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Abstract

Plant-based biogenic silicon dioxide nanoparticles are used to produce catalysts, additives, templates for deposition of other
semiconductors and metals, nanomaterials with novel properties, bio-nanocomposites for biomedical, energy and environ-
mental fields. There are too many ways of bio-SiO, production. Dependent on the way and obtaining condition some proper-
ties of the plant-based biogenic silicon dioxide nanoparticles can be changed. The most amount of silicon is accumulated in
stalks and husk biomass of rice, buckwheat and oats. The aim of our work was the investigation of physic-chemical proper-
ties of the biogenic silicon dioxide obtained from the rice husk by both ecologically- and economically-friendly technology.
The fluoric technology was used for silicon dioxide isolation. Our technology allows us to restore used catalysts. Thus this
technology is ecologically and economically efficient. The synthesised SiO, was studied by using the following methods:
low-temperature nitrogen sorption—desorption, XRD, XRF, ICP-MS, AFM, FTIR-ATR, SEM-EDS, TGA. It was established
that obtained samples had a specific surface area 107 m?*/g. The XRD of the powdered SiO, showed 100% amorphous char-
acteristics of the material. FTIR, XRF SEM-EDS, ICP-MS and X-ray diffraction indicated that samples contain only SiO,.
AFM results show obtained silica particles were having shape from spherical to lamellar. According to SEM investigated
sample consists of spherical small aggregates.
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Introduction

The list of products that can be obtained from agricultural
wastes is determined by their chemical composition (Isik-
gor and Remzi Becer 2015; Shen 2017). Rice wastes (straw,
husk) is known to contain, in addition to oxides of calcium,
aluminium, magnesium, sodium, potassium, silicon dioxide
in an amorphous state, and its content is the highest among
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gives almost 40 kg of ash with 85-98% silica content.
Despite the fact that the mass fraction of rice wastes is not
constant and depends on the place of rice cultivation, the
conditions of its collection and processing, the high content
of silicon dioxide in the ash residue make such raw materials
promising for its production. Rice husk is difficult to dis-
pose. It is characterised by high ash content, low nutritional
value, and it is limited in using as recyclable material. How-
ever, it is a source of biogenic silica, which is characterised
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by the highest physiological activity compared to inorganic
silicates (Van Dyck et al. 1999). Besides, this form of silicon
dioxide has the highest reactivity, which together determines
its significant value.

Silicon dioxide plays an important role as ingredients
in food, pesticides and personal care products; as fillers in
plastics, rubber and coatings, and as a raw material for semi-
conductors, silicates and ceramics (Oertel 2013; Davraz and
Gunduz 2005; Musié et al. 2011; Kumar et al. 2012; Liu
et al. 2013). Recent studies on the use of silicon in bio-
medicine were carried out (Salazar-Hernandez Carmen et al.
2017; Suriyaprabha and Rajendran 2017; Lad and Agrawal
2014). Amorphous silicon oxide with a high specific sur-
face area is essential for many key chemical fields, including
absorbents, thermal insulation materials, catalysts and their
carriers (Sari et al. 2015). High-purity amorphous silica
is produced by a multi-stage process, which is associated
with high temperatures, pressures, is energy-intensive and
environmentally hazardous. To avoid the above-mentioned
obstacles in the production of silica and to be able to meet
the high and further growing demand for silicon dioxide,
it is necessary to look for an economical, environmentally
friendly approach to the production of high-purity silica.

Most often, the rice husk is used to produce silicon diox-
ide by the following methods: enzymatic processing of raw
materials and their combustion (Ikawo 2013; Chen 2013);
oxidative combustion of raw material at a temperature of
about 800 °C (Pat GB 1975; Chen 2013); obtaining inter-
mediate by the second method followed by leaching of inor-
ganic impurities with acids (Gridneva et al 2010; Tsoi 2015;
Chen 2013); leaching of raw material with acid and burning
of insoluble residue; hydrolysis of raw materials with alkali
followed by precipitation of silica with acid (Tsoi 2015;
Chen 2013). The unifying drawback of the work in this
direction is the difficulty of obtaining high-quality silicon
dioxide due to the presence of impurities, especially potas-
sium and sodium, in the feedstock and problems of burning
off carbon out from ash residue. A deterrent in the process-
ing of rice husk is the need to comply with certain boundary
conditions when the sample is still in an amorphous state.
As an example, it can be noted that the long process of heat
treatment contributes to the orderliness of the structure of
silicon dioxide, and at the temperature of 1000—1100 °C bio-
genic amorphous silica goes into a crystalline state. Most
of the proposed approaches are low-productive, environ-
mentally-unfriendly, not energy-efficient and unprofitable.
Therefore, the search for modern highly efficient ways of
obtaining biogenic silicon dioxide from plant wastes is an
urgent task.

The aim of our work was the investigation of physico-
chemical properties of the biogenic silicon dioxide obtained
from the rice husk by both ecologically- and economically-
friendly technology.
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Materials and methods

Air-dry rice husk (fraction 2-5 mm) from Kherson’s region
of Ukraine with the following characteristics: humid-
ity 10%, the proportion of inorganic components to dry
weight of 18% (Table 1) and the proportion of organic
components—82% (H—6.63, C—38.27, S—0.17-0.52,
N—2.81-3.00, 0—51.58-52.12% mass) was used.

Extraction of silica

The pre-ground air-dry rice husk was placed in a steel reac-
tor and subjected to rapid heating in an induction field at
900-1100 °C with the heating of 0.03—0.05°/s using earlier
described equipment (Kashkovsky et al. 2017). The process
of thermal decomposition was carried out until complete vis-
ible cessation of gas evolution (3—4 min). The composition
of the obtained gas was H,—36.5, CH,—6.4, CO—31.8,
hydrocarbons C,—C,—1.0, N,—2.6, CO,—21.7% mass. By
complete firing, it was found that the residue consists of the
carbon component (54-56%) and the inorganic component
(44-46%). The last one contains 95-98% of silicon dioxide.

To the obtained carbon-containing, ash residue (the parti-
cles of silicon dioxide and carbon are approximately the same)
was added ammonium fluoride in a ratio of 1:5. The resulted
mixture was carefully ground, and then it was loaded into a
graphite reactor and heat-treated at 150-200 °C. The reac-
tor was connected to a gas capture system formed during the
fluorination process. The gas trapping system is designed in
such a way that water, ammonia, and ammonium vapour can
be condensed simultaneously to form a suitable mixture of
solutions and prevent gas from escaping into the environment.
The end of the ash fluorination process is determined by the
cessation of gas evolution. The fluorated carbon-containing
ash residue was heat-treated at 290-500 °C. The resulted
white ammonium hexafluorosilicate powder was dissolved
in distilled water and 15-35% ammonia solution was added
to the solution with simultaneous pH control (final pH value
10.0-12.0 pH units). The formed insoluble hydrogel was

Table 1 Oxide composition of initial rice husk ash

Elements as oxide Content %mass

MgO 3.559
Sio, 91.953
SO, 0.344
K,0 2.342
CaO 1,599
Fe,04 0.087
CuO ppm 14
Zn0O ppm 57
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washed 4-8 times by distilled water to remove fluoride resi-
dues, the filtered product was dried at 100—120 °C to constant
weight and annealed at 550-750 °C to give a white powder.
The resulted ammonium fluoride is returned into the beginning
of the process according to our technology (Pat. UA 2018).

Characterisation of silica

Chemical analysis was conducted to determine the purity of
the silica using Expert 3L XRF analyser and inductively cou-
pled plasma-mass spectrometry (ICP-MS). The porous prop-
erties of the prepared silica were studied using N, adsorp-
tion at — 195.8 °C on the specific surface area and porosity
analyser Nova 1200e (Quantachrome, USA). The scanning
electron microscopy (SEM) images were taken using Zeiss
Evo-10 (Carl Zeiss Microscopy, USA) microscope working at
20.0 kV with energy dispersion spectroscopy (EDS, attached
to the SEM). The phase identification of the products was
examined under X-ray diffraction (XRD) using the MiniFlex
300/600 diffractometer (Rigaku, Japan). The diffraction pat-
terns were recorded using Cu—Ka radiation (1=1.5418 A),
the operating voltage of 40 kV and current of 15 mA. XRD
pattern of samples was obtained in the 26 range between 10°
and 85° with a step of 0.02°. FTIR analysis of the obtained
silica was performed using IR Affinity-1S FTIR spectrometer
(Shimadzu, Japan) equipped with a Quest ATR Diamond GS-
10800X (Specac, UK) within the wavenumber range of 4000
to 400 cm™!. The surface morphology was investigated with
an atomic force microscope (AFM) NT-206 (Company with
double liability “Microtestmachines”, Belarus) equipped with
standard sonde CSC37 and rigidity of console 0.3—-0.6 N/m.
The scan was run in a contact static mode at 10 mcm/s with
a step of 0.3 nm. The SiO, sample suspension (0.5% in 96%
ethyl alcohol) was treated in an ultrasonic bath of MCU Intel-
ligent Ultrasonic Cleaner (China) at 50 W for 50 min. Two
drops of the obtained sample were applied on quartz glass or
mica and dried for 1 h at 50 °C. Then the scan was performed
on AFM. Thermogravimetric analysis (TGA) was performed
with a PT1600 TG-DTA/DSC (STA Simultaneous Thermal
Analysis, LINSEIS Messgeridte GmbH, Germany). The sam-
ples (13.8+0.1 mg) were collected in a standard corundum
pan. The scan was run at 5 °C/min under a flow of air. The
mass change was measured from 15.8 to 1000 °C. The sample
was analysed three times.

Table 2 Specific surface area, Sygy, total pore volume, V,, and pore
dimensions, D of the sample

Sger (M%g) V, (cm*/g) D (nm)

Sio, 107.4 38.1 4.5

Results and discussion

Table 2 shows the textural properties observed
in the obtained silica. Nitrogen adsorption
(Brunauer—-Emmet-Teller, BET) measurements (Table 2)
indicate that specific surface area of the silica particles is
according to USA, Europe and China standard for amor-
phous silica (CCAA 2018).

Major contaminants of the trace elements in studied silica
were determined via XRF (Si0,—100% mass) and ICP/MS
(Table 3). The amorphous silica content was 99.9995% with
only trace quantities of other mineral oxides.

XRD pattern of the obtained silica showed that the
2-theta region between 5° and 45° at long collection times
indicates no crystalline peaks (Fig. 1). Crystallinity above
0.01% by weight would be visible as sharp peaks on the
diffraction pattern. The X-ray diffractogram of the pow-
dered silicon shows characteristic features of amorphous
materials (Fig. 1). An amorphous broad peak with the
equivalent Bragg angle at 20=21.8° was recorded (Suri-
yaprabha and Rajendran 2017).

Table 3 ICP/MS analysis of obtained SiO,

Metals Unit Result
Iron (Fe) content ppm
Zinc (Zn) content ppm
Aluminum (Al) content ppm
Vanadium (V) content ppb 208
Chromium (Cr) content ppb 88
Manganese (Mn) content ppb 80
Nickel (Ni) content ppb 540
Copper (Cu) content ppb 80
100
80
g 60
z
g
g 404
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0 T T T T T T T T 1
5 10 15 20 25 30 35 40 45
2-0 [deg]
Fig. 1 XRD powder patterns of obtained SiO,
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Fig.2 FT-IR spectra of obtained SiO,
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The FT-IR spectrum of the silica (Fig. 2) shows typi-
cal functional groups correspond to pure silicon dioxide at
1074, 982, 800 and 457 cm™'. The very strong and broad
IR band at 1074 cm™! with a shoulder at 1180 cm™! is usu-
ally assigned to the transversal optical (TO) and longitudinal
optical (LO) modes of the Si—O-Si asymmetric stretching
vibrations. The short peak at 982 cm™' can correspond to
Si—-O-stretching vibrations. The observed sharp peak at
800 cm™! can be assigned to Si—-O-Si symmetric stretch-
ing vibrations, whereas the IR band at 457 cm™' is due
to Si—O-Si bending vibrations (Tran et al. 2013; Salazar-
Hernandez Carmen et al. 2017).

Figure 3a shows the topography of the surface with the
line of cross-section 1-2, as well as a three-dimensional
image of the surface (Fig. 3b). As a result of the evapora-
tion of the solvent, a set of nanoparticles, which are shaped
from spherical to lamellar, is formed on the surface. The
surface roughness makes 2.1 nm. Analysis of section
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Fig. 3 AFM micrographs of obtained SiO,
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Fig.3 (continued)

profile 1-2 (Fig. 3¢) indicates that & of the particles is
49.8; 8.2; 11.4; 27.3; 51.0 nm. When the scan is reduced
to 8 X 8 microns, oblong particles can be distinguished in
the image (Fig. 3d, e). In Fig. 3d, e the line of cross-sec-
tion 1-2 of the selected particles in different directions are
given. The data of the line of cross-section 1-2 indicate
that the width of such a nanoplate is 404.7 nm, the length
is 717.1 nm, and the height in the cross-section is from
24.4 t0 29.3 nm.

The scanning electron micrograph (Fig. 4) illustrates the
small aggregates, which are peculiarities for silicon dioxide
(Ya et al. 2014). It’s observed that, silica samples have a
spherical morphology and regular shape (Ruchi Nandanwar
et al. 2015). The EDS analysis confirms the purity of the
obtained silica (Table 4).

Thermogravimetric analysis (TGA) of obtained bio-SiO,
(Fig. 5) shows only a typical mass lost below 100 °C, which
corresponds to water loss (Lin and Zhou 2017).

: 5.
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WD = 8.5 mm
| Mag= 1446 KX

Signal A = VPSE G Date :29 Mar 2016
Photo No. =210 Time :14:54:46
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Fig.4 SEM micrographs of obtained SiO,
/
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Table 4 EDS test result of obtained SiO,

Element Mass % Atomic Compound Formula

Si 46.74
(0] 53.26
Sum 100.00

33.33
66.67

100.00 Si0,

100 -

99 4

98

97 4

96

95 4

TGA [%]

94

93 4

92 4

914

90

T T T T T T T T T d
0 100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

Fig.5 Thermal analysis of obtained SiO,

Conclusion

Using an original combination of various technical solu-
tions, biogenic high-purity silicon dioxide was obtained
from the rice production waste. The resulting material was
studied by modern physicochemical methods, confirming its
amorphous structure, high content of the main product (sili-
con dioxide), which showed the presence of the silica in the
form of nanoparticles of various morphologies. Due to the
high demand for biogenic silicon dioxide for the production
of sorbents to medicine and chromatography, catalysts and
their carriers; in the electronic industry; for the manufac-
ture of other silicon compounds (carbide, nitride, chloride,
organosilicon, pure silicon), luminophore, abrasives, sound-
and thermal-insulation materials, etc. Our environmentally
friendly technology is an ideal solution for obtaining high-
purity silica.
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