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Presented is a facile route to synthesise mesoporous nickel silicate coated on carbon nanotubes (CNTs) with a larger hole based on the
mesoporous silica coated on the CNTs, the pore size of the mesoporous silica coated on the CNTs was enlarged from 2.72 to 7.8 nm after a
hydrothermal reaction with nickel ions. Compared with other work for expanding the size of the pore, the authors’ presented method is
low cost, simple and highly efficient. More importantly, this method shows great potential in applying other types of mesoporous
materials such as SBA-15 and so on, all of which indicate that both the mesoporous nickel silicate coated on the CNTs and the
mesoporous silica coated on the CNTs could serve as good candidates for adsorption on the organic pollutants.
1. Introduction: Organic dyes are widely used in the textile, paper,
plastic and leather industries to colour commercial products.
However, organic dyes in industrial wastewater may cause
serious environmental problems because of their toxicity and
poor biodegradability, which may risk humankind’s health [1–5].
Moreover, the dyes may significantly affect photosynthetic
activity in aquatic life because of a reduced light penetration and
may also be toxic to aquatic life because of the presence of
aromatic, metal and chloride groups in their structures. These
synthetic dyes show great differences in chemical composition,
molecular weight and toxicity, and they are mostly stable and
resistant to biodegradation because of their complex aromatic
molecular structures. Even more important, these dyes are very
difficult to remove from wastewater by chemical or biological
degradation methods, because of their stability against heat, light
and many chemical reagents.

Accordingly, it is necessary to find an efficient way to separate
and remediate these organic pollutants. Among all the technologies
applied in the removal of the organic pollutants, the role of fly ash,
the photocatalytic oxidation of the organic pollutants [6, 7] and ad-
sorption are shown to be the procedures of choice for the removal of
the dyes. In addition, adsorption has been observed to be an effect-
ive process for colour removal from dye wastewater [8, 9]. Several
studies have been performed to investigate the use of low-cost
adsorbents such as rice husk, poplar leaf, clay, carbon and silica
for dye removal [10–12]. However, these adsorbents have generally
low adsorption capacities and are difficult to separate from the
treated water because of their small particle sizes. Therefore, it is
desirable to explore the facile adsorbent materials for the
removal of organic dye pollutants with a high efficiency and at a
low cost.

Recently, silicate materials have been widely used in catalysis
and adsorption owing to their low cost, stability, environmentally
benign nature and excellent properties [13–17]. For adsorption,
the mesoporous materials may be advantageous in terms of the ad-
sorption kinetics. The properties of the mesoporous materials such
as pore size, pore geometry and surface chemistry can be tailored,
which allows us to precisely design the support for the desired ap-
plication. In addition, a high specific surface area and the porous
structures are two critical factors that enhance the interaction
between the pollutants and the adsorption sites for high adsorption
capacities. Therefore, more work has been focused on the mesopor-
ous materials for adsorption. In particular, the magnesium silicate
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nanomaterials can be used as they are highly efficient adsorbents
for adsorbing the organic pollutants, the radioactive isotopes and
the heavy-metal cations [18]. It is worth noting that the metal sili-
cates can resist the basic etching in a high alkali solution whereas
the silica materials do not [19], which will make widespread the
use of metal silicates for the adsorption of organic pollutants in a
harsh environment.

Meanwhile, compared with the other dimensional materials such
as the zero-dimensional materials (0D), 1D silicate nanotubes with
mesoporous shells have better mechanical strength and a shorter
diffusion path for mass transport, and are thereby more suitable
for adsorption as well as easier centrifugation. Zhu et al. [20, 21]
have developed a facile and efficient template engaged conversion
route to grow the arrays of the CuS nanoneedles and the Ni3S2
nanosheets on the carbon nanotubes’ (CNTs) backbone with the
hierarchical nanostructures which exhibit interesting properties for
energy storage and hydrogen production. More recently, Song
et al. have synthesised magnetic magnesium silicate nanotubes
and metal silicate nanotubes and they showed very good adsorption
properties for the heavy metal ions [22, 23]. Our group have also
reported that the SiO2 shells coated on the CNTs exhibited a
highly porous structure by using the cationic surfactant CTAB,
and have explored the application of a size-selective adsorption of
the biomacromolecules [24]. Inspired by the above work, we
have developed a facile way to synthesise the mesoporous nickel
silicate coated on the CNTs with a larger hole, and the pore size
of the mesoporous silica coated on the CNTs was enlarged from
2.72 to 7.8 nm, and methylene blue (MB) was also selected to
evaluate the adsorption ability between the two kinds of materials.
Compared with the other work, our method is low cost, simple and
has a high efficiency, and more importantly, this method shows
great potential in applying other types of the mesoporous materials
such as SBA-15 and so on. The typical synthetic process is sum-
marised in Fig. 1.
2. Experimental
2.1. Materials: Multiwalled CNTs (MWCNTs) with a mean
diameter of 60–80 nm were provided by the Shenzhen Nanotech
Port Co. Ltd. Tetraethoxysilane (TEOS, 95%) was obtained from
the Alfa Aesar Chemical Company, which was used directly
without further purification. The other chemical reagents were
purchased from the Shanghai Chemical Reagent Company.
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Figure 1 Synthetic procedure of the mesoporous nickel silicate coated CNTs by the hydrothermal method based on the mesoporous silica (MCM-41) coated
CNTs
2.2. Synthesis of the mesoporous SiO2 on the CNTs: The
mesoporous silica coating of the CNTs was synthesised according
to our previous paper [24]. Specifically, 100 mg CNTs and
1000 mg CTAB were dispersed into 30 ml of deionised water,
and the mixture was sonicated for 1 h. Next, the above
mixture was added to 80 ml of anhydrous ethanol and
further sonicated for 0.5 h to form a stable dispersion.
Immediately, 2 ml of NH3·H2O was added into the as-prepared
CNTs dispersion. Then, a TEOS solution (1 ml of TEOS in 40 ml
of ethanol) was dropped into the CNTs dispersion under
mechanical stirring, and the reaction mixture was stirred for
another 12 h without sonication. Finally, the CNTs solution was
centrifuged and washed with ethanol. The process results in the
formation of a uniform and thick layer of silica on every
individual CNT. The surfactants were removed by a fast and
efficient ion exchange method (1.2 g of NH4NO3 in 60 ml
of ethanol) to obtain SiO2 coated CNTs with a mesoporous
structure.
2.3. Synthesis of the mesoporous nickel silicate coated CNTs: The
synthesis procedure of the mesoporous nickel silicate coated CNTs
was achieved by the hydrothermal method. Taking the as-prepared
product 100 mg SiO2 coated CNTs with a mesoporous structure and
100 mg of NiCl2·6H2O, added into a vessel with 35 ml of H2O,
hydrothermaled at 180°C for 7.5 h, the nickel silicate coated on
the CNTs was obtained. The resultant products were separated
and collected, followed by washing with deionised water and
ethanol three times, respectively. Then, the obtained powders
were dried at 60°C overnight.
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2.4. Dye adsorption experiments: To investigate the rebinding
capacity, 10 mg of the as-prepared products was incubated with
3 ml of MB solution at 100 mg·l−1 for 1 h. After centrifugation,
the concentration of MB in the supernatant was determined by
using a UV/vis spectrophotometer. The amount of the dyes
adsorbed onto the as-prepared products was calculated from the
differences in the dye concentrations before and after incubation
on the rotator (150 rpm) with the silica-coated CNTs.

2.5. Characterisation: A Tecnai G2 20 S-TWIN microscope was
used to obtain the transmission electron microscope (TEM)
images of SiO2 at the CNTs composites. The morphology of the
samples was obtained by a scanning electron microscope (FEI
Quanta, Sweden). N2 adsorption–desorption analysis was
performed at 77 K on a Micromeritics TriStar 3000 apparatus.
The surface area was determined by using the Brunauer-Emmett-
Teller equation, and the pore diameter was estimated by using the
Barrett-Joyner-Halenda model. A thermogravimetric analysis
(TGA) was performed for the powder samples (∼1.2 mg) with a
heating rate of 10°C·min−1 by using a Netzsch STA 409
(Germany) thermogravimetric analyser under an atmosphere of up
to 800°C.

3. Results and discussion
Synthesis and characterisation of the mesoporous nickel silicate
coated on the CNTs: As illustrated in Fig. 1, the CNTs at the
CTAB at SiO2 were firstly synthesised through a sol–gel method.
After extraction by a fast and efficient ion exchange method, the
mesoporous silica coated on the CNTs was obtained. Finally, the
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Figure 2 TEM images
a, b Mesoporous nickel silicate coated on the CNTs
c, d Mesoporous silica coated on the CNTs
e, f Products hydrothermaled for 7.5 h

Figure 4 TG/DSC data of the mesoporous nickel siliceous coated on the
CNTs
mesoporous SiO2 shell of the CNTs was transformed into nickel
silicate with a larger pore under the hydrothermal conditions. The
morphological structure of the mesoporous CNTs at SiO2 before
and after the hydrothermal reaction with NiCl2 were characterised
by TEM, respectively. The TEM image shows the change in the
CNTs before (Figs. 2c and d) and after the hydrothermal reaction
(Figs. 2a and b). Before the hydrothermal reaction, a 45 nm-thick
SiO2 layer covered the CNTs and the surface of silica was
smooth. After the hydrothermal reaction, a mesoporous nickel
silicate layer was obtained and the thickness of the coating was
kept as before. However, the surface of nickel silicate was rough
and loose.
Figure 3 XRD patterns
a Mesoporous silica coated CNTs
b Mesoporous nickel siliceous coated on the CNTs
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The XRD patterns for the mesoporous silica coated CNTs
showed a reflection in the small-angle region (Fig. 3a). The (100)
diffraction peaks of the mesoporous silica coated on the CNTs
were 2θ = 2.6°–3.4°, which indicated the presence of a mesoporous
structure, whereas the peaks for mesoporous nickel siliceous coated
on the CNTs at 2θ = 2.6°–3.4° were not observed. This indicates
that the order of the mesoporous structures was destroyed by the
hydrothermal reaction. As shown in Fig. 3b, the representative
XRD pattern of the mesoporous nickel silicate nanostructure indi-
cates that both the CNTs and nickel silicate existed. However,
because of the low concentration of nickel silicate, only one inten-
sity peak located at 20° can be clearly observed. The nickel silicate
is indexed to be nickel silicate hydroxide hydrate hexagonal phase
(JCPDS No. 43–0664) and such a substance is defined as nickel sili-
cate in this Letter. Based on the combined XRD and TEM, the
rough and the loose nickel silicate shells have been successfully
fabricated by using such a simple method.

The TGA of the nickel silicate coated on the CNTs showed one
weight loss, which occurred at about 656°C, corresponds to the oxi-
dation of the CNTs embedded in the CNTs at SiO2 and a 21.7%
weight loss was observed. It is proved that the thermal stability of
the CNTs after being coated by nickel silicate has been much
improved. Thus, from the TGA results, we can conclude that a
nickel silicate coated CNTs composite was indeed obtained via
this method (Fig. 4). The changes in the pore properties of the
mesoporous silica coated on the CNTs were also verified by the
results of the nitrogen adsorption–desorption measurements.
Fig. 5 shows the nitrogen adsorption–desorption isotherms and
the corresponding pore size distributions for the mesoporous
silica coated on the CNTs (MSCNTs) and the mesoporous nickel
silicate coated on the CNTs (MNSCNTs). The isotherms are type
IV curves and the specific surface area, the average pore size and
the pore volumes of all the samples are summarised: for the
MSCNTs, these ranged from 831 m2 g−1, 27.2 A° and 0.56 cm3 g−1,
Figure 5 N2 adsorption–desorption isotherms
a For mesoporous CNTs at SiO2 and
b For mesoporous CNTs at SiO2–NiCl2
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respectively; for the pore-expanded MNSCNTs, they ranged from
113 m2 g−1, 78.5 A° and 0.26 cm3 g−1. The pore sizes increased
substantially, being 2.8 times larger than the original values, re-
spectively. To explore the reason for a larger hole generated on
the mesoporous silica coated on the CNTs, a possible mechanism
was also proposed. At first, the nickel ion was absorbed into the
pore of the mesoporous silica coated on the CNTs, driven by an
interfacial reaction between the nickel ion and the silica shell.
The nickel silicate nanomaterials were generated around every
pore of the mesoporous silica, the previous adjacent mesoporous
silica pores were merged into a nickel silicate pore of a larger
size. In contrast to the previous paper, no alkaline solution was
introduced to the reaction system, and the hierarchical nanostruc-
tures were not observed in this Letter. This phenomenon fully indi-
cates that the morphology of the nickel silicate coated on the CNTs
could be controlled by controlling the pH of the system. To further
explore the formation mechanism of the MNSCNTs, the reaction time
was also extended to 20 h. Unfortunately, the mesoporous silica
coated on the CNTs was totally transformed into siliceous nickel,
and denuded from the surface of the CNTs, which is shown in
Fig. 2e. Hence, the time of the reaction is the key to the formation
of the MNSCNTs. In our Letter, the time was set as 7.5 h.
The as-prepared mesoporous CNTs at SiO2 and the nickel silicate

coated on the CNTs were used as the absorbents in the dyes’ treat-
ment. The organic dyes have been considered as a primary toxic
pollutant in the water resources. In this Letter, to illustrate the
high uptake capacity of the two kinds of mesoporous materials,
the CNTs at the CTAB at SiO2 were studied as the control. MB,
a typical organic dye, was also chosen as a testing organic pollutant.
The absorption spectra of a solution of MB in the presence of dif-
ferent kinds of CNTs at SiO2 were also monitored by a UV–vis
spectrophotometer (Fig. 6). The obvious colour change of the
aqueous dye was observed (Fig. 6, inset). We believe that the effi-
cient removal is mainly attributed to its small pore size and the high
surface area of two kinds of mesoporous CNTs at SiO2. It is
observed that the amount of adsorption on MB for the mesoporous
nickel silicate (Fig. 6c) is lower than that of the mesoporous silica
coated on the CNTs (Fig. 6d ), which may be because of the differ-
ences of the surface area. In contrast to the two kinds of mesoporous
CNTs at SiO2, the CNTs at the CTAB at SiO2 showed a smaller ad-
sorption capacity (Fig. 6b). This result demonstrated that the two
kinds of mesoporous materials have a much greater MB removal ef-
ficiency than that of the CNTs at the CTAB at SiO2. Furthermore, it
is worth noting that the mesoporous CNTs at the SiO2 could be acti-
vated again by simple calcinations at 350°C in air for 2 h [25–27].
After regenerating three times, the removal efficiency of the dyes
was still kept above 90%.
Figure 6 Absorption spectra Solution of MB (a), in the presence of
the CNTs at the CTAB at SiO2 (b), mesoporous CNTs at SiO2–NiCl2 (c),
mesoporous CNTs at SiO2 (d)
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4. Conclusions: In summary, a facile method has been developed
to synthesise the mesoporous nickel silicate coated on the CNTs
with a larger pore. It was found that the two kinds of mesoporous
silica coated on the CNTs exhibit an excellent performance for
the removal of MB by adsorption. The spent sample can be
readily regenerated and reused after simple calcinations at high
temperatures and, more importantly, this method shows great
potential in applying the other types of mesoporous materials
such as SBA-15 and so on, which will broaden the range of the
method for expanding the hole size of the mesoporous materials.
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