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ABSTRACT: Nanosilica is a versatile nanomaterial suitable as,
e.g., drug carriers in medicine, fillers in polymers, and fertilizer/
pesticide carriers and potentially a bioavailable source of silicon in
agriculture. The enhanced biological activity of nanosilica over = == - 45pum, 60 min, 180 °C
quartz sand has been noted before; it is directly related to the [ =

altered physicochemical properties of the nanoparticles compared Silica sand

to those of the bulk material. Therefore, it is feasible to use

nanosilica as a form of plant stimulant. Nanosilica synthesis is a relatively cheap routine process on the laboratory scale; however, it is
not easily scalable. Largely for this reason, studies of nanosilica fertilizers are scarce. This study will focus on industrial-scale silica
nanoparticle production and the application of nanosilica as a plant stimulant in maize. A variant of the sol—gel method is used to
successfully synthesize nanosilica particles starting from silica sand. The resulting particles are in the size range of 16—37 nm with
great purity. The potential of nanosilica as a plant stimulant is demonstrated with the increased quantity and quality of maize crops.
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1. INTRODUCTION silica, while deferring the assessment of safety as a concern of
licensing.

Chemical methods such as sol—gel or hydrothermal
synthesis are frequently used to make amorphous silica
nanoparticles of >95% purity from various precursors,
including organic silica sources such as rice husk ash that has
85—98% silica content.”> ™’ Sodium silicate solution, which is
used to make silica nanoparticles, was made with silica sand in
several studies.”*>**~** Amorphous silica nanoparticles with a
particle size of about 60 nm were obtained by following the
alkali fusion route using NaOH at 500 °C.** Nanosilica was
also produced from silica sand** with average particle sizes of
80 nm and 170 nm.”” Three different processing techniques—
sol—gel, sonication, and spray pyrolysis—were used to create
silica nanoparticles from natural quartz sand, yielding a
mesoporous material with an average size of 10—26 nm.*"
However, the scalability of the common nanosilica producing
methods was not well developed. Most studies only made silica
nanoparticles at the laboratory scale with a broad size range of
nanomaterials that is not suitable for the industrial production
of fertilizers, whereas little attention was paid to finding a
simple scalable method suitable for industrial nanosilica

SiO, nanoparticles have markedly different properties from
those of naturally occurring quartz sand. With large effective
surface area, often distinct mesoporosity, and easy functionaliz-
ability, they are good dynamic adsorbers and thus already
widely used, for example, in medicine,’ as drug carriers,” in
polymers,”™> and as carriers of biologically active chemicals in
agriculture.’”” Nanosilica is particularly useful in the realm of
agriculture.'”"" Plants rely on nanosilica for silicon because
lignin production is influenced by silicon.'” Silica is a nutrient
that promotes growth, increases crop output, and improves the
quality of agricultural goods by assisting in the formation and
regeneration of plant cell walls."> Si deposition plays a similar
role to that of lignin in the cell walls.'” Under high
transpiration, silicon prevents xylem layer compression.m’15 It
is frequently seen in experiments with nanosilica added to
either the culture solution or the plant soil that the plants
exhibit increased hardness and tenacity, making the plants
stronger.lz’l‘?”m_18 Experiments on rice have shown that it
approached 30% in severe leaf blasts.'” Liang and co-workers
used Si to dramatically increase the development of cotton
plants affected with root rot disease in another study.”” In most
crops, silicon plays a physiological role in decreasing biotic and
abiotic stress. ~~® Although the advantages and disadvantages
of using nanomaterials as fertilizers are controversial from the
consumer safety point of v1'ew,7’27_30 there are numerous
studies on using nanosilica for agriculture with positive effects
on crops.'**7?"3* Therefore, it is required to develop a simple,
scalable approach for the industrial manufacturing of nano-
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Figure 1. Effects of experimental conditions on the efficiency: (a) silica ore size; (b) crushing time; (c) NaOH concentration; and (d) temperature
(°C).
production. The central aim of this work is optimizing XRD

industrial-scale silica nanoparticle synthesis starting from |

sand and a case study of application as a plant stimulant in M ,
maize. | e ‘ 400 G
2. RESULTS AND DISCUSSION MM‘"— el by

st M 500 °C
ability of NaOH solution to dissolve silica.***® Thus, the

MM 550 °C
precursor silica particle size and NaOH concentration are
optimized first. The results are presented in Figure 1. m‘ 600 °C

As shown in Figure la, the dissolution efficiency of SiO, in !

the 60 min timeframe (180 °C) reached a plateau at <50 ym m—’m— .

sizes. Improved dissolution kinetics with decreased size were
directly related to the exposed surface area, as the optimum

2.1. Optimization of Conditions. It is known that the
particle size of the starting material has a great influence on the

Intensity (cps)

size was too large for any effect of size-related changes in 20 40 60 80

surface chemistry. Under the studied conditions, when 2theta (degree)

crushing the sand to 15 pm, the energy consumption was 10

times higher than that under crushing to 45 um size for no Figure 2. XRD pattern of nanosilica samples at different calcination
temperatures.

appreciable improvement. Thus, the particle size of 45 ym was
chosen for further studies. For the investigation of the effect of
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Figure 4. TEM images of nanosilica at different heating temperatures.
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dissolution time, the experimental conditions were NaOH: 6N,
particle size = 0.45 um, and temperature: 180 °C. The results
are shown in Figure 1b, revealing that maximum efficiency is
reached at ~60 min. The experiments also showed that the
decomposition efficiency increased with the increase in the
concentration of NaOH, reaching a maximum at approximately

41689

6N (Figure 1c). The temperature had an inflexion at ~180 °C
(Figure 1d), above which the system became unstable due to
softening of the reaction vessel (made of Teflon). Therefore,
the NaOH concentration of 6N at 180 °C was fixed for further
studies. Adding HCI to neutralize the solution led to
condensation to form monosilicic acid, gradually agglomerat-
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Figure 6. EDX spectra of the nanosilica at different calcination temperatures.

ing into a silica gel suspension. A large excess of hydrochloric
acid was needed for neutralization with HCl 2—4N (143—127
mL), whereas for HCI 6—8N, the required volume was suitably
low at 80—64 mL. Thus, HCN 6N was used for the synthesis.
Thus, the optimization of conditions of the synthesis can be
summarized as follows: sand particle size: 45 ym and NaOH
(and HCI): 6N for 60 min at 180 °C. The protocol could be
used to synthesize nanosilica from silica sand at a scale of 1

ton/h.

2.2. Characterization of the Synthesized Nanosilica.
2.2.1. X-ray Diffraction (XRD). The X-ray diffraction pattern of
the samples at different temperatures (Figure 2) showed a
characteristic peak of amorphous SiO, with a large half-spectral
width at the position of about 21-22° (26) with weak
intensity, indicating that the silica particles were small in size
and mostly in the amorphous form. Additionally, the
semispectral widths of the diffraction peaks of almost the
same value confirmed that the synthesized silica nanoparticles

of the samples were of approximately the same size at about
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Figure 8. FT-IR spectra of the nanosilica at different calcination
temperatures.

26.8 nm (by the Scherrer equation’’). This value was not
affected by the calcination temperature.

2.2.2. Scanning Electron Microscopy (SEM). 1t can be seen
from Figure 3 that the morphologies of the silica (SiO,)
particles of the above-mentioned samples were all granular
with the same average size. The morphology suggested that the
particles agglomerated and the clusters of particles were visibly
porous that could be used as fertilizers.”'

2.2.3. Transmission Electron Microscopy (TEM). To
examine how the shape and size of the silica crystals change
with increasing calcination temperature of the samples, these
samples were further analyzed by TEM, and the results are
presented in Figure 4 and Table S1. It was found that the
particles were spherical in shape, with a fairly uniform size of
about 16—23 nm, and tended to clump together to form a
porous mass. It was also found that there was a decrease in the
size of the nanosilica particles (from 26—37 to 16—24 nm)
when increasing the sample heating temperature (400—650
°C). Thus, the most optimal temperature should be 650 °C.

2.2.4. Thermal Analysis Method (TGA—DSC). The TGA—
differential scanning calorimetry (DSC) analysis (Figure S)
indicated that an average mass reduction effect of 7.912%

corresponded to an exothermic peak at a DSC of 100 °C and
this mass reduction was due to the evaporation of water
(present due to physical adsorption), whereas an average mass
effect of 1.693% corresponded to an exothermic peak at a DSC
of 200—700 °C and this mass reduction was due to the
combustion of residual organic compounds. An average mass
reduction effect of 0.686% corresponded to an exothermic
peak at a DSC of 800—900 °C. At 600 °C, no physical or
chemical changes were observed, indicating that SiO, oxide
was formed.

2.2.5. Energy Dispersive X-ray Spectroscopy (EDX). From
the EDX spectroscopy results (Figure 6), it was observed that
the prepared SiO, nanosilica material, as expected, had the
main atomic composition of Si and O at a ratio of
approximately 1/2. In addition, the sample contained a little
amount of C, which could be due to the incomplete
combustion of organic contaminants during the sample heating
process. The presence of Na and ClI elements was the result of
neutralization with hydrochloric acid (HCl), which increas-
ingly disappeared with increasing temperature from 400 to 650
°C. Therefore, when the sample was heated at a high
temperature, i.e., 650 °C, the purity of the sample increased.
Thus, the obtained SiO, materials were fairly pure.

2.2.6. X-ray Fluorescence (XRF). To assess the presence of
trace contaminants in the sample, the synthesized nanosilica
was analyzed by the XRF methods, and the results are
presented in Figure 7 and Table S2.

In the XRF diagram, it can be observed that the main peak
was SiO, (99.9%), whereas TiO, and Fe,0; were also present
in very low percentages at 0.06 and 0.04%, respectively. This
indicated that the original sand ore contained TiO, and Fe,Oj;
however, the synthetic nanosilica was highly pure and
dominated by the SiO, content.

2.2.7. Fourier Transform Infrared Spectroscopy (FT-IR). As
shown in Figure 8, two peaks at 3425 and 1633 cm™
characterized the valence and strain vibrations of the OH
group of the free water molecules and the bonded silanol
groups. It was found that the surface area of the particles
increased in the 650 °C sample due to the adsorption of water
on SiO,. The peak at 2367 cm™' with weak intensity
corresponded to C—H oscillations, which meant that organic
compounds were still not fully burnt. The three peaks at 1125,
800, and 470 cm™" corresponded to the asymmetric valence
vibration, the symmetric valence vibration, and the character-

https://doi.org/10.1021/acsomega.2c05760
ACS Omega 2022, 7, 41687—-41695


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05760/suppl_file/ao2c05760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05760/suppl_file/ao2c05760_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05760?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
T or oM ; 500 °c ‘f
400 °C 450 °C i — i
1 i
ﬂr /
E ; I s )
£ £ g I
3 1 g 3 %
4 J : 4 H ra
H H A H 4
H ¢l 3 ez é 7
4 e . Zad
f/ A Gl Meﬂ*w et
##M et "_x"i
aolo—e—g—o—t1a—+ [+
e
00 01 2 03 DR‘wwaPrl:i:www;'f 07 08 03 10 [t o1 02 03 l.llmPr.:nn(wpn']ﬁ or o8 09 10 L L] = L DR;z.quz::wnw;ﬂE L L L
e y F e s .
ﬁ { i
[ = g 1l
550 9C I TTenorc I es0cc ;
) 1. . [
5 fil & Il H Tw
£ il g T ¢ T
H 1] \
! A 71 |
s ; / F fa S I
s ! g i
/ o 7]
Py ] /
wrﬁ“""k ot v
{1
Pl JIER Cooe aatl -
01 - § 03 “l:dah=i"12:sm=(#:"l$ o8 o. 10 - a1 a s “R‘.zlmp.‘::""(m"n; o - - L e (2] 02 03 nl‘!‘.htul’&:suﬂd:")‘ or (2] () 10
Figure 9. N, adsorption—desorption isotherms of nanosilica at different calcination temperatures.
Table 1. Results of Fertilizer Nanosilica on Corn Plants
no. targets units control (CT) experiment (Exp) compared with CT from Exp
1 sowing day 20/2/2021 20/2/2021
date of spraying nanosilica products 20/4/2021 18/4/2021
2 flowering day (5—10%) 25/4/2021 23/4/2021
3 flowering day (>90%) 8/5/2021 5/6/2021
4 ripe day—harvest 20/2/2021 20/2/2021
S growth time day 80-8S 78-83 2
6 height of trees cm 195 230 +35
7 blade length cm 40 S3 +13
8 tree size cm 8-10 18-20 +10
9 number of fruits/tree fruits 1-2 1-2 0
10 theoretical yield ton/ha 45 45 0
11 real yield ton/ha 43.5 56.3 +12.8

Control Experimental Control Experimental

@) (b) (c)

Figure 10. Control and experimental maize plants: (a) height of the plants; (b) blade length; and (c) root of experimental corn plants.

istic strain vibration of SiO, with the Si—O-Si bond, cm™. A peak at 800 cm™" appeared to be a characteristic peak

respectively. If the sample being tested had a Si—O bond,
peaks will usually appear between 793 and 1050 cm™'. For
nanosized silica particles, the peak usually shifted to 1125

of the symmetric valence oscillation of the Si—O bond,
whereas a peak at 470 cm™' was attributed to the asymmetric
strain oscillation of the Si—O bond.*”**** The results of FT-IR
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spectroscopy confirmed that the synthesized silica was pure
and in the form of amorphous nanostructures.

2.2.8. N, Adsorption—Desorption Isotherm Method (BET).
It was shown that the N, adsorption—desorption isotherms of
the nanosilica (SiO,) samples had a IV form, which was typical
for materials with medium capillaries. The results showed that
the samples were all similar in shape and size (Figures 9, S2
and Table S3). The presence of hysteresis showed capillary
condensation and reflected the capillary geometry, whereas the
hysteresis curve of H3-shaped materials was typical for
materials with a structure containing many microcapillaries.

The BET adsorption isotherm of nanosilica (SiO,) was
typical for materials with medium capillary structures with low
stability.”® However, the Barrett—Joyner—Halenda (BJH)
results showed that the surface area decreased and the capillary
diameter increased with increasing calcination temperature.
This could be explained by the fact that the higher the
temperature, the faster the evaporation of water (due to
physical adsorption) and the disintegration of the silanol
functional groups (due to chemical adsorption). Therefore, the
pressure exceeded the van der Waals forces that held the silica
layers together, causing them to split and shatter. Therefore,
the sample at 650 °C had an abnormally high capillary
diameter. At such a high temperature, there was also the
decomposition of NaCl, an intermediate compound in the
synthesis of nanosilica. Compared to SiO, samples at other
temperatures, the specific surface area and porous volume were
greater at 400 °C. However, at 400 °C, the pore diameter of
SiO, was smaller than that of any of the other samples. The
capillary system for the sample consisted primarily of the
average capillary, whereas the capillary widths of both
substances ranged from 16 to 36 nm.

2.3. Testing Synthetic Nanosilica as a Fertilizer for
Corn. The results of using synthetic nanosilica as a fertilizer for
maize plants are shown in Table 1 and Figure 10. Monitoring
data in the control and experimental areas (72 plants for each)
revealed that the use of nanosilica on corn plants had a
significant effect. In the test field, the blade length increased by
13 cm, the plant height increased by 35 cm on average, and the
corn plants blossomed two days earlier as a result (Figure
10a,b). Additionally, corn plants with nanosilica inoculants
were tougher and more durable than those without them, and
root rot was not observed in the experimental maize plants
(Figure 10c). Consequently, the yield per hectare increased to
12.8 tons. Thus, the data suggested that nanosilica had a
favorable effect on maize, in good agreement with previous
studies.” !

3. CONCLUSIONS

Nanosilica particles were produced from silica sand using the
sol—gel process with a high yield suitable for silica nanoparticle
production on the industrial scale at one ton per hour. The
structural analysis revealed that the synthesized materials were
nanosized (16—37 nm) and highly pure (99.9% SiO,). As a
result of using nanosilica as a fertilizer for maize, the quantity
and quality of the corn plants increased.

4. EXPERIMENTAL SECTION

4.1. Synthesis of Nanosilica. To a 250 mL beaker
containing NaOH (6N, 100 mL), 60 g of the ground sand raw
material (0.45 ym) was added with intensive stirring (Figure
11). The beaker was then placed in an oven at 180 °C for 8 h.

d NaOH
San solid

Fine NaOH 6N
grinding

2 Reaction at 180 °C for 4h

v

Filter

v

Stirred (pH=4)

v

Centrifuged

¥

Drying at 80 °C for 24
hours

y

Ignite the sample for 4 h
at 400 °C, 450 °C, 500 °C,
550°C, 600°C, 650°C

y

Nanosilica

HCI 6N >

Figure 11. Process of synthesizing nanosilica from quartz sand.

The solvent was cooled to room temperature and then filtered
to obtain a light-yellow sodium silicate solution. A HCI
solution of 6N was slowly added to the mixture until the pH
was reduced to ~4, and a white precipitate was formed. The
white precipitate solution was washed with distilled water
several times until the residual acid was removed (pH = 7),
and wet white powder was obtained. This material was dried at
80 °C for 24 h until completely dehydrated and then finely
ground. The material was heated for 4 h at different
temperatures of 400, 450, 500, 550, 600, and 650 °C to
form the nanosilica (Figure 11).

4.2. Characterization. The prepared materials were
analyzed using an X-ray diffractometer (XRD, Bruker, AXS
D8) to investigate their microstructure. Material surfaces were
characterized by scanning electronic microscopy (SEM)
(JEOL JSM-6500F). Transmission electron microscopy
(TEM) images of the synthesized materials were obtained
using a JEOL TEM-2010F at an acceleration voltage of 200
kV. Infrared spectroscopy was performed on a 760 IR
spectrometer (Nicolet). Energy dispersive X-ray spectroscopy
was performed on an S$-4800 spectrophotometer (EDX,
Hitachi—Japan). The BET surface area of the materials was
calculated, based on a Brunauer—Emmett—Teller isotherm
determined by nitrogen adsorption and desorption at 77 K and
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thermal analysis (Shimadzu DTA-SOH thermal analyzer,
Japan).

4.3. Testing Nanosilica Fertilizers for Maize Plants.
The study was performed from July to November at the
research farm of Quy Nhon University (13°46'0” N,
109°14’10"E), Binh Dinh Province, Vietnam. The exper-
imental location is used for annual maize production. It
receives an average annual rainfall of 2617 mm and average
annual minimum and maximum temperatures of 25 and 32 °C,
respectively. Nanosilica at a concentration of 6.7 mg/L and a
quantity of 300L/ha was used as a fertilizer (sprayed) twice at
15 and 45 days of age.
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