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ABSTRACT 
The controllable synthesis of materials with the desired crystal structure and dimensionality is of great significance 
in material science. In this work we report the successful synthesis of amorphous and crystalline zinc silicates 
with different dimensionalities and well-defined shapes, including hollow spheres, nanowires and membranes. 
The structure-related absorption properties have been studied. A detailed study of their ability to remove 
Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅲ), and Fe(Ⅲ) ions has been performed. The amorphous zero-dimensional (0-D) hollow 
spheres show the best removal ability for all the metal ions investigated. In particular, their absorption capacity 
for Pb(Ⅱ) ions is 129 mg/g, which is double the value reported for magnesium silicate hollow spheres. However, 
the removal abilities of crystalline one-dimensional (1-D) nanowires and two-dimensional (2-D) membranes are 
found to be dependent on the charge of the target metal ion. In general, nanowires show better removal capacity 
for trivalent ions, especially Fe(Ⅲ), while 2-D membranes exhibit better removal capacity for divalent ions. 
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1. Introduction 

Solid materials with different spatial arrangements  
of the same atoms may have quite different 
physicochemical properties. Taking carbon materials 
as an example, diamond with its atomic crystal is a 
hard material, while soft and conductive graphite is a 
transition crystal between atomic, metal and molecular 
crystals with its layered structure held together by 
van der Waals forces. In addition, amorphous carbon 
materials with porous structures—for example active 
carbon—exhibit excellent adsorption properties [1–3]. 

From the viewpoint of the dimensionalities of materials, 
zero-dimensional (0-D) fullerenes, 1-D carbon nano- 
tubes (CNTs), and 2-D graphene have their own 
unique properties [4–15]. Such considerations show 
that the crystal structure and dimensionality usually 
determine the properties and applications of materials. 
Controllable synthesis of materials with the desired 
crystal structure and dimensionality is of great 
significance and the subject of considerable research. 
In this paper we demonstrate the fine tuning of the 
dimensionality of zinc silicate, as well as the structure-  
related absorption properties of the resulting materials. 
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For many years, silicates have attracted great attention 
due to their special physicochemical properties, low 
cost and abundant supply, and have been widely 
applied in many fields, such as molecular sieves 
[16–18], catalyst supports [19–22], gas absorption and 
separation [23, 24], and as raw materials for the glass 
industry. Examples of 1-D zinc silicates with different 
morphologies—including needle-like [25], nanowires 
[26, 27], rice-like [28], and nanorod-like [29–32]—have 
been synthesized by hydrothermal methods. However, 
0-D hollow spheres and 2-D membrane nanostructures  
have been scarcely reported.  

In this work, we have successfully synthesized zinc 
silicate with tunable dimensionalities using different 
systems. In an ethanol/polyethylene glycol (PEG) 
system, 0-D hollow spheres with an amorphous 
structure were obtained. In aqueous systems, both 
1-D nanowires and 2-D membranes with crystalline 
structures were prepared by controlling the ratio of 
zinc to silicon and the amount of mineralizer. Since 
silicates are low cost in comparison with other 
nanostructured absorbents such as iron-based nano- 
absorbents [33, 34], CeO2 supported on CNTs [35], 
and layered titanate nanofibers [36], the prepared zinc 
silicate samples were used as absorbents to remove 
toxic metal ions. Compared with magnesium silicate 
hollow spheres, which we have reported previously 
[37], the amorphous zinc silicate hollow spheres show 
better removal capacity for Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅲ), and  
Fe(Ⅲ) ions in aqueous solution. 

2. Experimental 

2.1 Chemicals 

All reagents were of analytical grade and purchased 
from Beijing Chemicals Co. (Beijing, China) and used 
without further purification. Deionized water was used  
throughout. 

2.2 Preparation of zinc silicate hollow spheres 

Zinc silicate hollow spheres were prepared hydro- 
thermally in an ethanol/PEG mixed solvent system. 
In a typical procedure, 1 mL of 0.2 mol/L Zn(NO3)2 
solution was well mixed with ethanol (30 mL) and 
PEG200 (3 mL) and then 1 mL of 0.2 mol/L Na2SiO3 

solution was added with magnetic stirring, giving a 
white precipitate. After 10 min of continuous magnetic 
stirring, 0.1 mL of 4 mol/L NaOH was added to the 
mixture which was stirred for a further 15 min. The 
mixture was sealed in a Teflon-lined autoclave and 
treated hydrothermally at 190 °C for 12 h. The as- 
obtained precipitate was centrifuged and washed three 
times with deionized water and once with ethanol to 
remove any remaining ions and PEG. Finally, the 
product was dried at 70 °C in air or dispersed in  
ethanol for the preparation of TEM samples. 

2.3 Synthesis of nanowires 

Zinc silicate with a 1-D nanowire morphology was 
obtained in an aqueous system by controlling the 
amount of sodium silicate. In a typical synthesis, 
2 mmol of Zn(NO3)2 was dissolved in 10 mL of 
deionized water and 1.1–1.2 mL of ammonia solution 
(25%) was added drop by drop to form first a white 
precipitate and then a transparent solution of complex 
ions. An additional 20 mL of water was added 
dropwise. 3 mL of 0.5 mol/L Na2SiO3 was added with 
magnetic stirring for 15 min. Finally, 2 g of NaCl was 
added and the mixture stirred for a further 15 min. 
The mixture was sealed in a Teflon-lined autoclave, 
heated to 200 °C and maintained at that temperature  
for 12 h. 

2.4 Preparation of membranes 

Zinc silicate with a 2-D membrane morphology was 
obtained in an aqueous system. 2 mmol of Zn(NO3)2 
was dissolved in 10 mL of deionized water and 
1.1–1.2 mL of ammonia solution (25%) was added 
drop by drop to form first a white precipitate and 
then a transparent solution of complex ions. Then an 
additional 20 mL of water was added dropwise. 
Finally, 5 mL of 0.5 mol/L of Na2SiO3 solution was 
added and the mixture stirred for 15 min. The mixture 
was then sealed in a Teflon-lined autoclave and treated  
hydrothermally at 200 °C for 12 h . 

2.5 Ion exchange experiments 

To obtain Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅲ), and Fe(Ⅲ) ion 
solutions, Pb(NO3)2, Cd(NO3)2·4H2O, CrCl3·6H2O, and 
Fe(NO3)3·9H2O were used as precursors. The pH of  
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solutions containing the above metal ions was adjusted 
to 2 by addition of dilute nitric acid (v/v = 1/10) to 
avoid hydrolysis of the metal ions. For all of the ion 
exchange experiments, 50 mg of zinc silicate absorbent 
was ultrasonically dispersed in 10 mL of deionized 
water and the pH was tuned to 7.0. Then 10 mL of the 
solution containing metal ions was added to the mixture 
which was magnetically stirred for 3 h. Finally, the 
solid and liquid were separated by centrifugation 
and the concentration of metal ions in the solution 
was measured by inductively coupled plasma optical 
emission spectroscopy. A control experiment was 
carried out by replacing the solutions containing metal 
ions with deionized water with the pH adjusted in the  
same way. 

2.6 Characterization 

The morphology and phase purity of as-obtained 
samples were determined using a FEI Tecnai G2 F20 
S-Twin high-resolution transmission electron micro- 
scope (HRTEM) with an acceleration voltage of 200 kV 
and equipped with an energy dispersive X-ray (EDX) 
detector. Powder X-ray diffraction (XRD) patterns were 
recorded on a Bruker D8 Advance X-ray diffractometer  
using Cu Kα radiation (λ = 1.541 8 Å). Phase stability 

was characterized by thermogravimetric analysis 
(TGA) and differential thermal analysis (DTA) using 
a Mettler Toledo 851e instrument. The specific surface 
areas were obtained by the Brunauer–Emmett–Teller 
(BET) method based on nitrogen adsorption/desorption 
measurements (Micromeritics ASAP 2010C). The 
concentration of Mn+ in aqueous solution was 
obtained by the inductively coupled plasma (ICP)  
technique using a IRIS Intrepid II XSP ICP–OES. 

3. Results and discussion 

3.1  Zinc silicate nanostructures with different 
dimensionalities 

Zinc silicate hollow spheres, nanowires and membranes 
were successfully synthesized using hydrothermal 
methods. Figures 1(a) and 1(b) show scanning 
electron microscope (SEM) and transmission electron 
microscope (TEM) images of pure 0-D hollow spheres 
which have an outer diameter of 50–200 nm. Magnified 
TEM images show that the wall thickness is about 
20 nm (Figs. 1(c) and 1(d)). Furthermore, no evidence 
of a crystal lattice was found in HRTEM studies, 
indicating that the hollow spheres are amorphous  

 

Figure 1 Images of zinc silicate hollow spheres: (a) SEM; (b) TEM; (c) and (d) HRTEM; (e) energy dispersive spectrum (EDS) pattern
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in nature. Further evidence for an amorphous 
structure is provided by XRD measurements which 
show no sharp reflections, and only one broad  
reflection (Fig. 4(a)).  

Figures 2(a) and 2(b) show that the 1-D nanowires 
interweave together to form bundle-like structures. 
An HRTEM image (Fig. 2(d)) reveals three types of 
lattice spacing of about 0.2600 nm, 0.3125 nm, and 
0.3277 nm as calculated by fast Fourier transform 
(FFT), corresponding to (002), (211), and (130) planes, 
respectively. Nanowires with truncated polyhedral 
tails result from this kind of preferential growth as  
shown in Fig. 2(c). 

Figures 3(a) and 3(b) show TEM images of pure zinc 
silicate membranes. The membranes have a layered 
structure with an interlamellar spacing of 1.28 nm as  

 
Figure 2 Images of zinc silicate with a 1-D nanowire morphology: 
(a) SEM; (b), (c) TEM and (d) HRTEM images of the product 
obtained with addition of NaCl; (e), (f) TEM images of the product 
obtained without addition of NaCl 

shown in the HRTEM image in Fig. 3(c). The layered 
structure of the membranes is further confirmed   
by the low angle XRD pattern (Fig. 3(d)). There is a 
strong peak with a 2θ value of 6.9° corresponding to 
d = 1.28 nm. In conclusion, 0-D hollow spheres, 1-D 
nanowires, and 2-D membranes have been successfully  
synthesized. 

The phase purity of the zinc silicates was 
characterized by XRD. As noted above, the amorphous 
structure of the hollow spheres is confirmed by the 
XRD pattern shown in Fig. 4(a). The EDS confirms 
that zinc and silicon coexist in the sample (Fig. 1(e)) 
even after the sample was extensively washed to 
ensure that no zinc ions remained physisorbed. 
Therefore we believe that amorphous zinc silicate has 
been successfully synthesized in the ethanol/PEG  
system. 

The XRD pattern (Fig. 4(c)) of the nanowires    
can be indexed to the orthorhombic phase of 
Zn4Si2O7(OH)2·H2O (space group Imm2 (No. 44)) with 
lattice spacings of a = 0.837 nm, b = 1.072 nm, and c = 
0.512 nm (JCPDS 05-0555). The XRD pattern shown 
in Fig. 4(b) shows that the membranes also consist of 
the orthorhombic phase of Zn4Si2O7(OH)2·H2O. Because 
it is 2-D nanostructure and the membranes are very 
thin, some peaks are relatively broad. Therefore both 
amorphous and crystalline zinc silicate samples have  
been obtained. 

As shown in Fig. 5(a), the Zn and Si atoms in zinc 
silicate are arranged in layers along the z-axis and each 
is tetrahedrally coordinated by four oxygen atoms. 
Two zinc–oxygen or silicon–oxygen tetrahedra link 
with each other by oxygen bridges to form 8-, 4-, and 
6-membered rings, with water molecules existing in the 
resulting pores. Some oxygen positions are occupied 
by hydroxide groups. Generally the nanostructures 
grow along the z-direction to form 1-D nanowires and 
additional growth in the x- and y-directions results  
in membranes. A ball-and-stick model is shown in 
Fig. 5(b). For the nanowires, one can see that the main 
growth direction is the (002) zone axis orientation  
(Fig. 5(c)), consistent with the HRTEM results (Fig. 2(d)). 

The stability of the crystalline zinc silicate phases 
was characterized by thermogravimetric analysis under 
a nitrogen atmosphere. For the membranes (Fig. 6(a)), 
there are three obvious weight loss steps and the total 
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Figure 4 XRDs of zinc silicate samples: (a) hollow spheres; (b) 
membranes; (c) nanowires 

weight loss is about 12%. The first step from room 
temperature to 110 °C is an endothermic process that 

corresponds to the loss of free water; the second step 
(110–400 °C) corresponds to the removal of water of 
crystallization; the third step (400–550 °C) represents 
the loss of water formed by dehydroxylation; above 
550 °C, only a small mass loss occurs and the phase is 
relatively stable. Due to their 1-D nanostructure, the 
nanowires (Fig. 6(b)) capture less free water and the 
total weight loss is less than 10%. Below 110 °C, there is 
just a small weight loss; at 110–400 °C, combined water 
is lost; at 400–720 °C, water is lost by dehydroxylation. 
The nanowires lose more combined water (about 8%  
by weight) than the membranes (about 5% by weight). 

3.2 Mechanism of formation of different zinc silicate 
nanostructures 

Zinc silicate hollow spheres were obtained in an 
ethanol/PEG200 system. The formation process pro- 
bably involves the following steps. Firstly, Zn(Ⅱ) ions 
are well dispersed in the mixture of ethanol/PEG200. 

 
Figure 3 Images of zinc silicate with a 2-D membrane morphology: (a), (b) TEM; (c) HRTEM; (d) Low angle XRD 
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After adding sodium silicate, a precursor of amorphous 
SiO2·xH2O solid spheres is formed (Fig. S-1(a) in the 
Electronic Supplementary Material (ESM)) and some 
Zn(Ⅱ) ions become physisorbed on the outer surface 
of the spheres [37]. When NaOH is added to the 
system, SiO2·xH2O reacts with Zn(Ⅱ) ions under 
hydrothermal treatment and is transformed to a stable 
zinc silicate phase with the assistance of hydroxyl 
groups on the outer surface of the solid spheres. 
Meanwhile, SiO2·xH2O in core of the spheres gradually 

migrates outwards and reacts with Zn(Ⅱ) ions to form 
a stable zinc silicate phase in the alkaline medium. 
Finally, hollow spheres are obtained. In the process, 
SiO2·xH2O is not only a physical template, but also acts  
as a chemical template (Scheme 1). 

In the formation of hollow spheres, the amount of 
NaOH is a key factor. Controlled experiments indicate 
that if no NaOH is added to the system, only solid 
spheres are formed as shown in Fig. S-1(b) (in the 
ESM). In addition, if no Zn(Ⅱ) ions are added to the 

 

Figure 5 Images of the structure of the Zn4Si2O7(OH)2·H2O phase 

 

Figure 6 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of zinc silicate: (a) membranes; (b) nanowires 

 

Scheme 1 The process of formation of zinc silicate hollow spheres (the purple sphere represents SiO2·xH2O solid spheres; and the
green sphere represents zinc silicate; small red particles represent zinc ions and blue spheres represent hydroxyl groups) 
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system, the product is an agglomerate. Figure S-1(c) 
(in the ESM) shows a TEM image of the solid spheres 
and the XRD pattern can be indexed to the monoclinic 
phase of Na2Si2O5 with the space group P21/a (No. 14) 
(JCPDS 23-0529) (Fig. S-1(d) in the ESM). These results 
further confirm that the hollow spheres are a zinc 
silicate phase rather than a silicon dioxide phase with 
zinc ions trapped in the amorphous structure by  
physical adsorption.  

The nanowires and membranes are synthesized in 
aqueous systems, in which an abundance of hydrogen 
bonds are supplied by water and ammonia which is 
extremely beneficial to the growth of zinc silicate 
crystals. The molar ratio of Zn:Si plays a pivotal role 
in the synthesis of the nanowires and membranes. 
Controlled experiments were done by adding a 
constant amount (2 mmol) of Zn(Ⅱ) ions and adding 
different amounts of Na2SiO3 into the system. When 
1 mmol of Na2SiO3 was used, SEM and TEM images 
(Fig. S-2 in the ESM) show that short nanorods were 
obtained. The XRD pattern indicates that these consist 
of Zn4Si2O7(OH)2·H2O (Fig. S-4(b) in the ESM). When 
the amount of Na2SiO3 was increased to 1.5 mmol, 
nanowire bundles began to form (Fig. 2). With a further 
increase in the amount of Na2SiO3 to 2.5 mmol, mem- 
branes were obtained (Fig. 3). When the Zn:Si ratio 
was 2 :1, 1-D nanostructure clearly began to form. 
Increasing the amount of Na2SiO3 giving a Zn:Si ratio 
of 2 :1.5, resulted in more silicon–oxygen tetrahedra 
linking with residual zinc–oxygen tetrahedra in the 
solution, giving rise to further growth of 1-D nanowires. 
Meanwhile, owing to the strong hydrogen bonding 
forces from the hydroxide groups and combined water, 
the nanowires are inclined to cross-connect (Fig. 2(b)). 
In particular, the addition of more Na2SiO3 to give a 
Zn:Si ratio of 2 :2.5 promotes crystal growth along 
the x- and y-planes resulting in the formation of  
membranes. 

In addition, NaCl plays an important role in the 
formation of 1-D nanowires, but has no influence on 
the formation of the Zn4Si2O7(OH)2·H2O phase. Under 
the appropriate conditions for preparing the nanowires, 
an ordered rod-like product is obtained without 
addition of NaCl (Figs. 2(e) and 2(f)). The XRD  
pattern shows that these are composed of the 
Zn4Si2O7(OH)2·H2O phase (Fig. S-4(a) in the ESM).  

Due to the lack of sufficient linking forces, the nanorods 
cannot further weld to form nanowires although they 
do attach to each other and become arrayed in the 
shape of nanowires. According to XRD (Fig. 4(c)) and 
EDS (Fig. S-3 in the ESM) results, there is no sodium 
or chlorine-containing phase present in the nanowires. 
NaCl merely serves as a mineralizer in the system. It 
increases the ionic strength and chemical potential 
which supplies sufficient bonding forces to form 1-D 
nanowires. The results also reveal that the nanowires 
do not gradually grow from one specific point into a 
1-D structure. The most probable growth mechanism 
is that short rod-like nanoparticles are first formed in 
solution, and then adopt an ordered assembly which 
is converted into highly crystalline nanowires with 
the assistance of sodium chloride. In the case of the 
membranes, there is no obvious influence of added  
NaCl on their formation. 

3.3 Capacity of as-obtained zinc silicate materials 
for removal of toxic metal ions  

To investigate the capacity of the as-obtained zinc 
silicate samples for the removal of toxic metal ions, 
aqueous solutions containing Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅲ), and 
Fe(Ⅲ) were prepared. As shown in Table 1, hollow 
spheres are the best absorbent for all the above metal 
ions. In a typical experiment, 50 mg of hollow spheres 
were dispersed in 20 mL of solutions. After static abso- 
rption for 3 h with magnetic stirring, the concentration 
of Pb(Ⅱ), Cd(Ⅱ), and Fe(Ⅲ) ions was reduced as shown 
in Table 1. For Cr(Ⅲ) ions, the removal capacity was 
67.5 mg/g. Additionally, since the hollow spheres 
exhibit good removal capacity for Pb(Ⅱ), Cd(Ⅱ) and 
Fe(Ⅲ) ions, these three metal ions were chosen to 
investigate the selectivity of the hollow spheres. The 
concentration of Pb(Ⅱ), Cd(Ⅱ), and Fe(Ⅲ) ions in the 
same solution could be reduced from 223.14 mg/L, 
224.06 mg/L, and 221.68 mg/L to 128.80 mg/L, 219.70 
mg/L, and 39.65 mg/L, respectively. This result indicates 
that the hollow spheres exhibit good selectivity for 
Fe(Ⅲ) ions, and show a certain selectivity for Pb(Ⅱ) 
ions. Compared with the hollow spheres, the nano- 
wires and membranes have a lower removal capacity. 
Using 50 mg of nanowires as absorbent, the removal 
capacity of Pb(Ⅱ), Cd(Ⅱ), and Cr(Ⅲ) ions was 48.93 
mg/g, 13.22 mg/g, and 59.80 mg/g, respectively. With 
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50 mg of the membranes, the corresponding removal 
capacity was 59.06 mg/g, 44.90 mg/g, and 20.10 mg/g, 
respectively. In particular, the nanowires exhibited 
much higher removal capacity for Fe(Ⅲ) than for other 
metal ions as shown in Table 1. In general, the 
nanowires showed better removal capacity for the 
trivalent ions Cr(Ⅲ) and Fe(Ⅲ), while the membranes 
were more effective for removal of the divalent ions  
Pb(Ⅱ) and Cd(Ⅱ). 

Table 1 Capacities of zinc silicate materials with different 
morphologies for removal of metal ions 

Final conc. (mg/L) 
Ions Initial conc. 

(mg/L) Hollow spheres Nanowires Membranes

Pb(Ⅱ) 218.95 3.62 96.63 71.30 

Cd(Ⅱ) 219.35 0.70 186.30 107.10 

Cr(Ⅲ) 219.20 50.48 69.70 168.90 

Fe(Ⅲ) 221.35 <0.10 0.37 87.50 

 
In Fig. 7, it can be clearly seen that the hollow spheres 

and nanowires both exhibit better removal capacity 
for Fe(Ⅲ) ion than that of membranes. After ion- 
exchange for 3 h with the membranes, the color of the 
Fe(Ⅲ) ion solution after addition of 0.01 mol/L SCN– 
ions is just a little less intense than that of the starting 
solution. In contrast, the solutions treated with hollow 
spheres and nanowires are almost colorless after 
addition of SCN– ions, which indicates that almost all 
of the Fe(Ⅲ) ions have been removed; the ICP results  
were consistent with this conclusion. 

 
Figure 7 Fe(Ⅲ) solutions after addition of SCN – ions: (a) the 
initial solution (221.35 mg/L); (b) after exchange with membranes 
(for 3 h); (c) after exchange with hollow spheres (for 3 h); (d) after 
exchange with nanowires (for 3 h) 

The Fe(Ⅲ) ion solution was chosen to determine the 
rates of cation removal by the different samples. As 
shown in Fig. 8, when hollow spheres and nanowires 
were used as absorbents for only 15 min, the Fe(Ⅲ) 
ion solution was colorless on addition of SCN– ions, 
which means that the concentration has been reduced  
to less than 4.38 mg/L. 

The BET surface area of the zinc silicate hollow 
spheres is 23 m2/g, which is much smaller than the 
value of 355 m2/g reported [37] for magnesium silicate 
hollow spheres. However, the removal capacity 
(128.62 mg/g) for Pb(Ⅱ) ions of zinc silicate hollow 
spheres is about twice that for magnesium silicate 
(64.79 mg/g) for initial solutions with the same 
concentration of 332.65 mg/L. Obviously, the removal 
capacity is related to not only BET surface area but 
also to the crystal structure, and the latter seems to be 
more important factor. This can be further confirmed 
by examining the BET surface areas of crystalline 
zinc silicate samples. The BET surface area of the 
nanowires (24 m2/g) is very close to that of the hollow 
spheres, whereas that for the membranes is much 
higher (97 m2/g). However the removal capacity of the 
membranes is less than that of hollow spheres for all 
the metal ions studied (Table 1). This confirms that 
the crystal structure of the product plays an important  
role in determining the removal capacity. 

The amorphous structure of the hollow spheres 
favors the incorporation of other metal ions into 

 
Figure 8 Fe(Ⅲ) solutions after addition of SCN – ions: (a) the 
initial solution (221.35 mg/L); (b) an Fe(Ⅲ) solution with a con- 
centration of 4.38 mg/L; (c) the initial solution after exchange with 
hollow spheres (for 15 min); (d) the initial solution after exchange 
with nanowires (for 15 min) 
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vacant sites. As an example, the EDS line scanning 
analysis of a single hollow sphere exchanged with 
Pb(Ⅱ) ions (Fig. 9(a)) indicates that the Pb(Ⅱ) ions are 
well distributed inside and outside the hollow sphere, 
which demonstrates that the Pb(Ⅱ) ions insert into 
the vacant sites. For Pb(Ⅱ) (and Cd(Ⅱ) ions), the 
oxidation number is the same as that of Zn(Ⅱ) and it 
is relatively easy for them to insert into the vacant 
positions. However, the radii of Pb(Ⅱ) and Cd(Ⅱ) ions 
are 0.121 nm and 0.097 nm, much larger than that of 
Zn(Ⅱ) ion which is about 0.074 nm. As a result, 
exchange of these ions with Zn(Ⅱ) ions is unfavorable. 
Therefore the removal capacity of the hollow spheres 
for Pb(Ⅱ) and Cd(Ⅱ) ions can be mainly attributed  
to ion absorption by insertion into the vacant sites in 
the material. Because the hollow spheres have an 
amorphous structure there are a large number of 
available vacant sites, and the hollow spheres show 
the best removal capacity for Pb(Ⅱ) and Cd(Ⅱ) ions. 
The radii of Cr(Ⅲ) and Fe(Ⅲ) ions are both 0.064 nm, 
a little smaller than that of the Zn(Ⅱ) ion. Therefore 
these ions can both insert into the vacant sites of the 
amorphous structure and also partly replace Zn(Ⅱ) 
ions in the hollow spheres. Thus the removal capacity 
of the hollow spheres for Cr(Ⅲ) and Fe(Ⅲ) ions can be 
ascribed to both ion absorption and ion exchange with  
Zn(Ⅱ) ions.  

Based on the results of HRTEM and XRD, the 
exposed crystal faces of zinc silicate nanowires are 
(211), (130), and (002) with the corresponding lattice 

spacings of 0.3125 nm, 0.3277 nm, and 0.2600 nm, 
respectively. These lattice spacings are much larger 
than the radii of Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅲ), and Fe(Ⅲ) ions, 
so it is relatively easy for these metal ions to insert into 
the interstitial voids. As an example, the EDS line 
scanning analysis of nanowires after exchange with 
Pb(Ⅱ) ions demonstrates that the Pb(Ⅱ) ions insert 
into the structure of the nanowires (Fig. 9(b)). Due to 
the radii of Pb(Ⅱ) and Cd(Ⅱ) ions being much larger 
than Zn(Ⅱ) ions, the capacity of nanowires for removal 
of these ions can be mainly attributed to ion absorption 
by insertion into the vacant lattice sites in the 
nanowires. In contrast, for Cr(Ⅲ) and Fe(Ⅲ) ions, the 
oxidation number is higher than that of Zn(Ⅱ) and 
the radii are a little smaller than that of the Zn(Ⅱ) ion. 
Therefore exchange of these ions with Zn(Ⅱ) is more 
favorable than filling the vacant lattice positions of 
the nanowires. Additionally, the exposed crystal faces 
may favor exchange of Cr(Ⅲ) and Fe(Ⅲ) ions with 
Zn(Ⅱ) ions. The removal capacity of the nanowires 
for Cr(Ⅲ) and Fe(Ⅲ) ions can therefore be ascribed to 
ion exchange with Zn(Ⅱ) ions. Due to the 1-D nano- 
structure and good crystallinity of the nanowires, 
there are only a few vacant sites in the product. 
Hence, the nanowires exhibit lower removal ability 
for Pb(Ⅱ) and Cd(Ⅱ) ions than for Cr(Ⅲ) and Fe(Ⅲ)  
ions (Table 1).  

Because zinc silicate membranes are extremely thin 
and usually several membranes stack together, the 
lattice fringes corresponding to the crystal faces cannot 

 

Figure 9 EDS line scanning analysis for Pb (along the red line shown in the inset) of zinc silicate nanomaterials after exchange with
Pb(II) ions: (a) hollow spheres; (b) nanowires 
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be seen in the HRTEM images. It is difficult to deduce 
the exposed crystal faces just on the basis of the XRD 
results. However, as shown in Fig. 3(c), the interlamellar 
spacing of the membranes is 1.28 nm which is large 
enough for the metal ions (Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅲ), and 
Fe(Ⅲ)) to insert into the interlamellar galleries. Con- 
sidering that the membrane is a 2-D nanostructure 
and very thin, it may have more vacant lattice positions 
than the 1-D nanowires. In this case, the removal 
capacity of the membranes for Pb(Ⅱ) and Cd(Ⅱ) ions 
will depend mainly on ion absorption by insertion into 
vacant lattice sites, consistent with the membranes 
showing better removal ability than the nanowires. 
The removal capacity of the membranes for Cr(Ⅲ) 
and Fe(Ⅲ) ions is lower than that of the nanowires, 
which maybe because the exposed crystal faces in the 
membranes do not favor exchange of Cr(Ⅲ) and Fe(Ⅲ)  
ions with Zn(Ⅱ) ions. 

The above hypothesis can be confirmed by deter- 
mination of the final concentrations of Zn(Ⅱ) ions 
(CZn) in the solutions after ion exchange experiments. 
In initial control experiments, keeping the other con- 
ditions the same as in the ion exchange experiments 
and just replacing the solutions containing the metal 
ions by deionized water with a given pH value, the 
values of CZn for hollow spheres, nanowires and mem- 
branes were 6.810 mg/L, 52.31 mg/L, and 33.99 mg/L, 
respectively, at pH 2; the corresponding values of CZn 
at pH 4 were 1.396 mg/L, 23.46 mg/L, and 85.95 mg/L, 
and the values at pH 7 were 0.5563 mg/L, 3.385 mg/L, 
and 107.9 mg/L. These results demonstrate that Zn(Ⅱ) 
ions in the zinc silicates can exchange with protons in 
an acid medium. As seen in Fig. 10, the values of CZn 
for hollow spheres and nanowires gradually decline 
with increasing pH value. In contrast, the membranes 
show the opposite trend, which results from the 
residual membranes in the solution. At pH 4 and 7, 
there are more hydroxide radicals present in the 
membranes compared to that at pH 2; these provide 
more hydrogen bonds with water, and thus it is more 
difficult for membranes to separate out of the solution 
at pH 4 and 7 than at pH 2. The higher values of CZn for 
the membranes not only originates from the exchange 
of Zn(Ⅱ) ions with protons but also from the residual  
membranes in the solution at pH 4 and 7. 

The values of CZn for hollow spheres, nanowires 

and membranes in the control experiments at pH 2 
(6.810 mg/L, 52.31 mg/L, and 33.99 mg/L, respectively) 
are very similar to the corresponding values of CZn 

after exchange with Pb(Ⅱ) ions (shown in Table 2). 
Considering that Zn(Ⅱ) ions in the zinc silicates can 
partly exchange with protons at pH 2, it can be con- 
cluded that the removal capacity of as-obtained samples 
for Pb(Ⅱ) ions results mainly from ion absorption by 
insertion into vacant sites. After exchange with Cd(Ⅱ) 
ions, the values of CZn (Table 2) are lower than in the 
control experiments. This indicates that the presence 
of Cd(Ⅱ) ions inhibits the exchange of protons with 
Zn(Ⅱ) ions in the samples to some extent, and the  
Cd(Ⅱ) ions almost always insert into vacant sites.  

As shown in Table 2, after stirring the nanowires 
with Cr(Ⅲ) and Fe(Ⅲ) ions, the values of CZn are higher 
than the value (52.31 mg/L) in the control experiment; 
similarly for the membranes, the values of CZn are 
also higher than the value (33.99 mg/L) in the control 

 

Figure 10 The release curves of Zn(Ⅱ) ions from as-obtained 
zinc silicates as a function of pH value: (a) hollow spheres; (b) 
nanowires; (c) membranes 

Table 2 Concentration of Zn(Ⅱ) ion in the solutions after ion 
exchange 

Concentration of Zn(Ⅱ) (mg/L) 
Ions 

Hollow spheres Nanowires Membranes 

Pb(Ⅱ) 8.73 44.55 27.05 

Cd(Ⅱ) 0.43 4.99 9.96 

Cr(Ⅱ) 84.38 363.00 104.20 

Fe(Ⅱ) 192.73 407.20 171.20 
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experiment. This suggests that Zn(Ⅱ) ions in both 
nanowires and membranes have exchanged with 
Cr(Ⅲ) and Fe(Ⅲ) ions. Additionally, after stirring the 
hollow spheres with Cr(Ⅲ) and Fe(Ⅲ) ions, the values 
of CZn (Table 2) are higher than the value (6.810 mg/L) 
in the control experiment, which indicates that Zn(Ⅱ) 
ions are partly substituted by Cr(Ⅲ) or Fe(Ⅲ) ions. 
Furthermore, the values of CZn using nanowires as 
absorbent are much lower than the values of CZn for 
the hollow spheres and the removal capacity of hollow 
spheres is higher than that of nanowires. This indicates 
that some Cr(Ⅲ) and Fe(Ⅲ) ions insert into the vacant 
sites of hollow spheres and ion adsorption is also an 
important factor in the removal of Cr(Ⅲ) and Fe(Ⅲ)  
ions by the hollow spheres.  

To investigate the desorption process, the ion- 
exchanged zinc silicate absorbents (80 mg) were dis- 
persed in a stirred concentrated solution of Zn(Ⅱ) ions 
(50 mL of 0.2 mol/L solution) for 3 h. The absorbents 
were centrifuged and washed with deionized water 
and ethanol, and then dried at 70 °C in air. Fe(Ⅲ) ions 
were chosen as an example, and the hollow spheres 
were used as absorbents in repeated cycles. After ion 
exchange for 3 h, an Fe(Ⅲ) solution with an initial 
concentration of 221.35 mg/L remained colorless after 
addition of 0.01 mol/L SCN– ions after the second 
cycle, which indicated that Fe(Ⅲ) ions were almost  
completely removed (Fig. 11). 

 

Figure 11 The removal capacity of zinc silicate hollow spheres 
for Fe(Ⅲ) ions in repeated cycles: (a) Initial Fe(Ⅲ) solution 
(221.35 mg/L) after addition of SCN– ions; (b) after the first cycle; 
(c) after the second cycle 

4. Conclusions 

Amorphous and crystalline zinc silicates with con- 
trollable dimensionalities and well-defined shapes 
have been synthesized in different systems. 0-D hollow 
spheres with an amorphous structure were obtained 
in an ethanol/PEG system. 1-D nanowires and 2-D 
membranes with crystalline structures were prepared 
in aqueous systems. The capacity of the as-obtained 
zinc silicate samples for removal of metal ions has been 
studied. Compared with magnesium silicate hollow 
spheres, amorphous zinc silicate hollow spheres exhibit 
better removal capacity, with the capacity of removal 
for Pb(Ⅱ) ions being higher by a factor of two. Amor- 
phous hollow spheres showed the best removal ability 
for all the metal ions studied. The removal abilities of 
crystalline 1-D nanowires and 2-D membranes were 
found to be dependent on the oxidation number of 
the target metal ion. In general, nanowires showed 
better removal capacity for trivalent ions, especially 
for Fe(Ⅲ) ions, while 2-D membranes exhibited better  
removal capacity for divalent ions. 
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