, followed by pyrolysis at 300, 400, 500 and 600 °C for 1 h with
a ramp heating of 5 °C/min under an argon atmosphere, and designated
as NiOx/Ni@C300, NiOx/Ni@C400, NiOx/Ni@C500 and NiOx/
Ni@C600, respectively.
2.3. Batch adsorption procedures
The triple adsorption experiments of As(V) on all samples were
performed at polyethylene tubes with 0.15 g/L adsorbent and 0.01 or
0.001 mol/L NaCl at room temperature. The impact of pH on all samples was studied with 20.0 mg/L As(V) by the batch technique, the pH
values of the solution were adjusted by adding a small amount of
0.1–1.0 mol/L NaOH or HNO3 solution and then the suspensions were
shocked on a shaker for 24 h to achieve adsorption equilibrium according to the adsorption kinetics date. The adsorption kinetics were
studied by using various polyethylene tubes containing 0.15 g/L adsorbent, and the suspension was shocked for different time ranging
from 0 to 220 min. In addition, adsorption isotherms were performed at
298, 308 and 318 K with various original As(V) concentrations at pH
3.0. The suspensions were separated under an external magnetic field.
The concentrations of As(V) were measured by an inductively coupled
plasma-atomic emission spectrometry system (Model CAP6300,
Thermo Scientific).
The adsorption capacity of As(V) on all samples can be expressed
according to the equation [21]:

Fig. 1. Schematic illustration of the synthesis of Ni-MOFs and NiOx/Ni@C.
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qe =

C0

Ce
m

×V

(2 2 0) diffractions of NiO (JCPDS NO. 47-1049), indicating some of
nickel in the precursor has been converted to NiO in the process of
pyrolysis. It is clear that XRD patterns of Ni@C500 and Ni@C600 exhibit a high consistence in peak positions and relative intensities, which
is consistent with the part of diffraction peaks of NiO/Ni@C400, revealing all nickel origin in the precursor is converted to cubic Ni.
In the synthesis of Ni-MOFs, PVP was the stabilizers, while H3BTC
and Ni(NO3)2·6H2O were organic ligands and metal source, respectively. The morphologies of all samples were characterized through
SEM analysis. From Fig. 2b, the SEM image of Ni-MOFs is a hollow
sphere structure with diameter of about 3 μm, in which some spheres
are broken. From Fig. 2c-f, the NiO@C300, NiO/Ni@C400, Ni@C500
and Ni@C600 exhibit the similar chestnut shell-like hollow sphere
structure, indicating chestnut shell-like hollow sphere structure of
precursor Ni-MOFs is completely preserved after the pyrolysis. In addition, the surface of NiO@C300, NiO/Ni@C400, Ni@C500 and
Ni@C600 becomes comparatively rougher because numerous NiO or Ni
nanocrystalline homogenously embedding in carbon matrix, manifesting the metal ions/clusters and organic ligands of MOFs are fully
decomposed and carbonized.
Fig. 3a shows FT-IR spectra of all samples. The broad characteristic
peak at 3440 cm−1 assigns to stretching vibrations of the OH− group
[23]. The adsorption bands around 1622 and 1370 cm−1 are corresponded to the vibration of water molecules and bending vibration of
C–H, respectively [24,25]. The characteristic absorption peaks at 1370
and 772 cm−1 correspond to the bending vibration of CO32− and COO−
[26], respectively. The absorption bands of samples after calcination at
high temperature almost disappear with the increase of temperature,
indicating the number of oxygen-containing functional groups of samples pyrolyzed at higher temperature is lower, which isn’t beneficial to
heavy metal ion adsorption [27].
Fig. 3b shows TGA curves of NiO/Ni@C400. Obviously, the weight
of the NiO/Ni@C400 increases first and then decreases with the increase of temperature. The increased weight of the sample is due to the
oxidation of nickel, and the loss of weight is due to the oxidation of
carbon, further confirming some of nickel in the NiO/Ni@C400 has not
yet been fully converted to NiO.
The textural properties of Ni-MOFs, NiO@C300, NiO/Ni@C400,
Ni@C500 and Ni@C600 were analyzed by N2 adsorption-desorption
method. From Fig. 3c, all of as-prepared samples manifest type-IV

(1)

where C0 and Ce (mg/L) are initial and equilibrium concentrations,
respectively. V (L) and m (g) are the volume of the suspension and the
quality of the adsorbent, respectively.
2.4. Material characterization
The morphologies of obtained products were illustrated by SEM
(JEOL JSM-6700, Tokyo, Japan). XRD patterns of the samples were
determined on a Philips X’Pert Pro Super diffractometer with Cu Kα
radiation (λ = 0.1541 nm). The functional groups of samples were
characterized with FT-IR (Nicolet-5700 FT-IR spectrophotometer) using
the KBr disc technique with in the 4000–400 cm−1 region. The
Brunauer–Emmett–Teller (BET) specific surface area of the obtained
samples was measured at 77 K using a N2 adsorption method
(Micromeritics ASAP 2010). Thermogravimetric analysis (TGA) was
carried out by SHIMADZU DTG-60 thermal analyzer system at a
ramping rate of 10 °C/min from room temperature to 800 °C under atmosphere. The zeta potential was measured by Zetasizer Nano meter
from Malvern (TriStarII, Micromeritics Company, USA). X-ray photoelectron spectroscopy (XPS) of as-prepared materials was calibrated
with an VG Scientific ESCALAB Mark II spectrometer using 150 W AlKa
radiation.
3. Results and discussion
3.1. Characterization
In order to confirm the crystal phases of synthetic samples, XRD
patterns of samples pyrolyzed at various temperatures are shown in
Fig. 2a. It can be observed that Ni-MOFs show very high crystallinity,
which are in good agreement with previous reports [22], indicating NiMOFs are successfully synthesized. As shown in Fig. 2a, the characteristic peaks of NiO@C300 at 37.25° belong to (1 1 1) diffractions of
NiO (JCPDS NO. 47-1049), demonstrating the presence of NiO in the
NiO@C300 samples. The typical diffraction peaks of NiO/Ni@C400
around 44.51, 51.85 and 76.37° correspond to (1 1 1), (2 0 0) and
(2 2 0) planes of cubic Ni (FCC) (JCPDS No. 04-0850), and the characteristic peaks at 37.25, 43.28 and 62.88° belong to (1 1 1), (2 0 0) and

Fig. 2. XRD patterns of Ni-MOFs and NiOx/Ni@C (a), SEM images of Ni-MOFs (b), NiO@C300 (c), NiO/Ni@C400 (d), Ni@C500 (e) and Ni@C600 (f).
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Fig. 3. (a) FT-IR spectra of Ni-MOFs, NiO@C300, NiO/Ni@C400, Ni@C500 and Ni@C600 (b) TGA result of NiO/Ni@C400 composite. (c) N2 adsorption-desorption
isotherms and (d) the corresponding BJH pore-size distribution curves of all samples.

curves and H1-type hysteresis loops in the P/P0 region of 0.8–1, revealing there are a lot of mesoporous in the material structures, which
is beneficial to heavy metal ion adsorption [28]. Furthermore, the BJH
pore-size distribution curves also confirms the existence of a large
number of mesoporous in the material structure (Fig. 3c). The BET
surface areas of Ni-MOFs, NiO@C300, NiO/Ni@C400, Ni@C500 and
Ni@C600 are 41.51, 66.65, 74.78, 75.15 and 100.68 m2/g, respectively. BET specific surface area increases with the increase in calcining
temperature, which can provide more adsorption sites for heavy ion
removal.

NiO/Ni@C400 (454.94 mg/g) > Ni@C600 (342.77 mg/g) > Ni@C500
(290.89 mg/g) > NiO@C300 (210.40 mg/g) > Ni-MOFs (133.93 mg/
g). In these materials, NiO/Ni@C400 has the highest adsorption capacity
towards As(V). Compared with reported adsorbent materials (Table 2),
NiO/Ni@C400 still exhibits the highest adsorption capacity of As(V),
which can be used as a promising adsorbent material for application in
As(V)-contaminated wastewater remediation. The significant differences
in adsorption capacity of different composites pyrolyzed at various
temperature can be explained as follows: (i) From XRD patterns, the
oxide nickel becomes nickel with the increase of calcination temperature
resulting in reduction of oxygen content in the material, which is unfavorable for As(V) adsorption, (ii) From FT-IR spectra, the number of
oxygen-containing functional groups on the surface of the material decreases with increasing temperature, especially, when the temperature is
up to 500, the number of oxygen-containing functional groups on the
surface of the material is very small, (iii) The BET surface area of various
composites increase with increasing temperature, and the higher specific
surface area can provide more surface adsorption sites for As(V) adsorption, (iv) Fig. S1 shows that NiO/Ni@C400 is well dispersed in
aqueous solution due to the existence of hydrophilic functional groups
such as hydroxyl and carboxyl functional group on the surface. NiO/
Ni@C400 exhibits excellent comprehensive properties, such as rich
oxygen-containing functional groups, large specific surface area, good
dispersion, high efficiency magnetic separation performance and welldispersed Ni/NiO nanoparticles in the carbon matrix, for As(V) removal.
Therefore, the adsorption performance of NiO/Ni@C400 was studied in
the following part.

3.2. Effect of pyrolysis temperature on adsorption capacity
Adsorption properties of various samples pyrolyzed at different
temperatures for As(V) removal were evaluated at pH 3.0. The experimental data were fitted with the Langmuir and Freundlich isotherm
models, since adsorption isotherms can well reflect adsorption performance of adsorbent to adsorbate, such as adsorption capacity and intensity. Two models of isotherm are expressed as follows [29–31]:

qe =

qmax L Ce
1 + L Ce

qe = Kf Ce1/n

(2)
(3)

where qe (mg/g) is the amount of As(V) adsorbed, L (L/mg) is a constant
relevant to the free energy of adsorption, qmax (mg/g) is the maximum
adsorption amount. Kf (mg1−n Ln/g) and (1/n) are related with adsorption capacity and intensity, respectively. Fig. 4 displays the nonlinear fit
of the Langmuir and Freundlich isotherm models, and relevant parameters are tabulated in Table 1. The experimental data of Ni-MOFs,
NiO@C300, NiO/Ni@C400, Ni@C500 and Ni@C600 are well fitted by
the Langmuir model (R2 > 0.987), indicating a monolayer adsorption
process in this case. The maximum adsorption capacities calculated by
the Langmuir model of As(V) on various composites follow the order:

3.3. Adsorption kinetic
The kinetic data can give us a good understanding of the adsorption
process and help us to confirm the reaction equilibrium time [37].
Fig. 5a displays the effect of reaction time on the adsorption of As(V) on
NiO/Ni@C400. The adsorption of As(V) on samples increases quickly
416
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Fig. 4. Adsorption isotherms (a) and comparison of adsorption capacities (b) of Ni-MOFs, NiO@C300, NiO/Ni@C400, Ni@C500 and Ni@C600 for As(V) removal.
(pH 3.0 ± 0.1, m/V = 0.15 g/L, and T = 298 K).

goes down, reaching the adsorption equilibrium around 100 min. The
rapid removal rate reveals that the chemical adsorption or surface
complexation is the main mechanism for As(V) removal on NiO/
Ni@C400.
In order to further understand the adsorption mechanism, adsorption kinetic models, such as pseudo-first-order and the pseudo-secondorder, are employed to fit the experiment data, and the equation is
expressed as follows [38–40]:
the pseudo-first-order model:

Table 1
Fitting parameters of adsorption isotherms for As(V) removal on all samples.
Samples

Ni-MOFs
NiO@C300
NiO/Ni@C400
Ni@C500
Ni@C600

T (K)

298
298
298
308
318
298
298

Langmuir

Freundlich
2

qmax

L

R

Kf

n

R2

133.93
210.40
454.94
533.44
560.01
290.89
342.77

0.033
0.041
0.046
0.048
0.059
0.047
0.050

0.995
0.989
0.990
0.987
0.982
0.990
0.987

11.35
22.36
48.15
56.57
72.71
33.81
48.15

2.01
2.16
2.07
2.04
2.19
2.20
2.24

0.944
0.946
0.985
0954
0.961
0.986
0.978

ln(qe

qmax (mg/g)

Reference

Commercial TiO2
Carbonaceous nanofibers
ZIF-8
NiAl-LDH
Ordered mesoporous Cerium iron mixed oxide
LDHs/GO
Chitosan-coated biosorbent
Ni-MOFs
NiO/Ni@C400

14.2 (optimal pH)
50.3 (pH 5.0)
60.0 (pH 7.0)
198.1 (pH 5.0)
106.2 (pH 4.0)
180.3 (pH 5.0)
96.5 (pH 4.0)
133.9 (pH 3.0)
454.9 (pH 3.0)

[32]
[27]
[33]
[47]
[34]
[35]
[36]
This work
This work

k1 t

(4)

the pseudo-second-order model:

t
1
t
=
+
qt
k2 qe2
qe

Table 2
Comparison of adsorption capacities of various reported adsorbent materials
towards As(V).
Adsorbent

qt ) = ln qe

(5)

where qt and qe (mg/g) are adsorption contents of As(V) by the NiO/
Ni@C400 at contact time t (min) and equilibrium time, respectively. k1
(min−1) and k2 (g/mg/min) are the pseudo-first-order and pseudosecond-order kinetic model rate constants, respectively. Fig. 5b and Fig.
S2 shows the kinetic fitting curves for As(V) removal on NiO/Ni@C400
and the fitting results are listed in Table 3. The correlation coefficient of
the pseudo-second-order kinetic model (R2 > 0.999) is higher than
that of the pseudo-first-order kinetic model (R2 = 0.902), and the experimental value (qe) is very close to that calculated from the pseudosecond-order kinetic model, revealing that the NiO/Ni@C400 for As(V)
adsorption is chemisorption process [41,42].
For a deeper understanding of the steps involved during adsorption,
the intraparticle diffusion model was introduced to analyze As(V)
boundary layer diffusion and intraparticle diffusion process. The model
equation can be expressed as follows [43]:

during the first reaction time of 40 min, and the hollow sphere structure
and the great BET surface area of NiO/Ni@C400 may be the major
reasons for the quick adsorption of As(V). After that, the adsorption rate

Fig. 5. (a) Effect of reaction time on As(V) adsorption onto NiO/Ni@C400. Insets: Adsorption kinetics linear fitting by pseudo-second-order kinetics model (pH
3.0 ± 0.1, m/V = 0.15 g/L, C0 = 20.0 mg/L, and T = 298 K). (b) Linear fitting of the intraparticle diffusion model.
417
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pH region of 1 to 10. The maximum removal amount of NiO/Ni@C400
for As(V) was obtained at pH 3. It is observed that adsorption capacity
appears the same downward trend when pH is below 3. This could be
due to the part decomposition of the material at lower pH. When pH is
greater than 3.0 and less than 11.0, the adsorption capacity decreases
also considerably to around 50.0 mg/g with the decrease of pH values.
To further explain this phenomenon, the zeta-potential of NiO/
Ni@C400 and the relative distribution of As(V) species in aqueous solutions were obtained and depict in Fig. 6b and c. One can see find that
the point of zero charge of NiO/Ni@C400 is around 4.14. When pH is
below 4.14, outside surface of NiO/Ni@C400 is positively charged,
while pH is above 3.9, its outside surface becomes negatively charged.
From Fig. 6c, the primary species of As(V) in aqueous solution are
H2AsO4− and H3AsO4 at pH below 7.0. and the HAsO42− and AsO43−
become the main species at pH above 7.0. Therefore, the excellent
adsorption capacity of As(V) on NiO/Ni@C400 from pH 1.0 to 4.14 can
be explained through the electrostatic attraction between negatively
charged As(V) species and positively adsorbent surface, whereas decreases adsorption tendency of As(V) at pH above 4.14 because of the
electrostatic repulsion of negatively charged adsorbent surface and
negatively charged As(V) species. Usually industrial wastewater containing As(V) has different pH values and contains various coexisting
ions [45]. From Fig. 6d, the NiO/Ni@C400 still retains excellent adsorption capacity for As(V), hardly be affected via a number of commonly coexisting anions. NiO/Ni@C400 exhibits broad pH suitability
and good resistance to anion interference, which can be used as a
promising adsorbent material for As(V) removal from industrial wastewater.

Table 3
Kinetic model parameters for As(V) removal by NiO/Ni@C400 adsorbent.
Model

Parameters

Pseudo-first-order

k1 (min−1)
0.021
k2 × 10-4 (g·mg−1·min−1)
9.93
kp1 (mg·g−1·min−1/2)
23.03
kp2 (mg·g−1·min−1/2)
7.40
kp3 (mg·g−1·min−1/2)
0.64

Pseudo-second-order
Intra-particle-diffusion model

R2
qe (mg·g−1)
60.45
qe (mg·g−1)
113.25
C1
−11.31
C2
43.65
C3
98.73

0.902
0.999
0.988
0.949
0.999

(6)

qt = k p t 1/2 + C
−1/2

where kp (mg·min
/g) is the diffusion coefficient and C is a constant
represents thickness of the boundary layer. As shown in Fig. 5b, the
linear plot displays a piecewise line with three slopes, demonstrating
that the total removal process involves in three stages with various ratelimiting step. A sharp increase of the adsorption amount observed in the
first stage is related to the momentary adsorption or outside surface
adsorption. After that, with occupation of adsorption sites on the outside surfaces of NiO/Ni@C400, As(V) anions ceaselessly transferred
into the NiO/Ni@C400 layer. In this process, the intraparticle diffusion
became the primary rate-determining step. In the last stage, the removal amount of As(V) was reaching a plateau. Besides, the fitting
curves do not pass through the origin, indicating the primary rate-determining process was surface adsorption, intraparticle diffusion and
other reactions [44].

3.5. Thermodynamic studies and reusability

3.4. Effect of pH and coexisting anions

The thermodynamic parameters including change in Gibbs free
energy (ΔG0), enthalpy (ΔH0) and entropy (ΔS0), can evaluate the
spontaneity and feasibility of the adsorption process. Thermodynamic
parameters were calculated using following equations [46–48]:

The synthesized NiO/Ni@C400 was served for As(V) adsorption as a
function of solution pH and shown in Fig. 6a. The NiO/Ni@C400 adsorbent has an excellent As(V) removal performance through a broad

Fig. 6. (a) pH effect on As(V) adsorption.
(m/V = 0.15 g/L, C0 = 20.0 mg/L, and
T = 298 K). (b) The zeta-potential of NiO/
Ni@C400 as a function of pH. (c) The relative distribution of As(V) species in aqueous solutions using Visual MINTEQ version
3.1. (C0 = 20.0 mg/L and T = 298 K). (d)
Coexisting anion effects on As(V) adsorption. (pH = 3.0 ± 0.1, m/V = 0.15 g/L,
C[As(V)] = 20 mg/L,
C[coexisting
anions] = 0.5 g/L, and T = 298 K).
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Fig. 7. (a) Adsorption isotherms of NiO/
Ni@C400 at 298, 308 and 318 K. (m/
V = 0.15 g/L, and pH = 3.0 ± 0.1). (b)
Plots of lnk0 versus 1/T for As(V) adsorption
on NiO/Ni@C400. (c) Magnetization curves
of NiO/Ni@C400. Insert: The image of absorbent was separated by a conventional
magnet in 30 s. (d) Reuse of the regenerated
NiO/Ni@C400 in consecutive adsorption.
(m/V = 0.15 g/L, C0 = 20.0 mg/g, pH =
3.0 ± 0.1, and T = 298 K).

G0 = H 0

T S0

(7)

S0
R

H0
RT

(8)

ln k 0 =

k0 =

qe
Ce

suspensions were separated under an external magnetic field after 24 h.
After that, the recyclability was performed five times. As revealed in
Fig. 7d, adsorption capacity of the NiO/Ni@C400 for As(V) decreases
from 115 to 80 mg/g after five times recycling, which still maintains a
high removal performance. The result indicates that the NiO/Ni@C400
can be used as an efficient adsorbent to remove As(V) from wastewater.

(9)

where R (8.314 J/mol/K) and k0 are the universal gas constant and the
distribution constant, respectively. The ΔH0 and ΔS0 are calculated
from the slope and intercept plot of lnk0 against 1/T (Fig. 7b) and optimized parameters are presented in Table S1. The values of ΔG0 decrease with the increase of temperature, indicating the higher temperatures is beneficial for As(V) removal. As shown in Fig. 7a, with the
increasing temperature from 298 to 318 K, the removal amount of As
(V) increases from 454.94 to 560.01 mg/g, revealing the adsorption
process is a chemical adsorption rather than physical adsorption [49].
The positive values of ΔH0 confirm the adsorption of As(V) is an endothermic process. The values of ΔS0 are also positive, indicating that
the randomness increases at the solid/solution interface due to As(V)
adhere to the surface of adsorbent. The negative ΔG0 values at all
temperatures suggest that the removal is a spontaneous process.
The NiO/Ni@C400 shows a high saturation magnetization intensity
around 30 emu/g (Fig. 7c). This larger magnetic behavior results from
the high loading ratio of Ni nanoparticles in the carbon matrix. From
the insert diagram from Fig. 7c, it is obvious that the NiO/Ni@C400
was separated by a conventional magnet easily in 30 s, which is very
convenient for the separation of adsorbent and adsorbate after removal
of As(V) in industrials wastewater.
Considering the practicability of the adsorbent, regeneration and
recyclability of adsorbent are very important. Therefore, the recycle
performance of NiO/Ni@C400 for As(V) removal was investigated. The
desorption study of NiO/Ni@C400 was carried out. Firstly, the used
adsorbent was washed with 1 mol/L NaOH solution, and the

3.6. Adsorption mechanism
In order to further study the adsorption mechanisms of As(V) on
NiO/Ni@C400, XPS analysis has been carried out to analyze material
composition and elemental valence of adsorbent surface [50]. As revealed in Fig. 8a, the specific spectra of primary peaks C 1s, O 1s and Ni
2p photoelectrons indicate the main composition of the NiO/Ni@C400
(i.e., C, O and Ni). The emergence of As 3d peak after As(V) uptake
implies that the As(V) is successfully adsorbed on the surface of NiO/
Ni@C400. From Fig. 8b, NiO/Ni@C400 with As(V) adsorbed displays
only one As 3d band centered at 45.5 eV, attributing to the As(V) species [51]. From Fig. 8c, the high-resolution scan of O 1s spectrum can
be deconvoluted into three subcomponents at 529.8, 531.6 and
533.0 eV. The peak at around 529.8 eV can be corresponded to Ni-O
bond. The binding energy at 531.6 eV ascribed to the metal hydroxides
or hydroxyl groups, whereas the peak at 533.0 eV is physically or
chemically adsorbed water [52]. The O 1s spectrum for NiO/Ni@C400
with As(V) adsorbed as shown in Fig. 8c. In contrast with that of the
pristine adsorbent, a new characteristic peak emerged around 531.1 eV
(Fig. 8c), which can be corresponded to As–O bond, confirming As(V)
adsorption on the surface of NiO/Ni@C400.
On the basis of the surface complex model theory [50], FT-IR can
detect the surface of the hydroxyl groups of metal oxides. As shown in
Fig. 8d, the FT-IR of the NiO/Ni@C400 before and after As(V) adsorption are carried out. Apparent FT-IR peak of As-O is observed at
831 cm−1, in line with the reported value in literature [50,53].
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Fig. 8. XPS wide spectra of NiO/Ni@C400 before and after As(V) adsorption (a), high-resolution As 3d (b), O 1s XPS spectra of NiO/Ni@C400 and NiO/Ni@C400
with As(V) adsorbed (c), FT-IR of pattern the NiO/Ni@C400 before and after As(V) adsorption (d).

Based on the above analysis, the removal mechanism of NiO/
Ni@C400 to As(V) can be summarized into two aspects: electrostatic
interaction and surface complexation (As-O bond).
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