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Abstract: Clays are widely used as sorbents for heavy metals due to their high specific surface
areas, low cost, and ubiquitous occurrence in most soil and sediment environments. However,
the low loading capacity for heavy metals is one of their inherent limitations. In this work, a novel
510,-Mg(OH), nanocomposite was successfully prepared via sequential acid—base modification of raw
sepiolite. The structural characteristics of the resulting modified samples were characterized by a wide
range of techniques including field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD),
and nitrogen physisorption analysis. The results show that a hierarchical nanocomposite constructed
by loading the Mg(OH), nanosheets onto amorphous 5iO, nanotubes can be successfully prepared,
and the nanocomposite has a high surface area (377.3 m?/g) and pore volume (0.96 cm?/g). Batch
removal experiments indicate that the nanocomposite exhibits high removal efficiency toward Gd(IlI),
Pb(Il), and Cd(Il), and their removal capacities were greatly enhanced in comparison with raw
sepiolite, due to the synergistic effect of the different components in the hierarchical nanocomposite.
This work can provide a novel route toward a hierarchical nanocomposite by using clay minerals
as raw material. Taking into account the simplicity of the fabrication route and the high loading
capacities for heavy metals, the developed nanocomposite also has great potential applications in
water treatment.

Keywords: hierarchical nanocomposite; sepiolite; clay mineral; heavy metals; water treatment

1. Introduction

Heavy metals or potential toxic metals are significant environmental pollutants, and their toxicity
is a problem of increasing significance for ecological, evolutionary, nutritional, and environmental
reasons. The term “heavy metals” refers to any metallic element that has a relatively high density
and is toxic or poisonous even at low concentration [1]. Heavy metals, such as Pb(II), Hg(II), Cd(II),
Co(II), Ni(II), and Cr(VI), are known to be prominent pollutants and even carcinogenic agents,
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and may represent a serious threat to the living population because of their non-degradable, persistent,
and accumulative nature [2—4]. The notorious itai-itai disease occurring in Japan during the 1960s and
1970s is one of the most famous accidents caused by chronic cadmium contaminated rice fields [5].
In recent decades, however, rare earth elements (REEs) were also widely exploited and used in
industrial and high-tech fields as a result of their irreplaceable roles in designing magnetic, luminescent,
catalytic, hydrogen storage, and superconductive materials [6-8]. More and more rare earth elements
would inevitably enter into the environmental waters and work places, thus causing adverse health
effects [9]. For instance, trivalent La(Ill) and Gd(III) ions can interfere with calcium channels in
human and animal cells, also alter or even inhibit the action of various enzymes, and regulate synaptic
transmission, as well as block some receptors (for example, glutamate receptors) when they are found
in neurons [10,11]. Removal of the REEs entering the environment due to human activities has become
a new concern [12-14]. Moreover, the small global reserve of REEs of no more than 99 million tons
limits the wide use of REEs [15]. Hence, the recycling of REEs is also an urgent task [7].

The existing methods for the removal of heavy metals from the environment can be grouped into
biotic and abiotic [16]. The biotic routes are based on the accumulation of the heavy metal by plants or
microorganisms, while the abiotic ones mainly include physicochemical processes such as precipitation,
co-precipitation, ion exchange, solvent extraction, electrolysis, reverse osmosis, and adsorption by a
suitable sorbent. Because biotic accumulation by the present generation of plants and microorganisms
is time consuming, fast removal of heavy metals from the environment and decontamination of
drinking water still require abiotic or physicochemical methodologies [2,17]. Among the abiotic
techniques, the adsorption process is cost effective, flexible, and easy to design and operate [4].
Clay minerals such as montmorillonite, kaolinite, vermiculite, sepiolite, etc., as dominant adsorptive
materials, are widely used to capture metal ions from solutions, due to their high specific surface areas
associated with their small particle size, low cost, and ubiquitous occurrence in most soil and sediment
environments [4,16,18-25], and their adsorption for heavy metal ions proceeds mainly via ion exchange
reactions and the formation of inner-sphere complexes through =Si-O- and =Al-O- groups at the clay
particle edges [4,26]. However, the inherent limitations of clays as adsorbents of heavy metals are
their low loading capacity, relatively small metal ion binding constants, and low selectivity to the type
of metal [27].

To circumvent the inherent limitations, the modification of clay minerals with reagents containing
metal chelating functional groups has become a prevalent and versatile means to enhance both
their binding capacity and selectivity to heavy metals or organic pollutants [21,28]. After such
modification, the adsorption of organic contaminants by clays is remarkably improved. However,
their adsorption ability to heavy metals still remains relatively inefficient or limited. For example,
Mercier and Pinnavaia [29] reported that when thiol groups were grafted to the interlamellar surface
of magadiite and kenyaite, negligible heavy metal ion binding was observed. Celis et al. [16] found
that 3-mercaptopropylsilyl-sepiolite and 2-mercaptoethylammonium-montmorillonite display higher
adsorption capacity for Hg?*, but significantly low adsorption capacity for Pb?* and Zn?* relative to
their pure counterparts. Especially, the adsorption of montmorillonite functionalized by quaternary
ammonium cations (QACs) toward heavy metals dramatically decreases compared with the raw
montmorillonite, since the interlayer QACs are not readily exchangeable or the hydrophobic interlayer
environment restrains the adsorption affinity for the hydrated metal cations [30,31]. Moreover,
the modification processes are relatively complex, and organic solvents are usually needed [21,27,28,32].
Therefore, seeking facile clay modification methods to enhance the removal capacities for heavy metals
is still a challenge.

Herein, a facile and environmentally friendly method was developed for modifying clay
mineral sepiolite sequentially with acid and alkali to form a novel SiO,-Mg(OH), nanocomposite.
Sepiolite was selected because it is fibrous hydrated magnesium silicate with the ideal chemical
formula Mg,SigO15(0OH),-6H,0 and is characterized by a high porosity and specific surface area [33].
Furthermore, mineral sepiolite has an alternation of blocks along its crystallographic [010] direction
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and tunnels that grow up along its crystallographic [100] direction. Each structural block is built by
two tetrahedral silica sheets with a central octahedral magnesia sheet [34,35]. The acid treatment
investigations for sepiolite showed that variable amounts of structural Mg?* ions can be removed,
depending on the intensity of the acid treatment, while the tetrahedral silica sheets can form a free
insoluble amorphous silica gel [36-39]. Therefore, it can be excepted that the in situ alkalization of
the acid-treated sepiolite may produce the Mg(OH),-loaded amorphous silica composite. Moreover,
nanostructured Mg(OH); has also been proven to be an ideal water treatment agent to remove dyes and
soluble heavy metals [7,40,41]. Therefore, the composite may possess improved removal performance
to heavy metals and can be potentially applied in water treatment.

2. Materials and Methods

2.1. Materials and Chemicals

All chemical reagents were of analytical grade and used as received without any further
purification. Hydrochloric acid (HCI), sodium hydroxide (NaOH), gadolinium oxide (Gd;Os),
lead nitrate (Pb(NOs3),), and cadmium nitrate (Cd(NO3);) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Raw sepiolite (Mg: ~13 wt %) was purchased from Sigma-Aldrich Chemical Reagent
Co., Ltd. Deionized water was used in all the experiments.

2.2. Preparation of the SiO,—Mg(OH), Nanocomposite

Typical preparation processes of the SiO,-Mg(OH), nanocomposite were as follows: 5.0 g of
sepiolite was first added into 100 mL of 5% (v/v) HCl solution (ca. 0.6 mol/L, pH = 0.22) at 60 °C for
acid activation at a stirring speed of 300 r/min for 12 h, then 1.0 mol/L of NaOH solution was added
dropwise to the solution under magnetic stirring until the pH of the solution reached 10.5. After 2 h
of stirring, the suspension was centrifuged at 10,000 rpm for 10 min, and followed by washing with
deionized water and absolute ethanol several times. Finally the precipitate was collected and dried at
50 °C under vacuum.

2.3. Characterizations

Several analytical techniques were used to characterize raw sepiolite and the treated products.
X-ray diffraction (XRD) patterns were collected using a Japan Map XHF X-ray diffractometer equipped
with graphite-monochromatized Cu Ko irradiation (A = 0.154056 nm). FESEM images (FESEM) were
obtained on a field-emission scanning electron microscopy JEOL JSM-2010. The size and structure of
the samples were determined by a JEM-2010 transmission electron microscope (TEM) operating at
200 kV. Energy dispersive X-ray spectroscopy (EDX) analyses were obtained with an EDAX detector
installed on the same TEM. N, adsorption—-desorption isotherms were performed with a Micromeritics
Coulter (USA) instrument utilizing Barrett—-Emmett-Teller (BET) for specific surface area calculation.

2.4. Heavy Metal Removal

The removal abilities of the SiO,—Mg(OH), nanocomposite for rare earth element Gd(III) and
traditional heavy metals Pb(II) and Cd(II) were studied by batch experiments. Stock solution with
10 mmol/L Gd(III) was prepared by dissolving gadolinium oxide (Gd,O3) in diluted hydrochloric
acid. The Pb(II) or Cd(II) stock solution with a concentration of 10 mmol/L was obtained by dissolving
Pb(NOs3); or Cd(NO3), in deionized water. A series of solutions used during the removal experiments
were prepared by diluting the stocks to the desired concentrations. Their actual concentrations were
also measured using inductively coupled plasma atomic emission spectroscopy (ICP-AES, optima
7300 DV). Batch removal experiments for Gd(III), including the effects of pH and contact time were
conducted in a 100 mL beaker equipped with a magnetic stirrer at a speed of 300 r/min. All of the
beakers were covered with Parafilm. In a typical run, 50 mg of sorbent was mixed with 50 mL of
solution containing Gd(IIl) at room temperature (293 K). The pH of the solution was adjusted with HCI
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and/or NaOH solution before the sorbent addition, and measured using a pH meter (inoLab WTW
series pH 740). The removal ability of the nanocomposite for Pb(II) and Cd(Il) was investigated by
the same procedure used for Gd(IlI) removal. The supernatant of the suspension was collected by
centrifugation at 10,000 rpm for 10 min, and then filtered using a 0.22 um pore size membrane filter.
The concentration of Gd(II), Pb(II), or Cd(Il) in the filtrate was determined by ICP-AES. The experiments
were conducted in triplicate, and averaged values were reported. The content of heavy metal Gd(II),
Pb(II), or Cd(II) removed at time t, g; (mg/g), uptake percentage, U%, and the content of the heavy metal
removed at equilibrium, g, (mg/g), were calculated according to the following equations, respectively:

Co—Cy) xV
BRCEEETS y
o (Co—Ct) X 100%
U% = = ) @)
Co—Ce) XV
NCEOETS 0

where C, (mg/L), C; (mg/L), and C, represent the liquid phase concentration of the heavy metal initially,
at any time ¢, and at equilibrium, respectively. V is the volume of the solution (mL) and W is the mass
of the sorbents added (mg).

3. Results and Discussion

3.1. Characterization of the SiO,—Mg(OH), Nanocomposite

The morphology and textures of raw sepiolite, acid-activated sepiolite, and sepiolite treated by
sequential acid-base were first observed by FESEM and TEM techniques. The raw sepiolite had a
nanofiber-like structure with a length of several micrometers and a width of ca. 3040 nm (e.g., FESEM
image in Figure Sla, TEM images in Figure 1a,b). The EDX spectrum showed that the rod-like sepiolite
contains elements O, Si, and Mg, as well as C and Cu, here the elements C and Cu come from the
carbon-coated Cu grid (inset in Figure 1b). After the acid activation of sepiolite in 5% (v/v) HCl solution
at 60 °C for 12 h, a white colloid-like precipitate was obtained. Corresponding FESEM analyses
show that the acid-activated sepiolite still exhibited the rod-like nanostructures (e.g., Figure S1b),
but significant aggregation occurred compared to the raw sepiolite (e.g., Figure Sla). The TEM
analyses further revealed that the morphological texture was still inherited from the raw sepiolite
(e.g., Figure 1c). However, the magnified TEM image in Figure 1d unambiguously exhibits the distinct
contrasts between the black lateral part and light middle part of the nanorods, unveiling that the space
in the nanorods was significantly increased. Furthermore, the EDX result shows that no Mg?* existed
in the acid-activated sepiolite (Figure 1d inset), further confirming that the complete leaching of Mg?*
in octahedral sheets of sepiolite yielded the silica nanotubes (Figure 1d). For the products after the
sequential acid—base treatment, one can find from the FESEM image (e.g., Figure Slc) that the surface
of the product became rough with respect to raw sepiolite (Figure Sla) and acid-activated sepiolite
(Figure S1b). The TEM results (Figure 1e,f) show that many neo-formed nanoneedles or nanosheets
were anchored onto the silica nanotubes, distinct from the structures obtained after only the acid
treatment (Figure 1c,d). The further-magnified TEM image (Figure 1f) reveals that the nanotubes were
covered with many wrinkle nanosheets, and their width significantly increased. The EDX results (e.g.,
inset in Figure 1f) show that besides element O and Si, extra element Mg can be detected, suggesting
that the neo-formed nanosheets were an Mg-bearing material.
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Figure 1. Typical TEM images of raw sepiolite (a,b), acid-activated sepiolite (c,d), and sepiolite modified
by sequential acid-base treatment (e,f). Insets in panels b, d, and f are the corresponding energy
dispersive X-ray spectroscopy (EDX) spectra. The red ellipses in Figure 1b,d,f indicate the areas of
EDX analysis.

Figure 2 presents typical XRD patterns of raw sepiolite, acid-activated sepiolite, and sepiolite
treated by sequential acid—base. The raw sepiolite exhibited the typical powder XRD pattern of
pure sepiolite (JCPDEF: 13-0595) (Figure 2a). For the acid-activated sepiolite, the characteristic peaks
belonging to sepiolite disappeared, and a broad hump peak could be observed (Figure 2b), indicating
that an amorphous phase formed. Combining with the EDX results (e.g., inset in Figure 1d), it can
be concluded that the aggressive acid treatment led to the formation of amorphous silica nanotubes.
However, after the sequential treatment of sepiolite with HCl and NaOH solutions, two broadened
diffraction peaks in the XRD pattern could be identified, and these peaks can be indexed to the
characteristic (001) and (100) diffractions of brucite (Mg(OH),, JCPDEF: 07-0239) (Figure 2c), confirming
that the leached Mg?* from sepiolite can be precipitated as brucite after adding NaOH solution.
The broadened diffraction peaks also support that the precipitated Mg(OH), has a nanostructure
(Figure 1e,f). Furthermore, the content of the Mg(OH); in the SiO,-Mg(OH), nanocomposite was
determined by ICP-AES after the sample was dissolved by HNOj3 solution, the result shows that up to
23.09 wt % of Mg(OH), was loaded on the surface of the rod-like silica, indicating that the leached
Mg?* was precipitated as Mg(OH), nanosheets anchored to the SiO, nanotubes, finally forming a
hierarchical Mg(OH),-5iO, nanocomposite.
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Figure 2. Representative XRD patterns of raw sepiolite (a), acid-activated sepiolite (b), and sepiolite
modified by sequential acid—base treatment (c).

Figure 3 further shows the representative FTIR spectra of raw sepiolite, the amorphous SiO,
nanotubes, and the Mg(OH),-5iO; nanocomposite. As shown in Figure 3a, the vibrational bands
located in the 4000-400 cm™! range can all be assigned to the characteristic vibrations of clay mineral
sepiolite, i.e., the vibrations of the Mg-OH group (3690 cm™?), coordinated water (3568 cm™!), zeolitic
water (3422 cm™!, 1650 cm™!); and the bonds of Si-O-Si (1016 and 460 cm ™), Si-O (1215, 1076 cm™!
(shoulder), and 973 cm™1), 5i-O-Mg (437 cm™), and Mg-O (690 and 637 cm™) [37,38]. After the
acid treatment, the intensity of bands in the 4000-3000 cm~! range and at 1650 cm~! were decreased.
The wide band centered at 1016 cm™! (actually consisting of four different bands at 1215, 1076,
1016, and 973 cm_l) changed its form, and shifted to higher wave numbers, from 1016 to 1085 cam™1,
indicating the textural changes in the solids (Figure 3b) [37]. The peaks at 1081, 800, and 460 cm™!
agreed with the 5i-O-Si bond [42,43], confirming that the natural sepiolite transformed into silica after
the acid activation, consistent with the EDX results (e.g., inset in Figure 1d). As for the Mg(OH),-5iO,
composite, one can find from Figure 3c that the peak locations have no obvious changes relative to
the silica (Figure 3b), except for the increase in the intensities of the bands in the 4000-3000 cm~! and
700-600 cm~! ranges, which usually are indicative for Mg-OH bond vibrations [37], confirming the
formation of Mg(OH); precipitate after the base treatment.

1 " 1 " 1 " 1 1 "
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm”

Figure 3. FTIR spectra of raw sepiolite (a), amorphous SiO, nanotubes (b), and Mg(OH),-SiO,

composite (c).

Representative N, adsorption—desorption isotherms are shown in Figure 4 for the raw sepiolite,
amorphous SiO,, and Si0,-Mg(OH), nanocomposite, respectively. It can be seen that all the specimens
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showed a type IV N, adsorption isotherm with an evident hysteresis loop, suggesting the presence
of mesopores in the materials [44]. After the acid activation of raw sepiolite, the BET surface area
and total pore volume of the formed amorphous SiO, increased from 256.5 m?/g and 0.47 cm3/g to
488.5 m?/g and 0.87 cm®/g, this could be attributed to the acid leaching of Mg?* from the sepiolite
and the formation of silica with central channels (Figure le,f). For the hierarchical SiO,—-Mg(OH),
nanocomposite, the surface area and total pore volume were 377.3 m?/g and 0.96 cm®/g, respectively.
The relative lower surface area of the nanocomposite with respect to the amorphous silica nanotubes
should arise from the formation of nanosized Mg(OH);, on the silica nanotube surfaces (Figure 1le,f).

800 -

—=— raw sepiolite
——Si0,

—+—Si0 -Mg(OH),

700 |-

600 |-

500

400

300

Quantity Adsorbed (cmjlg STP)

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 4. N, adsorption/desorption isotherms of raw sepiolite (black), amorphous SiO, nanotubes
(red), and Mg(OH),-SiO, composite (blue).

3.2. Removal of Gd(I1I) by SiO,—Mg(OH), Nanocomposite

It is well known that Mg(OH), would dissolve under a low-pH circumstance [45], and the
precipitation of heavy metals hydroxides can also occur at higher pH values. Therefore, the parameter
pH is usually believed to be one of the most important factors affecting the adsorption process. Here,
in order to avoid the dissolution of Mg(OH), and the precipitation of Gd(III) hydroxide, Kspgqom)3
is 82 x 1072 at 25 °C [46], a pH range from 3.0 to 7.5 was selected, and the concentration of Gd(III)
solution 0.1 mmol/L (ca. 15.2 mg/L) was used. The desired initial pH values were adjusted before the
addition of the sorbent into the Gd(III) solution. One can find from Figure 5a that the Gd(III) was
almost completely removed by the nanocomposite over the wide pH range. For the raw sepiolite,
however, the removal percentages of Gd(III) were lower than the nanocomposite, especially at low
pHs, indicating that the nanocomposite has excellent removal efficiency over the raw sepiolite. Usually,
the surface charge of the adsorbent is believed to play a crucial role in adsorption [14,35]. As is known,
the point of zero charge (PZC) is an important property of the adsorbent as the surfaces acquire
negative charge at pH values higher than the pH at PZC (pHpzc). The pHpzc for sepiolite is about
7.4 [37]. Therefore, the low Gd(III) uptakes of raw sepiolite at low pH values were most probably due
to the protonation of the active sites in sepiolite, which inhibited their binding toward Gd(III) [35].
As pH increases, however, the surface positive charge of adsorbent sepiolite decreases, and thus the
uptake of GA(III) increases. As for the 5i0,-Mg(OH), nanocomposite, the pHpzc value was close to
1.5 (Figure S2), measured by a Zeta potential analyzer, and the nanocomposite had higher surface area
than the raw sepiolite. These dominate the almost complete removal of Gd(III) by the nanocomposite
over the used pH range. Figure 5b further shows their pH evolution relationships before and after
adsorption. It can be found that the final pH values rose significantly after removal treatment by the
5i0,-Mg(OH), nanocomposite relative to the raw sepiolite. This was possible because the Mg(OH),
in the nanocomposite has a basic nature, thereby producing a level-off effect on the pH of the Gd(III)
removal system. As a result, a high final pH 9.7 was always achieved over the initial pH range
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3-7.5; as was the case in the Ag,O-Mg(OH), nanocomposite for I~ removal [41]. According to the
pH-dependent experiments, a neutral pH 7.0 was selected in the following removal experiments.
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Figure 5. Effect of pH on the removal efficiency of Gd(III) by raw sepiolite and the SiO,-Mg(OH),
nanocomposite (a); relationship between the initial and final pH of the adsorption system (b); effect of

contact time on the Gd(II) removal by raw sepiolite and the nanocomposite (c); removal capacity of

the nanocomposite (d) and raw sepiolite (e) for GA(III); removal capacity of the nanocomposite for
Gd(I) at different pHs (f).

Figure 5c presents the performance of Gd(III) removal by the SiO,-Mg(OH), nanocomposite and
raw sepiolite versus contact time at the initial Gd(III) concentration of 0.1 mmol/L. It is not difficult to
find that the Gd(III) removal rapidly increased in the presence of the nanocomposite, and almost all
Gd(III) was removed in the first 120 min. In contrast, only 78% of Gd(III) was removed for the raw
sepiolite, and the final removal efficiency for Gd(III) was also lower than that by the nanocomposite.
In most wastewater, the REE concentrations are as low as one to hundreds of mg/L, despite the high
total annual wastewater generation of more than 7.2 million tons [7]. Traditional adsorbents, e.g.,
zeolite, clay, and active carbon, donate high adsorption capacities only at high metal ion concentrations,
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but they are usually not suitable for dilute metal ion solutions because of their weak extraction
force [47]. In this regard, the SiO,-Mg(OH), nanocomposite derived from sepiolite has great potential
for the removal and enrichment treatment of low-concentration REEs and even other heavy metals.
Moreover, the removal capacities of the nanocomposite and raw sepiolite for Gd(III) were also tested
at neutral pH and room temperature. As shown in Figure 5d, the nanocomposite had an amazing
removal capacity for Gd(III), ca. 4.45 mmol/g (ca. 698.65 mg/g), but only 0.159 mmol/g (ca. 24.96 mg/g)
for the raw sepiolite (Figure 5e), indicating that the Gd (III) removal ability of the sepiolite treated
by sequential acid—base was greatly enhanced. Especially at pH 3.0 and 5.0, the removal capacity
toward Gd(III) of the nanocomposite still reached 3.52 and 4.1 mmol/g (e.g., Figure 5f), indicating its
superb removal ability for GA(III) over the wide pH range. As the REEs and some trivalent actinides
have similar chemical behavior, this removal reagent should also be useful for other lanthanide and
actinide elements.

3.3. Removal Abilities of SiO;-Mg(OH), Nanocomposite for Pb(II) and Cd(II)

Lazarevié et al. [37] studied the adsorption of Pb(II) and Cd(Il) on natural sepiolite and the influence
of acid activation treatment on the adsorption capacity. Their results indicated that raw sepiolite is
more effective for the adsorption of Pb(II) and Cd(Il) than acid-activated sepiolite, i.e., the adsorption
ability of natural sepiolite for Pb(II) and Cd(II) is 0.35 and 0.23 mmol/g, respectively; whereas the
sepiolite activated by a 4 M of HCl solution for 10 h at room temperature only has 0.22 mmol/g for Pb(II),
and 0.21 mmol/g for Cd(II). They proposed that the retention of Pb(II) and Cd(II) occurs dominantly by
specific adsorption and exchange of Mg?* ions from the sepiolite structure, and the lowered removal
performance of the acid-activated sepiolite can be ascribed to the decrease in the number of Mg-OH
groups as main centers for specific adsorption and the number of Mg?* ions available for ion exchange
with cations [37]. Herein, the removal ability of the SiO,-Mg(OH), nanocomposite for Pb(Il) and
Cd(II) was also tested by similar removal experiments at pH 5.6, as described by Lazarevic et al. [37].
As shown in Figure 6, the removal capacity of the SiO,—-Mg(OH), nanocomposite for Pb(II) and Cd(II)
was 6.84 and 4.88 mmol/g, respectively, which are much higher than the removal capacities of the
natural and acid-activated sepiolite [37]. This is possible because the Mg(OH), nanosheets anchored
onto the nanocomposite increased the Mg?* availability and exchangeability, leading to the high
removal capacities. The current results also indicate that after the facile modification, the removal
ability of sepiolite for other common heavy metals would be greatly enhanced.
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Ce(mmol/L)

Figure 6. Removal capacities of the SiO,-Mg(OH), nanocomposite for Pb(II) and Cd(II) at pH 5.6.
3.4. Removal Mechanism of SiO»,—Mg(OH), Nanocomposite for Heavy Metals

In order to understand the removal mechanism of heavy metal cations (Me™*) by the SiO,-Mg(OH),
nanocomposite, numerous techniques including FESEM, TEM, EDX, XRD, and FTIR, were used to
characterize the samples after the heavy metal immobilization. As shown in Figure 7a, the Gd(III)-loaded
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nanocomposite still exhibited rod-like structures, and numerous small particles adhering on the
nanocomposite surface could be found (as indicated by the red circle). The TEM image further revealed
that the tube-like SiO, were covered with many isolated nanoparticles (Figure 7b), and the element
Gd was also detected by the EDX analysis (e.g., inset in Figure 7b), indicating that the particles on
the nanocomposite surfaces were Gd(IlI)-bearing precipitate. Further, the XRD analyses exhibited an
obvious hump peak, which was similar to the pattern of acid-activated sepiolite (e.g., Figure 2b), and no
diffraction peaks belonging to the known gadolinium compounds, especially gadolinium hydroxide
were detected. However, the FTIR spectrum displayed two extra bands at 1520 and 1412 cm™
(Figure 7d) in comparison with the FTIR spectrum of the SiO,-Mg(OH), nanocomposite (Figure 3c),
which could be assigned to the bidentate asymmetric band of C-O-O and the bidentate symmetric
band of C-O-0, respectively [48-50]. These results indicated that the Gd(IlI)-bearing compound
formed in the removal processes may be GA(III) carbonates. Therefore, the removal mechanism of Me™*
may be via sorption and the subsequent precipitation of Me-containing carbonates on the composite
surface. To verify the deduction, the samples after the Pb(II) and Cd(II) removal by SiO,-Mg(OH),
nanocomposite were also characterized by FESEM and XRD. Similarly, many small grains could be
observed from the FESEM images after the Pb and Cd removal by the nanocomposite (Figure S3a,b),
indicating the formation of Me-bearing compounds. The corresponding XRD results clearly revealed
that all the peaks in XRD patterns could be indexed to hydrocerussite (Pb3(CO3),(OH),, JCPDS: 13-0131)
(Figure 7e) and otavite (CdCO3, JCPDS: 42-1342) (Figure 7f), respectively. The results confirmed the
removal mechanism of SiO,—Mg(OH), nanocomposite to heavy metals via a heavy metal carbonatation
on its surfaces. Therefore, the superb removal capacity of SiO,—Mg(OH), nanocomposite toward heavy
metals could be attributed to the synergistic effect of nano-Mg(OH), and amorphous SiO, nanotubes
in 5i0,-Mg(OH), composite. The SiO, nanotubes, obtained by complete acid-activated of sepiolite,
possessed high surface area and acted as a support substrate. The Mg(OH), nanosheets, formed by
the reprecipitation of the leached Mg ions from sepiolite, acted as a reactive reagent in heavy metal
removal. During the removal processes, the heavy metals were first adsorbed onto the SiO,-Mg(OH),
composite by Mg?* exchange with Me"*, and then the nano-Mg(OH), with basic nature promoted the
intake of CO,, leading to Me-containing carbonates on the nanocomposite.

Figure 7. Cont.
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Figure 7. FESEM (a) and TEM (b) images, XRD pattern (c), and FTIR spectrum (d) of Gd(III)-loaded
5i0,-Mg(OH); nanocomposite; XRD patterns of Pb(II)-loaded SiO,-Mg(OH), nanocomposites (e);
and Cd(II)-loaded SiO,-Mg(OH), nanocomposites (f). The red ellipses in Figure 7a,b highlight the
small particles adhering to the nanocomposite surface.

4. Conclusions

In summary, the hierarchical S5iO,-Mg(OH), nanocomposite was successfully obtained by
sequential acid-base treatment of natural sepiolite. First, the acid treatment led to the rod-like
amorphous silica with central channels due to the Mg?* leaching out of sepiolite. After adding the
base agent, the leached Mg?* further precipitated into sheet-like Mg(OH), on the silica nanotube
surfaces, finally producing the hierarchical nanocomposite. The SiO,-Mg(OH), nanocomposite with
high surface area and pore volume exhibited an amazing removal capacity for Gd(III) (ca. 4.45 mmol/g),
which was about 28 times of that of raw sepiolite (0.159 mmol/g). Moreover, this nanocomposite also
showed exceptional removal capacity for common heavy metals (6.84 mmol/g for Pb?*, 4.88 mmol/g
for Cd?*). The superb removal capacity of the SiO,-Mg(OH), nanocomposite toward heavy metals
can be attributed to the synergistic effects of the two nanostructure components in the nanocomposite,
i.e., the removal of the heavy metals proceeds via the initial sorption and subsequent carbonatation of
heavy metal ions on the nanocomposite surface. The removal capacity of sepiolite to heavy metals was
greatly enhanced after the sequential acid-base modification. As the modification method is facile and
suitable for large scale preparation, the SiO,—-Mg(OH), nanocomposite derived from sepiolite has real
potential for applications in water treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/5/298/s1,
Figure S1: Typical SEM images of raw sepiolite, acid-activated sepiolite, and sepiolite modified by
sequential acid-base treatment; Figure S2: Zeta potential-pH profile for the SiO,-Mg(OH), nanocomposite
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in deionized water; Figure S3: SEM images of Pb(II)-loaded SiO,—Mg(OH), nanocomposite and Cd(II)-loaded
S5i0,-Mg(OH), nanocomposite.
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