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ABSTRACT: A surfactant-assisted hydrothermal route has
been presented to one-pot synthesized Ni nanoparticles
encapsulated in Mg(OH), hollow spheres. The diameter of
Ni cores and the thickness of Mg(OH), shells are about 60—
80 and 15 nm, respectively, and the size of a whole composite
sphere is approximately 70—100 nm. Benefiting from the
ferrimagnetic behavior of Ni cores and the high surface area of
Mg(OH), shells, Ni@Mg(OH), nanocomposites exhibit
excellent heavy metals adsorption capacity and recyclable
property. The first removal efficiency is almost 100% for target
metals, and after five cycles, the adsorption capacity remains
95%. A series of experiments show the adsorption of heavy
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metal ions on Ni@Mg(OH), follows a pseudo-second order kinetic equation and can be described by a Langmuir isotherm

model.
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1. INTRODUCTION

Water pollution caused by heavy metals is one of the serious
worldwide environmental issues.' > Because of environmental
friendliness, high adsorption capacity, and thermal stability,
Mg(OH), has been considered as an ideal water treatment agent
to remove heavy metals, including nickel, cobalt, lead, copper,
zinc, and cadmium.’~® However, the conventional Mg(OH),
water treatment agent has to suffer from poor recyclability. For
example, the wastewater often contain some solid pollutants,
which always mix together with the Mg(OH), particles, and it is
difficult to separate Mg(OH), from the mixture.

Recently, magnetic nanoparticles have stimulated extensive
studies because of their promising applications in diverse fields
such as magnetic recording media,'°~'* magnetic sensors,'>"*
magnetic resonance imaging contrast agents,15 magnetic targeted
drug delivery,'® and magnetic separation.'” Among these
applications, the magnetic separation inspires us to develop a
magnetic selective collection strategy. In this strategy, Ni@
Mg(OH), core—shell composite nanostructures have been
synthesized as a recyclable water treatment agent. Making use
of the magnetism of Ni core, we successfully separate and collect
the Ni@Mg(OH), nanocomposites from the mixture under an
external magnetic field and eventually achieve the water
treatment agent reuse. It should be mentioned that nanosized
Ni particles are easily oxidized to NiO by air and lose the
magnetism.”’18 Herein, the Mg(OH), shell is equal to a
protective layer, which can prevent the Ni core from oxidizing
and keep the magnetism.
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2. EXPERIMENTAL SECTION

2.1. Synthesis of Ni@Mg(OH), Core—Shell Nanocomposites.
In a typical procedure, 0.45 g of poly(vinylpyrrolidone) (PVP, K-30)
was first introduced into 45 mL of hexane/water (volume ratio was 8:1)
system with agitation. Then 2.5 mmol of NiCl,-6H,0, 2 mL of NHj-
H,0, and 2.5 mmol Mg powder were added into the above emulsion,
respectively. After stirring for a few minutes, the mixture was transferred
into a Teflon-lined stainless steel autoclave and kept at 200 °C for 20 h
and then cooled to room temperature naturally. The product was
centrifuged and washed with distilled water and absolute ethanol several
times, until a black precipitate was collected. Finally, the obtained
product was dried in vacuum at 50 °C for 6 h.

2.2. Characterization. The phase purity and crystal structure of the
product were detected by powder X-ray diffraction (XRD; Phillips
X’Pert SUPER) with Cu Ka radiation (4 = 1.5418 A). The morphology
was observed by a transmission electron microscope (TEM; Hitachi
800), using an accelerating voltage of 200 kV. Further detailed structural
characterization and the elemental composition analysis were performed
on a high-resolution TEM (HRTEM; JEOL-2010) equipped with an
energy-dispersive X-ray (EDX, Oxford) spectrum, also at 200 kV. The
content of Ni and Mg(OH), were estimated by thermal gravimetric
analysis (TGA; DT-50) in an argon atmosphere. Magnetic properties
were measured on a MPMS XL-7 SQUID magnetometer. The specific
surface area was evaluated from nitrogen adsorption data (ASAP 2010).
The surface charges were examined with a Nanotrac Wave zeta potential
analyzer.

2.3. Heavy Metals Removal Experiments. To test the effect of
Ni@Mg(OH), nanocomposites on removing heavy metals, the solution
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Scheme 1. Synthetic Procedure of Ni@Mg(OH), Core—Shell Composite Nanostructures

Mg(OH),
@ shell
VLo
.*. Niz*ion .Q Hydrothtlermal S—
) : water..k. Reaction ro!
®
[ f.f.(
hexane £ @T@®" Mg powder
160.0k
a) 11 140.0k - b)
120.0k 1
100.0k 4
(2]
& 80.0k
c
200 3 60.0k -
© 40.0k -
220
» J 20.0k
—_ o0 —FF—TF—
10 20 30 40 50 60 70 80 0 200 400 _ 600 800 1000
26 (degree) Binding Energy (V)
3600 1 C) Mg2p 2s.0k{ ) Ofs
3000 ]
] 20 .0k -
2400 4 e 1
Py ] o150k 4
€ 1800 4 €
3 ] 310.0k
© 1200 O ]
600 - 5.0k -
) 55 60 525 530 535
Binding Energy (eV) Binding Energy (eV)

Figure 1. (a) XRD patterns and (b—d) XPS spectra of as-prepared Ni@Mg(OH),.

contains Zn>*, Cd**, and Cu*, and kaolin (simulating solid pollutants)
were prepared at room temperature. In a representative solution, the
concentrations of three metal ions and kaolin were 90 mg L™' (30 mg
L™ for each) and 3 g L', and the pH value was adjusted to ~6.5. After
60 min, the concentrations of Zn>*, Cd**, and Cu®* were determined by
atomic absorption spectroscopy (AAS; AAanlyst 800), and the values
are 28.3, 28.8, and 28.5 mg L', respectively. The decrease of heavy
metal ions came from the adsorption of kaolin. Then, 0.2 g of Ni@
Mg(OH), nanocomposites were put into the above S0 mL solution at
room temperature for 60 min under continuous stirring conditions.

3. RESULTS AND DISCUSSION

3.1. Formation Mechanism of Ni@Mg(OH), Core—Shell
Nanocomposites. Scheme 1 illustrates the synthesis process of
Ni@Mg(OH), nanocomposites. The PVP molecules possess
hydrophobic (alkyl) and hydrophilic (oxygen atoms) groups as
well, so PVP can bridge hexane and water at their interface and
form a water/hexane emulsion.'”?° When the ratio between
hexane and water was in an appropriate range, nanoscale water
droplets were obtained and dispersed in hexane through
agitation. Theses water droplets provided a constant environ-
ment for the nanoparticles growth. Ni** ions readily dissolved in
these water droplets owing to the strong affinity of the PVP
oxygen atoms for Ni** ions. Under hydrothermal conditions,
Ni** ions were reduced to Ni atoms by Mg powder:

Mg + Ni** — Mg** + Ni (1)

1534

At the same time, Mg*" ions (rooting in eq 1) reacted with NH;-
H,O to form Mg(OH),, which deposited on the surface of water
droplets and gradually accumulated into shells. The Mg(OH),
shells blocked the outward growth of Ni nanoparticles and
ultimately creating Ni@Mg(OH), nanocomposites.

To confirm the above mechanism, we performed a control
experiment with a short reaction time of S h, and found the
intermediates were mainly Ni hollow spheres (see Supporting
Information Figure S1), which are convincing evidence that the
nascent Ni forms on the inner wall of water droplets. Prolonging
the reaction time, these hollow spheres would grew inward to
solid spheres and served as cores of Ni@Mg(OH), nano-
composites.

Additionally, NH;-H,O also played an important role in the
formation of Ni@Mg(OH), nanocomposites. In our reaction
system, Ni** ions complexed with NH;H,O to form [Ni-
(NH,),]** in solution:

Ni** + 4NH;-H,0 — [Ni(NH,),*" + 4H,0 @)
With a rise in temperature, [Ni(NH;),]** would slowly release
free Ni** ions to take part in the reduction reaction (eq 1). In
place of NH;-H,O with other base (e.g, NaOH), only irregular
nanoparticles were obtained. That demonstrates a relatively low
concentration of free Ni** ions is able to slow down the reaction
rate and control the nucleation and growth well, which are
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essential for the shaping of Ni@Mg(OH), nanocomposites. The
whole reaction can be summarized as eq 3:

NiCl, + Mg + 2NH,-H,0

— Ni + Mg(OH), + 2NH,Cl (3)
3.2. Characterization of Ni@Mg(OH), Core—Shell
Nanocomposites. Figure la shows the XRD pattern of the
products prepared through the typical process. All of the
reflection peaks can be easily indexed to a face-centered cubic
phase [space group Fm3m (225)] of nickel. The calculated cell
constant is a = 3.526 A, which is close to the literature value
(JCPDS card no. 04-0850; a = 3.523 A). Besides, no diffraction
peak of Mg(OH), can be distinctly identified. This result seems
to suggest that the shells mainly consist of amorphous Mg(OH),.
To ascertain the composition of the shells, we have employed
the XPS technique, which can analyze the composition of the
surface layer of the compound with a depth penetration of
approximately 2—3 nm. The survey XPS spectrum of the product
is illustrated in Figure 1b. The binding energies obtained in the
XPS analysis are standardized for specimen charging using C 1s
as the reference at 284.57 eV. No other elements except Mg, O,
Nj, and C are observed in the spectrum. The characteristic peaks
for Mg 2p and O 1s are at 48.98 and 530.67 eV, respectively
(Figure 1c,d), which are consistent with the previously published
XPS spectrum of Mg(OH),. It is worth mentioning that XPS
analysis can hardly detect any Ni 2p signal, which confirms that
the Ni nanoparticles are mostly encapsulated inside the
amorphous Mg(OH), shells. The EDX spectra present the
further composition information on Ni@Mg(OH), nano-
composites (see the Supporting Information, Figure S2).

As shown in Figure 2a, a high yield of spherical core—shell
nanostructures can be clearly observed. The sizes of Ni cores are
distributed over the range of 60—80 nm in diameter. There is a
Mg(OH), shell with ~15 nm in thickness around the Ni core.
These nanocomposites are inclined to accumulate together
because of their magnetism. The enlarged TEM image indicates
that an individual nanosphere (Figure 2b), whose core region is
darker than the shell part, meaning that the core and shell have
different components.

To investigate the structural details of Ni cores, HRTEM
studies were performed taken from uncovered Ni nanoparticles
(in the inset of Figure 2c). An intersecting lattice structure was
demonstrated in Figure 2c. One interplanar spacing is 0.106 nm,
and another is 0.123 nm. There are still well-resolved lattice
planes near the particle edge (top right corner), implying that the
Ni nanoparticles possess high crystallinity and structurally
uniform. The SAED pattern can be indexed for the [123] zone
axis of Ni (Figure 2d), in which pattern spots can be clearly seen
whose presence exhibits the single crystalline nature of the
selected area.

The TGA curve of Ni@Mg(OH), nanocomposites is
displayed in Figure 3a. The distinct weight loss that happens
between 337 and 411 °C may be attributed to the dehydration of
magnesium hydroxide: Mg(OH), — MgO + H,O. This
dehydration process causes a loss of 12.7 wt %. On the basis of
this data, the Mg(OH), content in nanocomposites is
approximately estimated to be 40.9 wt %.

Figure 3b gives the room-temperature magnetic hysteresis
loops of Ni@Mg(OH), nanocomposites. The saturation
magnetization (M) is 39.75 emu g™, which is less than that of
bulk nickel.>' This is because Mg(OH), are not magnetic
materials, thus pulling down the magnetization of Ni@Mg(OH),

1535

Figure 2. (a, b) TEM images of Ni@Mg(OH), nanocomposites, (c)
HRTEM images, and (d) SAED patterns of Ni cores.

nanocomposites. The coercivity (H,) is up to 199 Oe, while the
H_ value of bulk nickel is not more than 100 Oe.>* The increase of
coercivity reveals the size of Ni core is larger than the single-
domain critical size of Ni. The above behavior displays typical
ferromagnetic properties, which ensure Ni@Mg(OH), nano-
composites can be readily collected via magnetic separation and
repeatedly used as a removal agent.

The adsorption capability of Ni@Mg(OH), nanocomposites
was evaluated from N, adsorption/desorption isotherms (Figure
4a). The BET specific surface area and pore volumes were 124.2
m® g~ and 0.15 cm® g7/, respectively. By using the BJH model,
the pore size distribution was calculated and shown as an inset in
Figure 4a. The pore diameters concentrated in the rages of 2—20
nm, and the average diameter was 5.5 nm, which indicated Ni@
Mg(OH), nanocomposites had mesoporous structures. These
features are conducive to the adsorption of heavy metal ions from
aqueous solutions.

The electrostatic attraction coming from the surface charges of
particles is another important factor deciding the adsorption
behavior.>® To our knowledge, the surface charges are usually
varied with the change of pH value, so we analyzed the zeta
potential of Ni@Mg(OH), nanocomposites at different pH
conditions. As shown in Figure 4b, the zeta potential is positive at
low pH values. Increasing the pH value, the zeta potential
gradually becomes negative and reaches the maximum value of
—12.6 mV while pH value increases to 6.5. This fact that negative
charges are present on the surface of Ni@Mg(OH), nano-
composites helps enhance the adsorption capacity for heavy
metal ions through additional electrostatic attraction.

3.3. Heavy Metal Removal Efficiency and Recyclable
Property. The recycling strategy of Ni@Mg(OH), nano-
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Figure 3. (a) TGA curve and (b) field-dependent magnetization of Ni@Mg(OH), nanocomposites.
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Figure 4. (a) N, adsorption/desorption isotherm, (inset of a) pore-size distribution and (b) zeta potential at different pH values of Ni@Mg(OH),
nanocomposites.

Scheme 2. Recycling Strategy of Ni@Mg(OH), Water Treatment Agent
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desorbed from Ni@Mg(OH), nanocomposites and precipitated
as M(OH),, through washing them by alkaline solution. Finally,
the recovered Ni@Mg(OH), nanocomposites were magnetically
collected and used again to remove heavy metals from
wastewater. Moreover, the heavy metal may be also recycled in
this strategy.

The heavy metal (selecting Zn**, Cd*', and Cu®" ions as
examples) removal efficacy of Ni@Mg(OH), nanocomposites
can be directly observed by the change of the color of the
solution. After undergoing adsorption and magnetic separation,
the solution turned from light greenish blue to colorless. There
were still kaolin particles in solution, which meant Ni@
Mg(OH), nanocomposites/M™ could be effectively separated
from the mixture of solid pollutants.

The heavy metal removal efficiency (deducting the kaolin
influence) is shown in Figure S. The initial removal was complete
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Figure 5. Heavy metal removal efficacy and recycling of Ni@Mg(OH),
nanocomposites.

with a high rate of almost 100%, which indicated Ni@Mg(OH),
nanocomposites were highly efficient adsorbents for heavy metal
removal from solution. We repeatedly carried out the adsorption
experiments and found the recovered Ni@Mg(OH), nano-
composites possessed excellent removal efficiency retention
during cycling. The removal efficiency maintained 95% after S
cycles, and particularly Cd** removal efficiency consistently kept
more than 98.1%. In our opinion, such a good reproducibility

mainly results from the following two reasons. First, Ni@
Mg(OH), nanocomposites have mesoporous structures. The
porosity accommodates the volume changes induced by the
adsorption and desorption of M"* ions so that Ni@Mg(OH),
sustain their architectures and adsorption capability. Second,
Mg(OH), shells slow down the oxidation of Ni cores and thus
maintain their magnetic properties upon cycling.

3.4. Adsorption Kinetics. Figure 6 shows the adsorption of
Zn*, Cd**, and Cu** (initial concentration of 30 mg L™" for each;
without kaolin) on Ni@Mg(OH), as a function of contact time.
All the three ions had similar adsorption trends. The removal
efficiency rose sharply within the beginning 20 min and
subsequently increased slowly close to 100% after 30—40 min;
afterward, the removal efficiency no longer changed even the
contact time extended to 120 min (Figure 6a). We think the
initial high removal efficiency corresponds to the fast diffusion of
M"" jons from the solution to the adsorbent surfaces. The later
low removal efficiency corresponds to the slow diffusion of M™
ions from the adsorbent surfaces to inners or ion transfer at the
interface between adsorbent particles.”*

The adsorption capacity q can be defined as

qg=AcV/m (4)
where Ac is the concentration change of M (mg L™"), V'is the
solution volume (L), and m is the mass of Ni@Mg(OH),
nanocomposites (g). According to eq 4, the adsorption capacities
are calculated using the data rooting in the above experiment and
shown in Figure 6b. As we know, the adsorption kinetics may be
described by pseudo-first order and pseudo-second order kinetic
models. Through modeling the experiment data during 50 min,
we find the pseudo-second order model fit the adsorption of M"*
on Ni@Mg(OH), nanocomposites better than the pseudo-first
order model. The pseudo-second order equation can be written
as

dqt
—t—k —a)?
" 2(q, — q,)

©)
where g, and g, are adsorption capacity at equilibrium and time ¢
(mg g7'), respectively, and k, is pseudo-second-order rate
constant (g mg~' min~'). After integrating at boundary
conditions, eq S can be rearranged as follows:
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Figure 6. Effect of contact time on adsorption of heavy metal ions by Ni@Mg(OH),: (a) removal efficacy, (b) adsorption capacity, and (inset of b)

pseudo-second order kinetics plots.
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(b) Langmuir isotherm plots.

9, ka’ q, 6)

The linear fitting based on eq 6 have been shown in the inset of
Figure 6b. The value of k, and g, for Zn?*, Cd**, and Cu**, which
can be obtained from the intercept and the slope of these linear
plots, are 0.0161, 0.0283, and 0.019 g mg™' min~" and 30.42,
30.3, and 30.35 mg g, respectively.

3.5. Adsorption Isotherm. Figure 7a shows the adsorption
of Zn**, Cd**, and Cu** on Ni@Mg(OH), as a function of their
initial concentration (from 10 to 100 mg L™ for each; without
kaolin). One can see the equilibrium adsorption capacity of Ni@
Mg(OH), continuously rises with increasing the initial
concentration of metal ions. When the initial concentration is
increased to 100 mg L™, the equilibrium adsorption capacity for
Zn**, Cd*, and Cu*" are 36.03, 45.02, and 4049 mg g/,
respectively. The inset of Figure 7a illustrates the effect of the
initial concentration of metal ions on the removal efficiency. All
the three ions can be completely removed at 30 mg L™" and lower
initial concentration. With adjusting the initial concentration
from 30 to 100 mg L', the removal efficiency gradually
decreases. This fact discloses metal ions fill the surface space of
Ni@Mg(OH), at the critical concentration,” so that the
removal efficiency declines at higher concentration.

The Langmuir adsorption model has been employed to
analyze the adsorption isotherms:

KC

€

9 = I y KkC, 7)

The linearized form of the Langmuir isotherm is given as

C. C 1
. 4, Kaq, (8)

where g,,, is the maximum adsorption capacity (mgg™"), C, is the
equilibrium concentration of metal ions (mg L™"), and K is the
equilibrium constant (L mg™"). Figure 7b gives the Langmuir
isotherm. The relation between C./q. and C, appears a good
linearity, so the adsorption of Zn**, Cd**, and Cu** on Ni@
Mg(OH), can be regarded as a monolayer adsorption process.
According to eq 8, the maximum adsorption capacity for Zn®*,
Cd?*, and Cu?* are calculated to be 36.11, 44.98, and 40.18 mg
g~', approximately the experimental values.

Comparing with other adsorbents (Table 1),>**7>" although
some adsorbents have higher adsorption capacity for certain ions,

Table 1. Adsorption Capacity of Some Adsorbents for Zn®",
Cd**, and Cu®*

adsorption capacity for heavy metal ions

(mgg™)
adsorbents Zn** cd* Cu
Purolite Arsen X"#° 484 82 5.57
magnetite nanorods>® SS 46 40
magnetic modified chitosan®® 32.16
iron oxide coated sewage sludge®  42.4 17.3
iron oxide nanoparticles- 7.13 5.81
immobilized-sand
Fe,0,/Zn0/Cu0 31.5/513/42  11.5/148.5/6
nanoparticles®
dairy manure biochar® S14 32.8 S4.4
activated charcoal derived from 382
coffe

such as Fe;O, nanoparticles for Cu** and magnetite nanorods for
Zn**, Ni@Mg(OH), exhibit satisfactory adsorption for all three
ions. Taking into account low cost, easy synthesis, and excellent
recyclability, Ni@Mg(OH)2 nanocomposites are more com-
petitive in practical applications.

3.6. Practical Test. We collected the wastewater from an
electroplate factory as a test sample to verify the real effect of
Ni@Mg(OH), removal agent. There are 7.5 mg L™ Zn**, 20.5
mg L' Cd*, and 13.8 mg L™' Cu’* in the water sample. In our
test system, 0.1 g of Ni@Mg(OH)Z nanocomposites were put
into a 50 mL water sample at room temperature. After agitating
for 60 min, Ni@Mg(OH), loaded with Zn**, Cd*, and Cu®*
were magnetically separated from the water sample. Then, they
were washed by NaOH solution to release the adsorbed metal
ions. The regenerated Ni@Mg(OH), were magnetically
collected and reused for S times. As shown in Figure 8, Ni@
Mg(OH), exhibited excellent removal efficiency and recycla-
bility. The first removal efficiency for Zn**, Cd**, and Cu** ions
reached 99.22%, 99.65%, and 99.49%, respectively. The
adsorption capacity for the heavy metal ions only appeared
slightly fading during cycling and the removal efficiency for Zn**,
Cd*, and Cu?* maintained 94.53%, 97.31%, and 95.45% after 6
cycles. The above results indicate that Ni@Mg(OH), is a

1538 DOI: 10.1021/am506643b
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Figure 8. Practical test for heavy metal removal efficacy and recycling of
Ni@Mg(OH), nanocomposites (the water sample contained mixed
Zn*, Cd**, and Cu** with an initial concentration of 7.5 mg L ™", 20.5 mg
L7}, and 13.8 mg L7, respectively; pH value, ~ 6.3; temperature, 25 °C;
adsorbent concentration, 2 g L™'; contact time, 60 min).

promising recyclable water treatment agent in terms of high
removal efficiency and low capacity loss.

B CONCLUSIONS

In summary, Ni@Mg(OH), core—shell nanocomposites were
one-pot synthesized by a surfactant-assisted hydrothermal
reduction method. Taking advantage of the high surface area
and ferromagnetic properties of Ni@Mg(OH), nanocomposites,
we designed a magnetically recyclable strategy to remove the
heavy metal from wastewater. This strategy ensured that
adsorbent might be separated from the other solid pollutants.
A series of experiments showed Ni@Mg(OH), nanocomposites
had high removal efficiency and low capacity fading. The
practical test indicated that Ni@Mg(OH), was an efficient
recyclable water treatment agent, which was expected to clean up
more types of wastewater.
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