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ABSTRACT: This work reports the preparation of ferro-
magnetic nickel nanowires (NiNW) coated with dithiocarbamate-
functionalized siliceous shells and its application for the uptake of
aqueous Hg(II) ions by magnetic separation. NiNW with an
average diameter and length of 35 nm and 5 μm, respectively,
were firstly prepared by Ni electrodeposition in an anodic
aluminum oxide template. The NiNW surfaces were then coated
with siliceous shells containing dithiocarbamate groups via a
one-step procedure consisting in the alkaline hydrolytic co-
condensation of tetraethoxysilane (TEOS) and a siloxydithio-
carbamate precursor (SiDTC). A small amount of these new
nanoadsorbents (2.5 mg·L−1) removed 99.8% of mercury ions from aqueous solutions with concentration 50 μg·L−1 and in less than
24 h of contact time. This outstanding removal ability is attributed to the high affinity of the sulfur donor ligands to Hg(II) species
combined with the high surface area-to-volume ratio of the NiNW.
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■ INTRODUCTION

Water contamination by toxic metal ions such as mercury (Hg)
is an eco-toxicological hazard of major interest that has raised
the attention of the scientific community. Mercury and its
compounds are highly toxic even in traces amounts.1 Due to
high toxicity to aquatic biota and humans, mercury is regarded
as one of the priority hazardous substances by the European
Union (EU) and according to the Water Framework Directive,
all EU Member States must implement measures to
progressively reduce its emissions, discharges, and losses.2

The unprecedented progress on methods of synthesis of
nanomaterials has provided opportunities for the fabrication of
nanostructured materials with tailored and improved properties
desirable for water remediation and reuse, either by photo-
catalytic degradation, membrane filtration, or adsorption.3−5

For example, nanosorbents offer significant improvement of the
adsorption capacity over conventional adsorbents due to the
high specific surface area, tunable pore size, and short intra-
particle diffusion distance. Furthermore, the surface of many
nanomaterials can be chemically modified to target specific
pollutants, achieving high selectivity. In this context, several
nanomaterials have been investigated as nanoadsorbents for the
removal of Hg(II) species and other heavy-metal ions
contaminants from water; examples of such type of sorbents
include carbon-based nanomaterials6 and polymer nano-
composites.7

Recently, a distinct approach for the removal of water
contaminants have been developed, involving the use of

magnetic nanoparticles.8−10 Magnetic nanosorbents appear
attractive because they can be easily separated from water
under an external magnetic field. Iron oxides, namely magnetite
(Fe3O4) and maghemite (γ-Fe2O3) are by far the materials
most commonly used for preparing magnetic nanosorbents due
to high surface area-to-volume ratio, good magnetic features, and
ability for surface functionalization, associated with the relatively
low cost and low toxicity.8−11 Our interest in this field, prompted
us to the development of magnetite particles coated with silica
shells modified with dithiocarbamate groups.12,13 These sorbents
are highly effective in the decontamination of synthetic and natural
waters containing realistic Hg(II) concentrations (50 μg·L−1), by
applying a relatively weak external magnetic field.12−15 Even in
more complex matrices, such as spiked surface-river water, these
particles showed very good performance and it was possible to
achieve Hg(II) levels below the guideline values established by the
EU Water Framework directive.14

Nickel nanowires are high aspect ratio ferromagnetic particles
with submicrometer diameters (8-500 nm) and lengths
in the range from few nanometers to several micrometers.
NiNW carry a permanent magnetic moment, and hence, they are
readily oriented and manipulated in response to magnetic fields.
In fact, NiNW have received considerable attention in cell
manipulation,16−20 micro-rheology,21,22 and microfluidics.23,24
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For example, in specific applications such as cell separation, it was
demonstrated that NiNW outperform magnetic spheroid beads of
identical volume due to the higher magnetic moment of the
nanowires compared to the beads.18 In addition, NiNW have been
exploited in analytical chemistry, such as amperometric sensors for
the detection of glucose,24−26 sucrose,26 and methanol.25 Despite
being easily manipulated through the application of an external
magnetic, NiNW remain to be exploited in water purification and
monitoring technologies. Although NiNW pose some concerns
related to their potential toxicity, they offer an alternative in
specific contexts of application such as in laboratorial monitoring
and analysis of water quality.
The present paper describes the first attempt to explore

functionalized NiNW as nanosorbents for the removal of
aqueous heavy metal ions, such as Hg(II). Therefore, ferro-
magnetic nickel nanowires have been coated with a siliceous
shell containing dithiocarbamate groups in order to confer
strong affinity to such ionic species and also to limit adventitious
processes of lixiviation of the Ni particles. The resulting coated
NiNW have shown efficient uptake of mercury from water, upon
magnetic separation, thus demonstrating their potential for metal
uptake and water quality monitoring.

■ EXPERIMENTAL PROCEDURES
Materials. High purity (>99.97 %) aluminum foils 250 μm thick

were obtained from Alfa Aesar. Oxalic acid (H2C2O4, ≥99 %), boric
acid (H3BO3, ≥99.5 %), nickel(II) sulfate hexahydrate (NiSO4·6H2O,
99 %), nickel(II) chloride hexahydrate (NiCl2·6H2O, 99.9 %),
phosphoric acid (H3PO4, 85%), chromium oxide (CrO3, ≥99 %),
tetraethyl orthosilicate (Si(OC2H5)4:TEOS, >99%) and 3-amino-
propyltriethoxysilane (H2N(CH2)3Si(OC2H5)3, APTES, >99%) were
purchased from Sigma-Aldrich. Carbon disulfide (CS2, >99%) and
ethanol (CH3CH2OH, >99%) were obtained from Panreac. Sodium
hydroxide (NaOH, >98%) was purchased from Pronolab and ammonia
solution (NH4OH, 25%) was obtained from Riedel-de-Haen. The certified
standard stock solution of Hg(NO3)2 (998 ± 2 mg·L−1) was purchased
from Merck. All chemicals were used as received and all aqueous solutions
were freshly prepared using ultrapure water (18.2 mΩ·cm−1).
Synthesis of Siloxydithiocarbamate Precursor (SiDTC). The

siloxydithiocarbamate compound (SiDTC) was obtained by con-
version of APTES into the corresponding dithiocarbamate, by reaction
with CS2 in alkaline medium using sodium ethoxide as base.13 Sodium
ethoxide was obtained by reacting sodium hydroxide (0.2 g) in dry
ethanol (25 mL) for 6 h and over a nitrogen atmosphere. The mixture
was cooled to 273 K and then carbon disulfide (0.30 mL) and APTES
(1.17 mL) have been added dropwise. After stirring at 273 K for 30
min, the mixture was heated at 313 K and left under vigorous stirring
for 24 h. After cooling to room temperature, the volatiles were
evaporated under a dynamic vacuum.
Synthesis of SiO2/SiDTC Coated NiNW. Ni nanowires were

fabricated by electrodeposition method, using anodized aluminum
oxide (AAO) membrane.19 The synthesis of SiO2/SiDTC coated
nickel nanowires (NiNW@SiO2/SiDTC) was performed by a one-step
procedure that included the alkaline hydrolysis of TEOS in the
presence of the precursor SiDTC. Hence, a dispersion of NiNW (5 mg)
in ethanol (3.8 mL) was prepared and left immersed in an ice bath,
over 4 min under sonication (horn Sonics, Vibracell). Consecutively,
ammonia solution (0.3 mL) and a mixture of SiDTC and TEOS
(3.7 mg and 8.3 μL, respectively) were added, and the resulting
suspension was left in an ice bath for 30 min, under sonication. Finally,
the nanowires were collected using a NdFeB magnet and washed
thoroughly with ethanol.
Silica coating of NiNW was performed similarly via the alkaline

hydrolysis of TEOS as the only Si alkoxide precursor present.
Uptake of Mercury Ions from Water. The ability of NiNW,

NiNW@SiO2, and NiNW@SiO2/SiDTC to uptake Hg(II) was
evaluated by contacting the particles with a known concentration

(50μg·L−1) of an aqueous solution of Hg(II) for variable periods of
time. The sorption experiments were carried out in a 500 mL glass
batch reactor at 295 ± 1 K, under mechanical stirring using a glass rod.
The pH of all working Hg(II) solutions was adjusted to 7 using
0.1 mol·L−1 aqueous NaOH. An amount (2.5 mg·L−1) of the sorbent
(NiNW, NiNW@SiO2, or NiNW@SiO2/SiDTC) was added to the
Hg(II) aqueous solutions. For each experiment, the Hg(II) solution
was stirred continuously, and aliquots were withdrawn at increasing
contact times (t). A control experiment without sorbent was carried
out in parallel. Hg(II) was quantified by atomic fluorescence
spectroscopy, on a flow-injection cold vapor atomic fluorescence
spectrometer (hydride/vapor generator PS Analytical Model 10.003,
coupled to a PS Analytical Model 10.023 Merlin atomic fluorescence
spectrometer), which allows Hg(II) detection at very low levels
(2 ng·L−1). All glassware used in the sorption studies were acid washed
(nitric acid 25%, 12 h) and then rinsed by ultra-pure water.

The amount of Hg(II) sorbed at each time (qHg) was calculated by
material balance according to qHg = (CHg,0 − CHg,t )Vm

−1, where CHg,0
is the initial Hg(II) concentration in solution and CHg,t is the Hg(II)
concentration in solution at time t (both in microgram per liter), V is
the volume of solution (in liter), and m is the mass of sorbent (in
gram). The experimental data were modeled using three, of the most
used kinetic models in this field, the pseudo-first- and the pseudo-
second-order models27,28 and the Elovich model,29 expressed
respectively by the following equations:
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where qHg,e (in microgram per gram) is the amount of Hg(II) sorbed
per gram of sorbent, at equilibrium, k1 (in per hours), and k2 (in gram
per microgram per hour) are respectively the kinetic constants of
pseudo-first- and pseudo-second-order, α (in microgram per gram per
hour) is the initial sorption rate and β (in gram per microgram) is the
desorption constant.

The kinetic parameters were obtained by nonlinear regression
analysis using the GraphPad Prism 5 program (trial version). This
program uses the least-squares as fitting method and the method of
Marquardt and Levenberg, blending the methods of linear descent and
Gauss−Newton for adjusting the variables. The goodness of the fits to
the experimental data was evaluated by the coeficient of regression
(R2) and the standard deviation of residues (Sx/y).

Characterization. Fourier transform infrared (FTIR) spectra were
recorded using a spectrometer Bruker Optics Tensor 27 coupled to a
horizontal attenuated total reflectance (ATR) cell, using 256 scans at a
resolution of 4 cm−1. SEM was performed using a scanning electron
microscope Hitachi S4100 operating at an accelerating voltage of
25 kV. For SEM analysis, aliquots of diluted suspensions containing
the nanowires were allowed to air dry on glass slides and then were
coated with evaporated carbon. Transmission electron microscopy
(TEM) images were obtained by using a JEOL 2200FS microscope.
Samples for TEM analysis were prepared by evaporating diluted
suspensions of the nanowires on a copper grid coated with amorphous
carbon film. The powder X-ray diffraction patterns were recorded
using an X-ray diffractometer Philips X’Pert equipped with a Cu Kα
monochromatic radiation source. Elemental analysis of carbon,
nitrogen, hydrogen, and sulfur was performed using an Eager 300
instrument and the elemental analysis of Si was performed by
inductively coupled plasma (ICP) spectroscopy using a Jobin-Yvon
JY70 Plus spectrometer. All concentration values of mercury in the
water samples were obtained by using an atomic fluorescence
spectrometer (hydride/vapor generator PS analytical model 10.003,
coupled to a PS analytical model 10.023 Merlin atomic fluorescence
spectrometer) and using SnCl2 (10% m/v) as a reducing agent. The
Hg(II) concentration was quantified through a calibration curve of five

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5010865 | ACS Appl. Mater. Interfaces 2014, 6, 8274−82808275



standards (0.0 to 0.5 mg·L−1) prepared in a HNO3 solution (2% v/v),
by dilution from the certified standard stock solution of mercury
nitrate (998 ± 2 mg·L−1). The concentration of Ni in the tested
solutions, as consequence of adventitious dissolution of the sorbents,
was quantified by inductively coupled plasma spectroscopy (ICP-OES),
using a Jobin-Yvon JY70 Plus Spectrometer. The magnetization
measurements were performed using a commercial superconducting
quantum interface device (SQUID; Quantum Design), operating at
room temperature, with an applied magnetic field up 2 T, with
adjustable sample position parallel/perpendicular to the magnetic field.
The NiNW were firstly measured still inside the AAO membrane with
the magnetic field parallel and perpendicular to the wires axis. Then,
the alumina membrane was removed using NaOH 1M. The powders
were then thoroughly washed with water and dried under a N2 stream.
Finally, the powders were placed in a diamagnetic sample holder where
the measurements were performed.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Materials. The
NiNW used in this research were produced by a template-
assisted method, using Ni electrodeposition in AAO templates.
The powders obtained were characterized by XRD (data not
shown) confirming unequivocally the presence of face-centered
cubic Ni due to the presence of three main reflections
corresponding to the (111), (220), and (200) planes of fcc Ni,
with the relative higher intensity of the (111) reflection at 2θ =
45° ascribed to the anisotropic growth of these nanostruc-
tures.19 Prior to the NiNW surface modification, a
siloxydithiocarbamate precursor (SiDTC) was synthesized by
conversion of APTES into the corresponding dithiocarbamate
in alkaline medium following a procedure described pre-
viously.13 In the present research, this compound was
investigated as a precursor that together with TEOS reacts by
hydrolytic and condensation reactions in ethanol, in order to
generate hybrid siliceous shells functionalized with dithiocarba-
mate groups at the surface of NiNW. This chemical surface
modification of NiNW with hybrid siliceous shells was carried
out in order to upgrade the native NiNW, aiming at the
removal of mercury ions from aqueous solutions by magnetic
separation.
The sorbent materials have been characterized before

contacting with the Hg(II) aqueous solutions. Thus, Figure 1
shows the results obtained by microscopy analysis performed
on the original NiNW (Figure 1-top) and the modified samples
after surface coating via alkaline hydrolysis of TEOS in the
presence of SiDTC (Figure 1-bottom). For comparative
purposes, NiNW with amorphous SiO2 shells have also been
prepared (Figure 1-middle). The NiNW present a diameter and
length of about 35 nm and 5 μm, corresponding to the AAO
pore diameter and template thickness, respectively. The SEM
and TEM images clearly show an amorphous coating of about
18 nm thickness for both NiNW samples treated with TEOS
and TEOS/SiDTC, though distinct in the morphological
characteristics. While the SiO2 coating appeared as uniform
shells over the NiNW, the hydrolysis of TEOS/SiDTC
mixtures resulted into coatings presenting discrete bumps
over the film coating. The chemical analysis (Table 1) together
with the FTIR (Figure 2) spectrum of the latter confirmed the
presence of a siliceous network enriched in sulfur, as reported
previously for the surface modification of magnetite particles.13

A typical hysteresis loop for NiNW with high aspect ratio
inside the AAO template (NiNW diameter =35 nm, inter-wire
distance = 105 nm, and NiNW length = 5 μm) is shown in
Figure 3 (left). The hysteresis loops measured at room temperature

with the applied field parallel and perpendicular to the wires axes
exhibit an anisotropic behavior with the parallel loop showing larger
values of remanence and coercivity. This corresponds to an easy
axis along the longitudinal NiNW direction with saturation field
(HSat) of 2 kOe and (NiNW with aspect ratio 30:1) of 1000 Oe
and a hard axis along the NiNW axial direction (HSat = 13 kOe;
Hc = 120 Oe). Due to the shape effect (coercive field (Hc)), and
the low template porosity (10%), the shape anisotropy overcomes

Figure 1. SEM (left panel) and TEM (right panel) images of Ni
nanowires prepared by electrodeposition in AAO template. Top:
original NiNW. Middle: NiNW coated with amorphous silica. Bottom:
NiNW coated with silica shells containing dithiocarbamate groups.

Table 1. Elemental Analysis of as Prepared NiNW@SiO2/
SiDTC Sorbents

sample C (%) H (%) N (%) S (%)

NiNW 0.42 0.40 0.00 0.00
NiNW@SiO2/SiDTC 4.00 1.45 1.26 1.86

Figure 2. ATR-FTIR spectra of NiNW and NiNW@SiO2/SiDTC
samples.
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all the other contributions for the total magnetic anisotropy and
the NiNW should be preferentially magnetized along the wire
longitudinal axis, as observed.30−32 Figure 3 (right− solid line)
shows typical hysteresis loop for a ferromagnetic NiNW powder
after AAO membrane removal. Out of the membrane, the random
NiNW present a Hc = 700 Oe, HSat = 15 kOe, and Msat = 49.5
emu/g.33 In this case, a behavior of an isotropic system is observed
where the magnetic anisotropy is governed mainly by the dipolar
interactions.32,34 The functionalized NiNW@SiO2/SiDTC sample
presents a similar hysteresis loop of the powder NiNW, as shown
in Figure 3 (right−dashed line) with Hc = 570 Oe. This decrease of
the NiNW@SiO2/SiDTC coercivity can be attributed to the
NiNW functionalization, which increases the inter-wire distance
and therefore the wires interactions.
Removal of Aqueous Hg(II) Using Magnetic Sorbents.

The potential of ferromagnetic NiNW for environmental
applications will increase by promoting a functionalized surface
adequate for pollutants uptake, such as heavy metal ions. In
fact, here the surfaces of the NiNW have been designed aiming
strong affinity for Hg(II), which is well known as a highly
polarizable Lewis acid (sof t acid).35 In line with the hard-soft/
acid−base formalism proposed by Pearson,35 there is strong
affinity of S donors towards mercury. In this research, surfaces
enriched in dithiocarbamate ligands (sof t base) were used as
coatings for the NiNW and the resulting materials were
investigated for Hg(II) uptake from water samples. Figure 4
shows the curves obtained from such experiments in which the
NiNW, NiNW@SiO2, and NiNW@SiO2/SiDTC samples have
been used. In Figure 4, the y-axis represents the amount of

Hg(II) (CHg,t) remaining in solution after contact time t with
the magnetic sorbents. This Figure shows a decrease of CHg,t
along time that approaches an equilibrium concentration for all
the magnetic samples analyzed. Note that the original NiNW
also shows sorbent capacity for mercury ions, which can be
explained by the presence of a native oxide layer at the metal
surface.20 Also, SiO2 surfaces are known to act themselves as
sorbents for several cationic species, which explain the results
observed for the NiNW@SiO2. Nevertheless the sorbent
efficiency clearly increased for the NiNW@SiO2/SiDTC
sample, which we interpret as a result of the presence of the
dithiocarbamate moieties at the SiO2 network. Under the
experimental conditions used in this work, 2.5 mg·L−1 of this
sorbent could reduce the initial concentration (CHg,0) of Hg(II)
from 50 μg·L−1 to a residual concentration (CHg,>8h) lower than
1 μg·L−1 (guideline value for drinking water quality36). It
should be noted that for this material the removal percentage of
Hg(II) was higher than 99.8%. Also note that at pH 7 and for initial
Hg(II) concentrations less than 120 mg·L−1, it has been reported
that the formation of Hg(OH)2 precipitates does not occur.

37

Some relevant differences were observed on the Hg(II)
sorption kinetics for the materials under analysis. Clearly, the
sorption rate of Hg(II) onto NiNW@SiO2/SiDTC materials
was higher than onto sorbents without dithiocarbamate
moieties (Figure 4), which allowed the concentration of Hg(II)
to equilibrate in less than 24 h for the former case. In fact, an
estimate of the initial sorption rate (t = 0) for all systems shows
that for the NiNW@SiO2/SiDTC sample the initial rate is
480 μg·g−1·h−1, while for the NiNW and NiNW@SiO2 samples
the respective values are 105 and 130 μg·g−1·h−1; the initial sorption
rates were estimated from the first derivative of the CHg = f(t) curve
at t = 0. The time evolution of the experimental and modelled data
of Hg(II) content in the sorbents (qHg) are shown in Figure 5.
For the Hg(II):NiNW and Hg(II):NiNW@SiO2/SiDTC

systems, the results showed a good agreement between data
and the fittings accomplished by the Elovich model
(respectively, R2=0.96, Sy/x = 1.20 and R2=0.99, Sy/x = 0.77),
followed by the pseudo-second-order model (respectively,
R2=0.90, Sy/x = 1.93 and R2=0.91, Sy/x = 1.93). Furthermore,
the kinetic constants k2 and α, confirmed that Hg(II) sorption
onto NiNW@SiO2/SiDTC was faster than when NiNW was
used (Table 2). The qHg,e values estimated by the pseudo-
second-order model (Table 2) match the experimental
data, showing a relative standard error that ranges from 3.6
to 8.5%. For the Hg(II):NiNW@SiO2 system only the Elovich

Figure 3. Left panel: magnetization behavior of NiNW inside the AAO membrane, transverse (gray line), and parallel (black line) to NWs long axis;
SEM image of the membrane with NiNW in inset. Right panel: room temperature M(H) curve for NiNW (dashed line) and NiNW@SiO2/SiDTC
(solid line) powders.

Figure 4. Concentration of Hg(II) in aqueous solutions as a function
of contact time with distinct Ni based sorbents.
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model was able to fit the experimental data accurately (R2=0.91,
Sy/x = 0.95).
Although the study of eventual lixiviation of the sorbents for

different removal conditions was out of the scope of this
research, we decided to assess preliminary this effect on the
final characteristics of the particles. Hence, the NiNW@SiO2/
SiDTC samples that have contacted with water samples were
collected magnetically for further microscopic analysis. Figure 6

shows no significant morphological changes on the surface
modified nanowires after contact with the Hg(II) aqueous
solutions, as compared to the original sample (Figure 1). Also,
the solutions have been analyzed by ICP for the amount of Ni
present after a contact time of 24 h with the sorbent; at this
time, 99.8% of Hg(II) was removed when using the NiNW@
SiO2/SiDTC sample. In this case, a maximum value of 57 μg·L−1

was registered for the nickel concentration while for the
uncoated NiNW the amount of nickel in water varied along
the time of the experiment but reached a maximum value of
347 μg·L−1. Although these results suggest that the hybrid
siliceous shells protect to some extent the coated NiNW against
dissolution, further studies are required to assess the robustness
of these materials in several working conditions.

■ CONCLUSIONS
In conclusion, this research described the first use of NiNW for
the magnetic assisted removal of water pollutants, such as
aqueous Hg(II). The Ni nanostructures have been coated with
hybrid shells composed of amorphous silica and dithiocarba-
mate moieties, which accounts for their high efficiency for
aqueous Hg(II) uptake. Indeed, the Hg removal percentage
(99.8 %) found for these new sorbents is comparable to that
reported previously for magnetite nanoparticles functionalized
with dithiocarbamate groups13 and superior to that found for
ETS-4 titanosilicate sorbents (96.4%),38 using similar removal

Figure 6. STEM image (transmission mode) of NiNW@SiO2/SiDTC
after 72 h contact with a Hg(II) aqueous solution.

Table 2. Kinetic Parameters Estimated by the Pseudo-first- and Pseudo-second-order and Elovich Models for the HgII:NiNW,
HgII:NiNW@SiO2, and HgII:NiNW@SiO2/SiDTC Systems, and the Experimental qHg,e Values Obtained for Each System*

experimental pseudo-first-order pseudo-second-order Elovich

system qHg,e (μg·g
−1) qHg,e (μg·g

−1) k1 (h
−1) qHg,e (μg·g

−1) k2 (g·μg
−1·h−1) α (μg·g−1·h−1) β (g·μg−1)

HgII:NiNW 18.7 16.3 (1.45) 0.15 (0.04) 18.5 (1.60) 0.011 (0.004) 10.8 (3.3) 0.32 (0.03)
HgII:NiNW@SiO2 10.5 7.08 (0.80) 1.90 (1.10) 7.85 (0.85) 0.214 (0.146) 88.7 (71.6) 0.979 (0.150)
HgII:NiNW@SiO2/SiDTC 19.9 17.0 (1.08) 6.85 (2.64) 18.2 (0.90) 0.495 (0.187) 4492 (2665) 0.53 (0.04)

*The standard errors for each parameter are shown in parentheses.

Figure 5. Experimental and modeling results for the amount of Hg(II)
in the sorbents NiNW, NiNW@SiO2, and NiNW@SiO2/SiDTC, in
function of time.
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conditions. This type of architecture for the surface modified
NiNW not only allowed efficient metal uptake but can also be
further exploited in laboratorial monitoring for water quality
analysis, namely by adapting the nanowires as platforms for
environmental sensors. In this regards, the coupling of these
ferromagnetic nanostructures to optical responsive materials is
in perspective.
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