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Abstract—Functional silicon-containing materials—silicon—carbon product, high-purity amorphous silicon
dioxide, sodium aluminosilicate, and iron-containing magnetoactive composite material with specific sur-
face area from 56.7 to 470 m?/g—have been obtained from agricultural wastes (rice husk and straw). Chemical
and phase composition of obtained samples have been determined, particle morphology has been established
by scanning electron microscopy, specific surface area has been measured, IR spectra have been recorded.
The possibility to use the obtained materials for the removal of antimony ions from aqueous solutions has
been studied. It has been found that sodium aluminosilicate and iron-containing composite materials based
on biogenic silica show high capacity toward antimony ions: 596 and 386 mg/g, respectively. Used approach,
in the first place, allows one to reclaim safely rice straw and husk and to reduce atmospheric emission of
microdisperse amorphous silica SiO, resulting from their open combustion and causing respiratory diseases.
In the second place, the study enables purification of natural and technogeneous wastewaters contaminated
by antimony(11I), which form on the sites of antimony rock deposits on their decay and mining.
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INTRODUCTION

Antimony compounds occur in nature due to natu-
ral processes (ablation of rocks, volcanic activity) and
anthropogenic impact [1]. Antimony and its com-
pounds are used in production of ceramics, accumula-
tors, fire retardants, catalysts, and pigments [2]. The
world stock of antimony is more than 2 million tons; it
is located in Bolivia, China, Russia, South Africa, and
Mexico [3]. The most acute problem of environment
contamination by antimony is observed in the regions
of its extraction from deposits, in particular, elevated
antimony content in ground and surface waters (up to
6.38 mg/L [4], at permitted Sb content of in water of
0.005 mg/L (Sanitary Regulations and Standards
1.2.3685—21)) is observed in China, which remains to
be leader in antimony production according to the
report of the United States Geological Survey for
2021, China extracts more than 52% of world ore out-
put [5].

Excess antimony content in environment is known
to result in death of animals, soil organisms and bacte-
ria and causes diseases of hemopoietic, cardiovascu-
lar, and respiratory systems of human [6]. Therefore, it
is urgent task to recover antimony ions from sewage,
ground, and surface water.

Purification of sewage water from antimony is car-
ried out by different methods including such as coag-
ulation, flocculation [7], membrane method [8], ion

exchange [9], and sorption [10]. Due to efficiency and
low cost, sorption method of purification is the most
widespread. Materials of mineral origin are used as
sorbents most frequently [6, 11], the highest parame-
ters are observed for materials containing silicon
and/or iron [12]. Modified silicas are widely used for
the sorption of different pollutants [13].

Rice production wastes—husk and straw—are
widely used in different industry areas to obtain sili-
con-containing materials, high-purity silica including
[14, 15]. Silica, silicates, aluminosilicates, and com-
posite materials of biogenic origin are of interest as
sorption-active materials because, in contrast to min-
eral analogs, they have constant composition and con-
tain noticeably less admixtures of foreign elements.

On the other hand, there is a problem of disposal of
agricultural waste of rice manufacture. Rice straw and
husk are preferably turned under fields or incinerated
[16]. However, these methods are unsatisfactory from
environmental viewpoint because of low rate of bio-
degradation and evolution of silica microparticles on
incineration, which cause lung diseases in the regions
of rice production [17]. The use of rice straw and husk
as a source of silicon and raw materials for the synthe-
sis of silicate materials allows one to solve environ-
mental problem of agricultural waste disposal.

In this work, we obtained silicon-containing oxide
materials of different composition from rice husk and
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Table 1. Characteristics of samples
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Sample Raw material Composition, % Seps m?%/g pI;Iu(s);:rcll;lieo(r)lus A*, mg/g
1 Rice husk Si0,, 53.9; C, 39.1 300 5.5 6.1
2 Rice husk Si0O,, 99.9 295 6.5 13.7
3 Rice straw Si0,, 51.1; Al,O3, 39.8; Na,O, 13.5 470 7.0 596
4 Rice husk Si0,, 92.5; Fe, 03, 3.1 56.7 7.0 386

*A is capacity of material toward antimony(I1I) ions.

straw and studied the possibility to use these materials
for recovery of antimony ions from aqueous solutions.

EXPERIMENTAL

As a subject of study, we used silicon-containing
materials obtained by different methods from rice
husk and straw. Sample 1: rice husk was exposed to
two-stage calcinations at 300 and 500°C similarly to
[18]. Sample 2: rice husk was treated with 0.1 M
hydrochloric acid solution at 90°C for 1 h, filtered off,
washed with water, dried, and calcined at 600°C simi-
larly to [19]. Sample 3: rice straw was treated with 0.1 M
NaOH solution (ratios:1=1:13) at 90°C for 1 h. The
resultant hydrolysate was separated by filtration from
solid cellulose residue, diluted aqueous solution of
aluminum sulfate was added, and the solution was
adjusted to pH 7. The resultant precipitate was sepa-
rated by decantation, washed, and dried at 105°C sim-
ilarly to [20]. Sample 4: amorphous silicon dioxide
(sample 2) was impregnated with 6% aqueous solution
of iron(I1I) oxalate followed by calcination at 400°C
similarly to [21, 22].

Elemental analysis was performed by energy dis-
persive X-ray fluorescent spectroscopy on a Shimadzu
EDX 800 HS spectrometer (Japan). IR absorption
spectra in the range 400—4000 cm~! were registered in
Nujol mull on a Bruker Vertex 70 (Germany) Fourier-
transform spectrometer. X-ray diffractograms were
recorded on a Bruker D8 Advance (Germany) diffrac-
tometer in Cuk, radiation. Phases were identified by
EVA software using PDF-2 database. Micrographs
were obtained on a Hitachi S-5500 (Japan) and a
Thermo Scientific Phenom ProX (USA) scanning
electron microscopes. Value of aqueous suspension
pH was determined at ratio s : 1 =1 : 10 according to
[23] on a Hanna Edge HI2020 (USA) pH-meter. Spe-
cific surface area of samples (S, m?/g) was deter-
mined by the standard procedure [24] by the formula:

Ssp = Anax6-0220,
where A, is a capacity of monolayer of adsorbed
Methylene Blue, mmol/g,
®, is the area occupied by a molecule of adsorbed

Methylene Blue in a dense monolayer on the surface
of sample.
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Experiment on the recovery of Sb** ions was con-
ducted under static conditions from aqueous solutions
of SbF; and NaSbF, with metal concentration of 20—
1000 mg/L at ratio of solid and liquid phases (s : I) of
1 : 1000 at ambient temperature. Solution pH was not
corrected during experiment.

Antimony ions concentration in solution was
determined by atomic absorption spectrometry on a
Nippon Jarrell Ash AA-770 (Japan) spectrophotome-
ter in acetylene—air flame.

One of parameters that determine material effi-
ciency for antimony recovery is the capacity (4, mg/g),
which was calculated by the formula:

_ (Cini B Ceq)V
mx1000

where C,; and C,, are initial and equilibrium concen-
trations (mg/mL); V is solution volume (mL); m is
weight of sample (g).

b

RESULTS AND DISCUSSION

Chemical composition and properties of samples
are presented in Table 1. In spite of the use of rice pro-
duction wastes as precursor, different schemes allow
preparation of a number of materials different in com-
position and properties, including high-purity amor-
phous silica (99.9% Si0O,), silicon—carbon product
(containing SiO, and C), sodium aluminosilicate, and
iron-containing composite.

The obtained samples are X-ray amorphous as evi-
denced by diffuse maximum on X-ray diffractograms
of samples in the region 22°—27° (Fig. 1). The magni-
tude of specific surface area varies in the range 56.7—
470 m?/g, sodium aluminosilicate (sample 3) has the
largest specific surface area.

The IR spectra of amorphous silica obtained from
rice husk by thermal treatment (sample 1) and by ther-
mal treatment after acid hydrolysis (sample 2) accord-
ing to [25] are similar to each other (Fig. 2, curve a).
The data in Fig. 2 show that the spectra of samples stud-
ied in this work are similar to each other and contain
absorption bands in the region 3385—3381 and 1641—
1639 cm™! corresponding to the deformational and
stretching vibrations of water OH groups. Moreover,
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Fig. 1. X-ray diffraction patterns for samples: (a) 1, 2; (b) 3
(¢) 4 (numbering corresponds to Table 1).

IR spectra show absorption bands in the region 467—
461, 800—797, and 1099—1014 cm™! corresponding to
the deformational and stretching (symmetrical and
asymmetrical vibrations of siloxane bonds Si—O. The
spectrum of iron-containing composite material
(sample 4) displays bands in the region 952 cm™!,
which indicates the presence of silanol groups Si—OH
(Fig. 2, curve ¢). The feature of spectrum of sample 3
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(Fig. 2, curve b) is the presence of band typical for alu-
minosilicates in the region 700 cm™! related to vibra-
tions of AI-O—Si bond and the position of absorption
band at 1014 cm~' corresponding to the asymmetric
stretching vibrations of Si—O bond.

The structure of the obtained samples is governed
by preparation method and structure of biogenic sil-
ica, which in turn is dependent on the cell structure of
vegetable tissues of rice husk and straw. The results of
study presented in micrographs (Fig. 3) indicate that
silicon—carbon material (sample 1) retains the struc-
ture of vegetable tissue, the surface of its particles is
formed by the rows of cones connected to each other
(Fig. 3a). The particles of pure amorphous silica (sam-
ple 2) also retain to some extent the structure of vege-
table tissues, but they are more fragmentary (Fig. 3b).
Aluminosilicate particles (sample 3) have disordered
structure, extended surface, and complex system of
pores about 0.5 um in diameter, which causes high
specific surface area of this sample (Fig. 3c). Sample 4
(Fig. 3d) consists of particles as globules of 55—80 in
size, each of which includes several iron-containing
nuclei 5—15 nm in size dispersed in silicon dioxide
matrix.

To assess the possibility to recover antimony com-
pounds by the studied samples, we draw the curves of
Sb3* ions recovery from aqueous SbF; solutions at
metal concentration of 20—1000 mg/L under static
conditions (Fig. 4a).

2000
‘Wavenumber, cm™

4000

1500 1000 500

1

Fig. 2. IR spectra of samples: (a) 1, 2; (b) 3 (c) 4; asterisk * designates absorption bands of Nujol.
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Fig. 3. Micrographs of silicon-containing samples: (a) 1, (b) 2, (c) 3, (d) 4.

A, mg/g (a) 3
600 |- [__,
450 - ' 4
300 -
150 -
0 100 ;(;) 360 400

Ceq» Mg/8

Fig. 4. Curves for Sb3* recovery by silicon-containing samples /—4: (a) from SbF; solution; (b) from NaSbF, solution. C
mg/mL is equilibrium concentration of antimony ions; A, mg/g is capacity.

The analysis of curves shown in Fig. 4a indicates
that sodium aluminosilicate (sample 3) obtained from
rice straw is the most efficient, its capacity is 596 mg/g.
Among the known sorbents for antimony recovery in
the studied concentration range, the majority displays

A, mg/g (b) 3
600 |
450 -
300 F
150 |
2
QG=—=0 0—— O —+0
0 100 200 300
Ceq» Mg/g

eq’

sorption capacity about 100—250 mg/g, and the best
known material, birnessite, exhibits capacity of 759 mg/g
[12]. The samples of silicon dioxide isolated by differ-
ent methods from rice husk, both high-purity (sample 2)
and carbon-containing (sample 1), show the least

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67 No.9 2022
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capacity toward antimony ions. Iron-containing com-
posite material (sample 4) prepared from high-purity
amorphous silica (sample 2) is more efficient as com-
pared to them. The capacity of this sample is 386 mg/g
and exceeds by factor 1.5—2 the values of maximal
capacity for argillaceous iron-containing materials of
mineral origin studied in [6]. Possibly, due to para-
magnetic properties [21], such materials can be used
for the treatment of oncological diseases by target
local delivery [26, 27] with the aid of magnetic field of
antimony fluoride compounds showing antitumor
properties [28].

Issue has been studied on how reaction of Sb(III)
ions with material surface depends on the type of anti-
mony compound in solution. The presence of such
complexing agents as tartrate and citrate anions and
EDTA is known to affect the extent of antimony
recovery [29]. Different antimony(III) fluoride com-
pounds form different stable complex anions in solu-
tions [30]. To assess the effect of forms of antimony
ions in solution, we conducted experiment similar to
that described above on the recovery of Sb from
NaSbF, solution. For this purpose, we used silicon
dioxide (sample 1) and sodium aluminosilicate (sam-
ple 3), which showed the least and the maximal capac-
ity, respectively. Recovery curves (Fig. 4) display that
the recovery of Sb3* ions from SbF; and NaSbF, solu-
tions under studied conditions has the same character.

The difference in capacity for materials of different
composition by two orders of magnitude is related to
the nature of sample surface. So, the aqueous extracts
of silicon—carbon material and silicon dioxide (sam-
ples 1 and 2) have weakly acidic pH (Table 1), while
the aqueous suspensions of aluminosilicate and iron-
containing composite material have neutral pH.
Because fluoride solutions of antimony complexes
have acidic pH [30], its recovery proceeds more effi-
ciently on materials showing neutral or weakly alkaline
medium, which is confirmed by experimental data. It
is important to note that there is no correlation
between specific surface area and capacity of the stud-
ied samples.

Based on the character of curves (Fig. 4a), anti-
mony recovery from aqueous solutions on samples 3
and 4 proceeds by mixed mechanism, in spite of the
fact that many literature sources [12] describe such
recovery as a sorption. In the region of low concentra-
tions, the main processes are the sorption of Sb3* ions
on the surface of the studied materials and cation
exchange [31]. Recovery sharply increases with con-
centration. The reason of this feature in the case of
sodium aluminosilicate is the hydrolysis of antimony
on the surface of the material, which is confirmed by
the data on hydrolysis of antimony fluorides in aque-
ous solutions [30]. In the case of iron-containing com-
posite, recovery increases due to chemosorption pro-
cess, which agrees well with the wide use of iron oxides
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as highly-efficient materilas for water purification
from antimony [6].

CONCLUSIONS

We obtained silicon-containing materials with spe-
cific surface area of 56.7—470 m?/g from rice produc-
tion wastes (straw and husk) by different methods of
thermal and chemical treatment. We studied the abil-
ity of these materials to recover antimony aions from
aqueous solutions. We have shown that silicon—car-
bon materials obtained by husk disposal by oxidizing
roasting procedure are of little use for this purpose also
like high-purity biogenic amorphous silica. Chemical
synthesis with the use of rice straw as silicon source
allows preparation of aluminosilicates showing high
efficiency for antimony(III) recovery from aqueous
solutions, which is close to the best known materials,
the capacity of the studied samples of sodium alumi-
nosilicate toward antimony reaches 596 mg/g. Iron-
containing composite based on biogenic silica show-
ing paramagnetic properties and suitable for magnetic
separation and target delivery on exposure to external
magnetic field also dispayed high capacity toward
antimony (386 mg/g).
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