DE GRUYTER

Green Processing and Synthesis 2022; 11: 907-914

Research Article

Jiahui Li, Yangfeng Wang, Xuehua He, Qing Sun, Meichai Xiong, Zichong Chen, Chengfu Zeng,

Xiaohua Zheng, and Chu Liang*

A facile and universal method to purify silica from

natural sand

https://doi.org/10.1515/gps-2022-0079
received May 16, 2022; accepted August 22, 2022

Abstract: The major constituents of sand are silica and
silicates. The facile and low-cost purification technology
of silica from natural sand is of magnificent importance to
the industrial applications of silicon-based materials.
Herein, we report a green, low-cost, and universal method
to purify silica from natural sand. Sand from deserts,
rivers, and seas is selected as the representative of natural
sand. The initial purity of silica is 52.1 wt% for desert sand,
39.3 wt% for river sand, and 35.8 wt% for sea sand. High-
purity silica has been successfully separated and purified
from natural sand via ball milling, reacting with 30 bar CO,
and hydrochloric acid. The purity of silica derived from
natural sand reaches >96 wt%. In this work, the mechanism
for the purification of silica from natural sand is discussed.
This study provides a new method to separate high-purity
silica from natural sand without the generation of toxic and
harmful substances.
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1 Introduction

Silica has been widely used in both industrial products
and personal consumption because of its stability and
excellent physical and chemical properties. Most of the
silica is commercially used as the structural material in
the architecture industry [1]. Silica is also used as a raw
material to prepare glass, silicon, ceramics, optical fibers,
and a common additive in food and cosmetics production
[2-6]. In addition, silica has broad application prospects
in environmental remediation [7], energy conversion and
storage [8-10], high-performance catalysts [11-14], phar-
maceutical [15-17], and biological technology [18-20] due
to its morphology and microstructure diversity. Silica has
played an increasingly important role in advanced mate-
rials fields due to its low cost, good environmental compat-
ibility, and unique physical and chemical properties. With
the progress of advanced preparation technology and the
extension of application fields, the market demand for
silica, especially for high-purity silica, will rapidly increase
in the near future.

Typically, silica can be separated from natural resources
or prepared from silicon precursors. Direct mining of high-
purity quartz ore is the simplest method to obtain high-
purity silica. But the high-purity quartz ore is a rare natural
resource in the world. Therefore, recycling and reusing
waste and natural materials is a feasible strategy [21-23].
Quartz minerals with impurities such as quartz ore and
seabed sedimentary sand can also be used to produce
high-purity silica. Acid—base leaching and high-temperature
molten salt calcination are the required processes to remove
impurities from quartz ore in industry. High-purity silica
is finally prepared by the precipitation method through
enriched silicate. However, this method is energy-con-
suming, of high cost, and has poor environmental compat-
ibility. Alternatively, high-purity silica can be obtained
synthetically. Many chemical routes have been explored
to prepare high-purity silica from various organic and inor-
ganic compounds containing the silicon element, including
tetraethyl orthosilicate, hexamethyldisiloxane, Na,Sis0, Si,
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SiH,, SiCl,, etc. [24-32]. Silica was successfully prepared
from tetraethyl orthosilicate via three methods: heating at
680-730°C [28], chemical vapor deposition [33], and hydro-
lysis reactions [29,34]. Among them, the hydrolysis reaction
is the most commonly used method for synthesizing silica
with various morphologies. The hydrolysis reaction can be
described by the following equation [29]:

SI(OC2H5)4 + 2H20 i SIOZ + 4CH3CH20H (1)

in which the morphology of silica is strongly depen-
dent on the synthesis conditions. The synthesis of silica
derived from tetraethyl orthosilicate and hexamethyldisi-
loxane is of high cost and environmentally incompatible.
Moreover, conversion of Si, SiH,, or SiCl, into silica is a
chemical route with little practical value owing to their
high cost.

It is well known that silica is the major constituent of
natural sand. Therefore, natural sand is considered the
most abundant and low-cost natural resource for obtaining
silica. In this work, we develop a green, low-cost, and uni-
versal method to purify silica from natural sand with silica
content lower than 55wt%. The purification procedures
include ball milling, reacting with CO, and hydrochloric
acid, and washing with deionized water. High-purity silica
with a purity of >96 wt% is successfully separated from
desert sand, river sand, and sea sand from different regions.
The purification mechanism of silica from natural sand is
revealed in this work as well.

2 Materials and methods

CO, (99.995%, Jingong) and hydrochloric acid (HCI, AR,
Sinopharm) were used as-received. The sand used in this
work was obtained from nature, namely desert sand (KuBuJi
Desert, China), river sand (Tingpang River, China), and sea
sand (Jiantiao Seaport, China). Before use, the sand was
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washed with deionized water and then dried at 80°C for
24 h under vacuum to remove soluble impurities.

To reduce particle size and remove the impurities of
the raw sand, it was milled at 500 rpm for 36 h. After ball
milling, the sand was then subjected to a purification
process. Three methods were employed to purify the
post-milled sand. In the first method, HCl hydrothermal
treatment was used to remove impurities. The post-milled
sand and 3 M HCl were added to the Teflon-lined auto-
clave for 24 h at 180°C. After the hydrothermal treatment,
the obtained solid product was washed with deionized
water several times to obtain pure silica. In the second
method, CO, hydrothermal treatment and HCl washing
were used to remove impurities. The sand and deionized
water were added to the Teflon-lined autoclave filled with
30 bar CO, for 24 h at 180°C with a mass ratio of 1:2. After
hydrothermal treatment, the obtained solid product was
further soaked in 3 M HCl for 6 h at 25°C, and then washed
with deionized water several times to obtain pure silica.
In the third method, CO, and HCI hydrothermal treatment
were used to remove impurities. The sand and deionized
water were added to the Teflon-lined autoclave filled with
30 bar CO, for 24h at 180°C with a mass ratio of 1:2.
Subsequently, the solid product was further hydrother-
mally treated with 3 M HCI for 24 h at 180°C. After hydro-
thermal treatment, the obtained solid product was washed
with deionized water several times to obtain pure silica. In
order to demonstrate a facile and universal method to
purify silica from three natural sand samples, the purifica-
tion condition parameters, including CO, pressure, reac-
tion temperature, and reaction time applied in this work,
are set higher or longer than the best conditions. Meanwhile,
the best purification conditions are also different for desert
sand, river sand, and sea sand because of their different
compositions and phases.

The XRD patterns of sand were measured using
a PANalytical X’Pert PRO X-ray diffractometer with
Cu Ka radiation (A = 0.15418 nm). The microstructure

Figure 1: Pictures of the raw sand and post-milled sand samples: (a) desert sand, (b) river sand, and (c) sea sand. The left side is the raw

sand and the right side is the post-milled sand.
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Figure 2: SEM images of post-milled sand samples: (a) desert sand, (b) river sand, and (c) sea sand.

and elemental content of sand and other samples were
characterized by scanning electron microscopy (SEM,
HITACHI Regulus 8100) with energy-dispersive X-ray
spectroscopy (EDS, Oxford X-Max 80 SSD).

3 Results and discussion

Figure 1 shows the pictures of raw materials of desert
sand, river sand, and sea sand. It can be clearly observed
that the particle sizes of all three kinds of natural sand
are very large, and their distribution is uneven, which is
not conducive to the following purification. Before pur-
ification experiments, therefore, all raw sand is pre-
treated by high-energy ball milling. After ball milling,
the average particle sizes of all the three kinds of sand
are found to decrease from several millimeters for the raw
sand samples (Figure 1) to submicron for the post-milled
sand samples, and their distribution is relatively more
even (Figure 2). As shown in Figure 3, the major XRD

peaks centered at 20.8° and 26.6° are seen in the XRD pat-
terns of the post-milled sand samples, which can be attrib-
uted to the characteristic peaks of SiO, (PDF#85-0798),
implying that all the sand samples consist mainly of silica.
Moreover, many weak diffraction peaks can be seen in
the 26 range of 20-35°, most of which can be attributed
to metal silicates (such as Mg,(Si,O¢), Ca,Mg(Si,0,), and
Ca(AlSi,05g)). It should be noted that the XRD peaks of
metal carbonates are not observed in the XRD patterns of
three sand samples, which may have resulted from their
low degree of crystallization in the sand samples. In this
work, the first step is to convert silicate anions of metal
silicates into silica via designing chemical reactions; the
second step is to obtain high-purity silica by removing the
impurities in sand samples.

Three post-milled sand samples were collected for
composition analysis. The EDS results of desert sand,
river sand, and sea sand are listed in Table 1. Obviously,
C, 0, Mg, Al, Si, K, Ca, and Fe elements are detected in the
aforementioned three sand samples. However, the pro-
portion of each element is different for desert sand, river
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Figure 3: X-ray diffraction analysis of the three kinds of sand after 8 h of high-energy mechanical ball milling.
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Table 1: EDS results of the three post-milled sand samples
Element Desert sand River sand Sea sand
wt% at% wt% at% wt% at%
C 26.4 36.7 34.6 46.2 12.8 20.2
0 44.8 46.7 40.2 40.3 44.7 53.1
Mg 0.5 0.3 0.2 0.1 0.6 0.5
Al 1.5 0.9 2.3 1.4 14.6 10.3
Si 24.3 14.4 18.3 10.4 16.7 11.3
K 0.6 0.3 1.5 0.6 6.3 3.1
Ca 0.7 0.3 1.0 0.5 1.0 0.5
Fe 1.2 0.4 1.9 0.5 3.3 1.0

sand, and sea sand, which is also one of the reasons for
the different peak intensities of impurity in XRD patterns.
From the combined EDS results with XRD results (Figure 3),
it can be seen that Si and C elements are bonded with the
other elements in the form of silica, metal silicates, and
metal carbonates. Silica is still the main component of
the desert sand, the river sand, and the sea sand, which
is in good agreement with the XRD results. The atom ratio
of oxygen to silicon is 3.2 for desert sand, 3.9 for river
sand, and 4.7 for sea sand, respectively, indicating the
presence of metal silicates and metal carbonates in the
sand samples. According to the content of silicon element
in the sand and the chemical formula of silica (SiO,), the
mass fraction of silica is calculated to be 52.1wt% for
desert sand, 39.3 wt% for river sand, and 35.8 wt% for
sea sand. The post-milled sand samples are regarded as
pristine samples to further design and perform purifica-
tion experiments.

For the post-milled sand samples, the desert sand
and the sea sand have the highest and lowest content
of silica, respectively. Table 1 shows that C, Mg, Al, K,
Ca, and Fe are the main impurity elements for the three
sand samples. The river sand has the highest carbon con-
tent of 34.6 wt% and the sea sand has the lowest carbon
content of 12.8 wt%, supporting the presence of metal
carbonates in the sand samples. Hydrochloric acid was
firstly designed to remove the impurity in the sand sam-
ples. After reacting sand samples with hydrochloric acid

at 180°C (Experiment 1), the content of silica in all sand
samples remarkably increases because of the reduction of
impurity elements (Table 2). The silica content of the river
sand reaches 97.1 wt%, which is the highest purity among
the three sand samples. In contrast, the mass fraction of
silica only increases from 52.1 wt for the post-milled desert
sand to 78.2% for the desert sand reacted with hydro-
chloric acid, which is the lowest increase among the three
sand samples. The largest increase in silica content is
57.8 wt% for the river sand sample in which this increase
in silica content is very close to 54.2wt% for the post-
milled sea sand sample. Moreover, the atom ratio of
oxygen to silicon is found to be significantly decreased
for the three sand samples after hydrochloric acid treat-
ment (Table 3). The value is 2.8 for the desert sand, 2.0 for
the river sand, and 2.2 for the sea sand, implying that most
of the metal silicates and metal carbonates are removed
from the river sand and sea sand. As a result, it can be
concluded that most impurities in the river sand and sea
sand samples are removed by reacting with hydrochloric
acid. It should be noted that a small amount of impurity is
needed further to separate from the sand sample by devel-
oping a new purification technology for sand. Even though
the river sand has the highest silica content of 97.1 wt%
among the three sand samples, it still contains 3.3 wt%
metal impurities. Compared with the carbon content and
atom ratio of oxygen to silicon (Table 1), it can be known
that the metal silicates and metal carbonates in desert

Table 2: Mass fraction of silica in three kinds of post-milled sand treated by different methods

Desert sand (Wt%)

River sand (wt%) Sea sand (wt%)

Post-milled 52.1
Experiment 1 (HCl@180°C) 78.2
Experiment 2 (CO,@180°C) 44.7

(CO,@180°C-HCl@25°C) 87.6
Experiment 3 (CO,@180°C-HCl@180°C) 98.4

39.3 35.8
97.1 90.0
37.7 29.3
76.6 79.8
98.3 96.8
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Table 3: Energy-dispersive spectrometer analysis of the three kinds of sand in Experiment 1

Element Desert sand River sand Sea sand
wt% at% wt% at% wt% at%
(0] 58.3 711 51.4 65.0 52.2 65.9
Mg 0.3 0.3 0.0 0.0 0.0 0.0
Al 3.8 2.8 2.8 2.1 3.7 2.7
Si 36.5 25.4 45.3 32.7 42.0 30.3
K 1.0 0.4 0.5 0.2 2.2 1.1

sand are more than those in river sand and sea sand. For
the desert sand sample, the metal silicates on the particle
surface are easy to react with hydrochloric acid to convert
into metal chloride and silica. In contrast, the metal sili-
cates in the inner particles are difficult to react with hydro-
chloric acid because of the sluggish kinetics. Therefore,
the silica content of the desert sand in Experiment 1 is
much lower than that of the other two sands.

In order to increase the reaction rate of the impurity
in sand with the acid, the hydrochloric acid was replaced
by 30 bar CO, and water in Experiment 2 (CO,@180°C)
because the conversion of metal silicates into silica can
be accelerated by introducing high-pressure CO,. The
EDS results are listed in Table 2. After reacting pristine
sand samples with 30 bar CO, and water at 180°C in
Experiment 2 (CO,@180°C), the mass fraction of silica
in the sand samples is 44.7 wt% for the desert sand,
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Figure 4: XRD patterns of the CaSi03-CaC0s-Si0, composite and
the products of the composite reacted with CO,.

37.7 wt% for the river sand, and 29.3 wt% for the sea
sand. For the desert sand sample, the purity of silica of
44.7 wt% from the reaction with 30 bar CO, and water is
much lower than that (78.2 wt%) from the reaction with
hydrochloric acid, and that (52.1 wt%) for the post-milled
sample. The purity of silica in river sand and sea sand
samples is much lower than that of the sand samples
reacted with hydrochloric acid but is close to that of
the pristine sand samples. These phenomena resulted
from the chemical reaction of metal silicates with CO..
In order to confirm the conversion reaction of metal silicates
into silica by reacting with CO,, a CaSiOs;—-CaC0s-SiO,
composite was selected to react with 30 bar CO, and
water at 180°C. Figure 4 shows the XRD patterns of
the CaSiO;—CaC03-SiO, composite, and the products
of the composite reacted with CO,. The intensity of
XRD peaks of CaCOs and SiO, is obviously increased
after the CaSiO;-CaCO5-SiO, composite reacted with
CO,. Meanwhile, the XRD peaks of CaSiO; are weakened.
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Figure 5: X-ray diffraction analysis of the three kinds of sand in the
third experiment.
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Table 4: Energy-dispersive spectrometer analysis of the three kinds of sand in Experiment 3
Element Desert sand River sand Sea sand
wt% at% wt% at% wt% at%
0 52.6 65.9 53.6 67.0 50.7 64.3
Al 1.6 1.2 1.4 1.1 2.7 2.0
Si 45.8 32.9 44.6 31.8 46.1 33.4
K 0.0 0.0 0.3 0.1 0.5 0.3

These results demonstrate the conversion of CaSiOs into
CaCOs and SiO, by reacting with CO,. The chemical reac-
tion can be described by the following equation:

CaSiO; + CO, — CaCOs + SiO; 2

Based on Eq. 2, it can be seen that the gaseous CO, is
converted into solid metal carbonates during the reaction
with metal silicates. The very low solubility of CaCOs and
Si0, in water is responsible for the increase in the mass of
the solid product, resulting in the reduction of silica con-
tent of the sand samples that reacted with CO,. To further
remove CaCOs from the hydrothermal product, the solid
product was soaked and washed with HCI. After purifica-
tion, the content of SiO, in the desert sand is increased to
87.6 wt% (Experiment 2: CO,@180°C-HCl@25°C), which
is higher than that of purification by HCl hydrothermal
treatment (Experiment 1), suggesting the efficient conver-
sion from CaSiO; and CO, to CaCO; and SiO, (Table 2).

For the river sand, the purity of SiO, is 76.6 wt% in
Experiment 2 (CO,@180°C-HCl@25°C), which is lower
than that (97.1wt%) after the HCI treatment in Experiment
1. Similar to the river sand, the SiO, content of the sea sand
is 79.8 wt% in Experiment 2 (CO,@180°C-HCl@25°C),
which is lower than that (90%) after the HCl treatment in
Experiment 1. This result can be attributed to the incomplete
conversion of CaSiOs3 to CaCOs by CO, hydrothermal treat-
ment, but it is difficult for HCI to convert residue metal
silicates at room temperature. Combined with Table 1, it
can be seen that the impurities in the three sands are quite
different. For the river sand, the carbon content is the
highest among the three sands, representing a high content
of carbonate impurities, which can be attributed to the reac-
tion of H,O and CO, in the natural river to promote carbo-
nate deposition in the sand. Unlike freshwater river sand,
sea sand is usually soaked and washed by seawater with a
high concentration of metal ions, which promotes the
deposition of impurity metal ions on its surface and inside,
resulting in high metal salt impurities. Therefore, the intro-
duction of high-pressure CO, can effectively realize the con-
version of metal salts to metal carbonates, especially the
conversion of CaSiO; to CaCOs. After the impurities are

converted into carbonate, it will be more conducive to the
reaction and removal of HCI in the later stage.

To further improve the purity of SiO,, the Experiment
3 treatment system was used to remove impurities from
the sand samples. As shown in Figure 5, only the SiO,
crystalline phase was identified in the treated product,
signifying its high purity. EDS was employed to detect the
content of specific elements in the product. As listed in
Tables 3 and 4, the atomic number ratios of O to Si are
close to 2.0, and the corresponding contents of SiO, are
98.4, 98.3, and 96.8%, respectively, for desert sand, river
sand, and sea sand. It should be noted that the sand
treated by Experiment 3 has higher SiO, content com-
pared with those treated by Experiment 1 and Experiment
2 (CO,@180°C-HCl@25°C), and the content of other metal
impurities decreased below 3.2 wt%. Based on the above
results, we can confirm that the introduction of CO, can
effectively convert difficult-to-remove metal salt impuri-
ties into easily removable metal carbonates. Benefiting
from the transformation of metal salt species, impurities
in the sand samples are more easily removed to obtain
high-purity SiO,. The roles of hydrochloric acid and CO,
are different in the purification of silica from natural sand.
High-pressure CO, is used to convert difficult-to-remove
metal salt impurities into easily removable metal carbo-
nates and silica. Hydrochloric acid is mainly used to react
with metal carbonates to convert them into water-soluble
chlorides. The metal silicates on the particle surfaces can
also react with hydrochloric acid to convert into silica and
water-soluble chlorides. Compared with the conventional
method, this work provides a green, low-carbon, and
energy-saving method.

4 Conclusions

In summary, a facile and universal method to obtain
high-purity SiO, is developed in this work by introducing
high-pressure CO, to realize the conversion of difficult-to-
remove metal salt impurities into easily removable metal
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carbonates. Furthermore, HCl hydrothermal and cleaning
treatments resulted in a final SiO, purity of over 96.8%.
This method not only solves the dilemma that the sand
purification method is limited by the region, but also
improves the purification efficiency of SiO,, which makes
the obtained SiO, powder more conducive to the subse-
quent industrial production and utilization. This study
provides a new strategy for the acquisition and utilization
of high-purity SiO,, which will facilitate the transforma-
tion of sand in nature to industrialized high-purity SiO,.
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