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Abstract

Bio silica nanoparticles are well accepted candidates in the field of material science. The present study conveys that Mission grass
(MG) is a potential source of bio silica and to best of our knowledge no studies have been reported so far in connection with the
extraction of silica from MG. Herein, we have demonstrated the synthesis of nano silica from MG by acid leaching and sol gel
method. The effect of annealing temperature of MG and method of synthesis on the morphology and phase transition were studied.
Four forms of silica viz 600 °C Acid Leached Silica (600ALS), 600 °C Sol Gel Silica (600SGS), 850 °C Acid Leached Silica
(850ALS), 850 °C Sol Gel Silica (850SGS) have been synthesized through acid leaching and sol gel process. The 600SGS possess
an average size of 40—100 nm and are found to be in amorphous form, whereas 850 SGS is more agglomerated with size of more
than 100 nm and is in crystalline form. A similar trend is also observed in the case of silica nanoparticles that were obtained from
the acid leached process. The phase purity as well as the crystalline nature of the all samples are studied by using XRD, FT-IR,
FESEM-EDS. Crystallinity Indices are calculated and was highest for 850SGS (82%) and the lowest for 600SGS (43%). From the
EDS data, it was found that the percentage of silica was the highest (95.61%) for 600SGS and the lowest (91.95%) for 850ALS.
The thermogravimetric studies revealed that the crystalline silica (850 SGS) is more hygroscopic than amorphous silica, but later
has more internal water due to its porous nature. Hence, it can be utilized as an excellent moisture absorber.
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1 Introduction

Silicon is the second most abundant element by mass in the
earth crust which primarily exist as silica (SiO,) in different
crystalline forms such as quartz, crystoballite, tridymite and
amorphous forms such as silica gel, kieselguhr etc. Silica
nanoparticle is one of the most accepted nanoparticles in the
field of material science and in research field due to their fac-
ile synthesis, rich surface chemistry, low toxicity, easily tun-

Statement of Novelty The paper presents a comprehensive
study on the effect of calcination temperature and method of
synthesis on morphology and other properties of crystalline
and amorphous silica prepared from Mission Grass. MG is an
aggressive and invasive weed, widely distributed in agricultural

fields and other natural habitats of Kerala, India. It has no
economic importance except it is used as fodder but most of the
cattle are not fond of this as a food. To the best of our knowledge,
no studies have been reported with respect to the extraction of
nano silica from MG, although bio silica was extracted from
other sources. In this work, nano silica is extracted in amorphous
and crystalline form through acid leaching and sol gel process,
thus making it as a value-added product. The structural features,
morphology, crystallinity, and thermal behavior of different
products are investigated and compared.

Extended author information available on the last page of the article

able mechanical, optical, electrical properties, and their high
thermal stability [1]. Silica nanoparticles have wide appli-
cations in the field of advanced catalysis [2], drug delivery
[3], biomedical applications [4], polymer composites [5],
concrete filler [6], anticorrosion agents [7] etc. Amorphous
silica is extensively used in micro encapsulation [8], stabiliz-
ing agents in therapeutics [9] etc. Nano silica in crystalline
form is also used in photovoltaic cell [10], ceramics [11],
humidity sensors [12] etc. Silica nanoparticles are effective
against COVID-19 also [13].
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Nano silica is prepared by methods like vapour phase reduc-
tion, sol gel method, thermal reduction, acid leaching etc.
Conventionally, nano silica is extracted from synthetic organic
precursors like Tetraethyl orthosilicate [14] but this method is
costly and not eco-friendly. In recent years agricultural prod-
ucts, agricultural wastes and other biomasses are considered as
the best raw material for making value added products. Plants
especially those under the class of grass family take up silica
during their growth and when they are burned, organic com-
ponents will decompose, and the remaining ash contains silica
as the major products [15]. Many natural sources are also used
to prepare nano silica [16]. The most used raw material is rice
husk [17]. Numerous studies were conducted on bio silica syn-
thesized from rice husk. Nano silica is also prepared from rice
straw [18], lemon grass [19], corn cob [20], sugarcane bagasse
[21], banana stem [22], elephant grass [23] etc.

Mission grass (Pennisetum Polystachion) is an aggressive,
invasive, perennial grass widely distributed in India, tropical
Africa, Australia etc. and they compete with native species,
disturb crops, and expand rapidly. They spread through agricul-
tural and natural habitats and along the roadsides [24]. Thus, it
is considered a weed in most countries. Due to heavy monsoon,
which covers half of the year, the expansion of MG in Kerala
(One of the states in India) is very rapid and it creates ecological
problem. Not only a big threat to the agricultural crops but also
it facilitates frequent fire at the fields and forests. No specific
use is reported for MG except as fodder. Some studies were
reported regarding the production of ethanol from MG [25].
Nevertheless, it is assumed that MG is a rich source of bio silica
and no studies have been reported in these aspects.

The main objective of this study is to extract amorphous
and crystalline nano silica from MG by acid leaching and
sol gel method. This study helps us not only to prepare valu-
able silica powder but also to alleviate the ecological prob-
lems caused by MG, thus making it a value-added product.
Both crystalline and amorphous silica are important in the
field of material science [26]. Temperature has a significant
effect on the crystalline nature of silica [27]. Thus, stud-
ies were carried out at the most suitable temperature. The
morphology and purity of silica also depend on the method
adopted for preparation. Thus, comparatively easier method
acid leaching and time-consuming method sol gel process
were adopted, and the crystallinity, structural elucidation,
morphology, purity, and thermal stability were studied by
XRD, FT-IR Spectroscopy, FESEM-EDS and TG analysis.

2 Materials and Methods
2.1 Materials

The Mission Grass (MG) collected from roadsides of Ker-
ala, India, Hydrochloric Acid (HCI), Sodium Hydroxide
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(NaOH), Silver nitrate (AgNO;), Whatmann No 1 filter
paper all procured from Sigma Aldrich. All the chemi-
cals are of the best grade and were used without further
purification.

3 Methods
3.1 Synthesis of Amorphous Silica
3.1.1 Washing and Drying

MG collected is cut into small pieces, washed with water
to remove dust and mud. It is dried under sunlight for a
day. The dried leaves are grounded well, and the powder is
sieved through 40 mm mesh. 20 g of dried, powdered MG
is heated in a muffle furnace at 600 °C for 20 h, yielded
1.4 g (7%) mission grass ash (MGA).

3.1.2 Formation of 600 °C Acid Leached Silica (600ALS)

1 g MGA is digested with 2 N HCI for 5 h using a mag-
netic stirrer kept at 200° C. It is then heated in a Bunsen
burner for 45 min. HCI is added at regular intervals to
compensate for the loss due to evaporation. This is then
kept in a water bath overnight and filtered through What-
man No 1 filter paper. The residue is washed with hot
water till the washings are free from chloride ion. The
residue is dried in an air oven at 150 °C and the process
yields 0.6-g (4.2% of MG) product. The dried residue is
characterized by XRD, FT-IR and FESEM-EDS.

3.1.3 Synthesis of 600 °C Sol Gel Silica (600 SGS)

1 g of 600ALS is digested with 3 M NaOH, since percent-
age yield of pure silica is higher with 3 M NaOH [28] in a
magnetic stirrer at 80° for 5 h. It is then kept overnight and
filtered through Whatman No 1 Filter paper. To the filtrate,
which is assumed to be sodium silicate (Na,SiO;), 2 M
HCl is added drop wise with constant stirring, till a white
gelatinous precipitate is formed [29]. It is allowed to settle
for 12 h and then filtered. The precipitate is washed several
times with hot water and then with cold water to ensure the
removal of all soluble impurities. The gel thus obtained
is heated in an air oven at 150 °C for 3 h. The yield of the
as-synthesized sample is found to be 0.4 g (1.68% of MG).

3.2 Synthesis of Crystalline Silica

The same procedure is adopted for the synthesis of 850 °C
Acid Leached Silica (850ALS) and 850 °C Sol Gel Silica
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(850SGS). But the washed, dried, powdered MG is heated
in a muffle furnace for 850 °C for 20 h. The yield of MGA is
1.1 g(5.5%), 850ALS is 0.59 g (3.25% of MG) and 850SGS
is 0.23 g (1.25% of MG) respectively. Both are characterized
and their comparative studies are done. All steps involved in
the process is shown in Fig. 1.

4 Characterization Techniques

Silica samples were characterized by XRD, FT-IR, TG and
FESEM-EDS analysis. X -Ray Diffraction studies were per-
formed on a X’pert® Powder Diffractometer using Cu K,
radiation at a wavelength of 1.54 A. Generator voltage is
45 k V and tube current is 30 m A. Scanning range is 20
value 5° to 80° and step size is 0.017. Background correction
has been done. FT-IR spectra were recorded using Agilent
Technologies Carry 660 instrument with KBr pellets in the
wave number region of 400-4000 cm™'. Thermal stability of
600SGS and 850SGS were determined by Perkin- Elmer’s
STA 8000 instrument with a temperature range of 30 °C
to 1100 °C at a heating rate of 10 °C/minute in an inert
atmosphere of nitrogen. Morphological studies and chemi-
cal composition are determined by FESEM-EDS, and the
instrument used was Carl Zeiss-Sigma by sputtering silica
powder with gold.

5 Results and Discussion

5.1 Fourier Transform-Infra Red (FT-IR)
Spectroscopy

The presence of silica in different samples are confirmed
by FT-IR spectra, which was taken in transmittance mode.
Figure 2a-d shows the FT-IR spectra of 600ALS, 850ALS,
600SGS and 850SGS respectively. All the samples have
prominent and characteristic peaks at fingerprint region.
Spectra matches with the silica that is obtained from tetra
ethyl ortho silicate precursor [30]. The main chemical
groups in silica are silanol and siloxane [31]. The absence

SR "SR N 'SR e N /ﬁ
Mc | Calcinatedat | Mission | Digested Residue Diﬁ:iiﬁ Filtrate | 51 g d Nano sllica
i wit ;
powder | 600°C/850°C, Grass m;h M 600ALS NaOH at (Sodium | 4 yise, Silica sol Tsegtoec o (Amorph?us
20 Hrs Ash at or silicate) | settle 12 hrs /Crystalline
200 °C, SHrs | 850ALS 80 °C, 5Hrs

of peak between 2800 cm™' and 3000 cm™' shows that all
samples are free from organic components [32] Fig. 2a
shows the FT-IR spectrum of 600ALS. The most intense
peak at 1078 cm™! is due to the asymmetric stretching of
Si—0-Si bond and the less intense band at 795 cm™ is due to
symmetric stretching of Si—O-Si bond [33]. Medium intense
peak at 470 cm™! corresponds to the rocking vibration of
Si—O-Si bond [34]. The peak at 1641 cm™! is attributed to
O-H bending motion of silanol group or adsorbed water
molecule [35]. A broad peak around 3500 cm™! is attributed
to the hydrogen bonded O-H group of silanol or adsorbed
H,0 molecule [36].

Figure 2b shows the FT-IR spectra of 850ALS which
is similar to that of 600ALS, but Fig. 2b has a more pro-
nounced IR band with narrow line width. This indicates
the more crystalline nature which was further confirmed
by XRD. The prominent peak at 1090 cm™! is due to
asymmetric stretching and other characteristic peaks
at 792 cm™! and 477 cm™! are attributed to symmetric
stretching and rocking vibration of Si—O-Si bond. The
peak at 1627 cm™! which is attributed to O—H bending
motion diminishes and the peak at 3442 cm™! becomes
very narrow compared to that of 600ALS. This is because
calcination at higher temperature leads to more dehydra-
tion of silanol and desorption of water molecules from
the compound. The distinct peak which is found in both
850ALS and 850SGS is assumed to be due to the stretch-
ing vibration of Si—C bond. This is since silicon in the
grass, which is bonded with organic parts, will be con-
verted to carbides at high temperature calcination [37].
Figure 2c¢ shows the FT-IR spectrum of sol gel silica which
is extracted from 600 °C heated MGA followed by acid
leaching. The spectrum is entirely different from the other
three. The broad and rounded peaks are typical of those
amorphous solids. Prominent peaks are at 1056 cm™",
803 cm™~! and 465 cm™! which are characteristic peaks of
silica [38]. The intensity of the peak at 1641 cm™!, which
is due to the O—H bending, is higher than that in other
spectra and this confirms the hydrophilic surface of silanol
group [39]. A small peak at 951 cm™!, which is absent in
other spectra, is attributed to Si—H bending [40]. There

Fig.1 Schematic Representation of synthesis of Amorphous and Crystalline Nano silica from Mission Grass
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Fig.2 FT-IR spectra of (a) 6G00ALS (b) 850 ALS (c) 600SGS (d) 850SGS

is no peak at 2350 cm™! which rules out the existence of
Si—C bond and indicates that the compound is pure. This
was further confirmed by XRD. The broad band due to
O-H stretching becomes much more diffused and irregular.
This is because in 600SGS O-H group is extensively H-
bonded due to silanol group and adsorbed water molecule
[41].

Figure 2d shows the spectrum of 850SGS in which all the
peaks are very sharp and narrow due to crystalline nature,

@ Springer

which was further confirmed by XRD studies. The charac-
teristic peaks of silica are present at 493 cm™!, 794 cm™!,
and 1095 cm™!. The peaks at 1624 cm~! and 3436 cm™!,
which are due to the bending and stretching modes of O-H
group, prevail even though the sample was calcinated at
higher temperature. This is due to the presence of physically
adsorbed water molecule from the environment [42]. This
peak appears to be narrower due to dehydration of silanol
groups and rupturing of H-bonds.
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5.2 X-Ray Diffraction (XRD) Analysis

Figure 3a-f shows the X-ray diffractograms of different
forms of silica at different temperature of calcination and
through different methods of preparation

Figure 3a and b show the X-ray diffraction pattern of
MGA obtained by heating the dried grass at 600 °C and
850 °C respectively. During calcination at high tempera-
ture, almost all organic content will be removed but this
will lead to crystallization of some ash, both Fig. 3a and b
show this behaviour. The crystalline parts of the ash exist
in the form of cristobalite, tridymite and quartz. The peaks
at 20=21.9°,28.2°, 31.5° and 36.1° is attributed to cristo-
balite [43]. The signals at 20 =20.8°,26.6°,49.3° and 60° is
due to the presence of quartz form of silica [44]. The peaks
at 23.3°,27.8°, 30° and 36.1° is due to tridymite [45]. In
Fig. 3b a greater number of peaks are found in the range of
20 =20°-35° which shows more crystalline nature at higher
temperature.

Figure 3c and d are diffractogram of 600ALS and
850ALS respectively. Both are distinct in their appearance.
Figure 3c is very broad with a few sharp peaks which shows
its amorphous nature. Figure 3d has sharp peak only, which
is clear evidence of crystallinity at higher temperature [38].
The prominent broad peak at 20 =21.9° is the characteristic
of amorphous silica, which is like the peak observed for the
amorphous silica extracted from rice husk [46, 47]. Some
sharp peaks at 20 =26.6°, 49.9° and 60° is evidence for the
existence of trace quantity of crystalline form quartz [44].
Heating at 850° C followed by acid leaching converts the sil-
ica content in the MG into crystalline form [48]. The major
peak at 20=21.8° is the characteristic of crystalline form
and the minor peaks at 26.7°, 31.3° and 36° is attributed to
the presence of other forms like crystoballite and tridymite,
which are already discussed in the XRD of MGA.

Figure 3e and f shows the XRD of amorphous and crys-
talline forms of silica obtained by sol gel method. Figure 3e
clearly indicates the amorphous nature of 600SGS. There is
a broad hump from 15° -30° with a centered peak at 21.9°
which confirms the formation of silica which is purely in
amorphous form [49]. There are no other peaks found in the
diffractogram, which shows the purity of the product and the
absence of other minerals in the sample, as already found in
the FT-IR of 600SGS.

Figure 3f shows that 850SGS is purely in crystalline
nature, indicating cristobalite structure and is comparable
with the silica obtained from sodium silicate [42]. The major
peaks at 20=21.9° and minor peaks at 28.5°, 31.5° and 36.3
is the clear evidence for the cristobalite structure for 850SGS
[43]. The diffractogram is almost like 850ALS, but here the
major peaks are more intense. The shoulder at major peak
was diminished and some other peaks vanished, which sug-
gests that 850SGS is purer than 850ALS. The XRD studies

show that it is possible to isolate both amorphous and crys-
talline silica from MG either by acid leaching or sol gel
method with high purity. Since the sol gel method is costlier
and time consuming, we can adopt any method depending
upon the purity of the product we require. The crystallinity
index of different products is calculated and is given in the
Table 1.

As per Table 1, 600SGS is highly amorphous which exists
in the agglomerated form which will be later confirmed from
FESEM image and has a lot of application in the realm’s
material science. Thus, MG is considered as a good source
of amorphous silica and crystalline silica as well.

5.3 Thermogravimetry Analysis

Detailed thermal analysis of 600SGS and 850SGS was car-
ried out from room temperature to 1100 °C. Figure 4a and b
depict the thermogravimetry and corresponding differential
thermogravimetry curves of 600SGS and 850SGS respec-
tively. Both the samples show the rapid initial weight loss.
This is due to the removal of physisorbed water i.e., moisture
[50]. In the temperature range 30 °C-90°C the weight loss
is 16% for 600SGS and 24% for 850SGS. This shows that
crystalline silica is more hygroscopic than amorphous silica,
hence crystalline silica can be used as a moisture absorber.
The removal of physically bonded water is possible if heated
up to 120 °C and if the sample contains micropores it will
be retained even at higher temperature.

The second stage weight loss starts at 90 °C and ends
at 330 °C. At this stage, weight loss is 4.2% and 3.4% for
650SGS and 850SGS respectively. This weight loss is
attributed to the removal of internal water and from silanol
group [51]. Silica, on heating hydrogen bonded hydroxyl
group will be removed quickly in the temperature range
200-400 °C and isolated hydroxyl group will be removed
only at higher temperature [52]. The weight loss percentage
shows that the amorphous silica has more internal water
due to its more porous nature. A small dip at 370 °C in both
samples is due to decomposition of any carbonaceous matter
present in the sample. In the third stage both the curve has
constant slope up to 700 °C, then slope begins to decrease
and becomes parallel to X- axis shows that both the silica is
thermally stable at higher temperature.

The number of hydroxyl groups present in the sample is
also calculated. It is obtained by measuring the difference
in weight percentage of the sample at which all physisorbed
water molecule is removed and at the end point of the meas-
urement [52].

It is given by Eq. (1)

2{W(Ty) = W(T},) } X 10

nO — H(Si0,) = MH,0

ey
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Table 1 Crystallinity index of

Sample Crystal-
600ALS, 600SGS, 850ALS and linity
850SGS Index

600ALS 51.4%

600SGS 43%

850ALS 59%

850SGS 82%

where n O-H is the number of moles of O-H group, W(T,)
and W (T, is the weight percentage at 90 °C and 1100 °C
(current study) respectively and M H,O is the molecular
weight of water.

Here the number of O—H group calculated from the ther-
mogram is 12.6 m mol/gram and 10 m mol/gram for amor-
phous silica and crystalline silica respectively.

Figure 4b shows the DTG curves of 600SGS and
850SGS, both are almost similar graphs. Initial weight loss

is very high up to 100 °C due to the removal of moisture
content, since silica is hygroscopic. There is no observable
weight loss from 125 °C to 250 °C (300 °C for 850SGS)
then there is a sharp dip in the curve which is attributed to
decomposition of any of the organic matter and then both
curve is almost parallel to X- axis [53]. This shows that
a steady weight loss occurs in both cases due to removal
water from silanol group [54]. The heat changes during
thermogravimetric analysis of 600SGS and 850SGS from
room temperature to 1100 °C is recorded as DTA curve
Fig. 4c. The graph shows that in the case of 600SGS up
to 260 °C the process is endothermic due to desorption of
water molecules in the sample. Then the process is exo-
thermic, which is due to the condensation of Si—-OH groups
with the evolution of water molecules. But in the case of
850SGS, the process is endothermic up to 800 °C, which
shows that there is a limited number of Si—~OH group in
the sample and the weight lost is prominently due to the
desorption of water molecules.
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Fig.4 (a) Thermogravimetry of 600SGS and 850SGS (b) DTG of 600SGSand 850SGS (c) DTA of 600SGS and 850SGS
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5.4 Field Emission Scanning Electron Microscopy
(FESEM) and Energy Dispersive X-ray
Spectroscopy (EDS)

The morphology and chemical composition of the sam-
ple are studied using FESEM-EDS. Figure 5a-c shows
the low as well as the high-resolution images and EDS
data of 600ALS, 600SGS and 850 SGS respectively. The
morphology of the silica obtained depends on the meth-
odology and annealing temperature [55]. The irregular
structures seen in all images are due to the formation of
oxygenated siliceous compounds during annealing [56]
FESEM images of 600 ALS (Fig. 5a) show that the silica
nanoparticles are agglomerated and porous in nature with
particle size in the range of 50 nm to 200 nm. Agglomera-
tion of the particles are due to the strong intermolecular
force between the silica particles. The porous nature of
the silica particles is emerged due to the acid leaching
and calcination of the organic matter during the synthe-
sis. EDS data of 600 ALS shows a silica content of about

91.95% and the presence of minor percentages of impu-
rities of the oxides of Na, K and Ca. It is interesting to
notice the absence of Al oxide since the samples were
subjected to vigorous acid leaching and repeated washing
process. This process has offered the complete removal of
Al as its water-soluble chlorides.

The FESEM images of 600SGS (Fig. 5b) show that par-
ticles have almost uniform size and the agglomeration is
comparatively lesser than 600ALS and 850 SGS. The par-
ticle size is in the range of 20 -80 nm and a few associated
microparticles are also found. EDS data shows that 600
SGS contains 95.61% of silica which is comparable to the
studies reported for the extraction of silica from rice husk.
3.5% of Al,O; is found in 600 SGS which is attributed to
the conversion of Al ion into sodium aluminate. Sodium
aluminate is soluble in water and will be precipitated as Al
(OH); during sol gel formation. The surface morphology of
850 SGS particles are found to be more compact in nature
when compared with the other samples. Images shows that
temperature have significant on the size of the particles [57].

100 e BT = 1000k
H WO 49mm

Sgrel A = inLems.
Moy = 8000KX

Dute 22 Jan 2024
Time 108421

EHT = 10008
WO $2mm

Fig.5 FESEM and EDS of (a) 600ALS (b) 600SGS (c) 850SGS
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6 Conclusion

A novel strategy for the synthesis of silica nanoparticles
from MG is demonstrated. Acid leaching and sol gel method
are utilized to obtain silica nanoparticles from MG. Amor-
phous and crystalline silica nanoparticles are obtained from
MG by annealing the samples at 600 °C and 850 °C through
both synthetic strategies respectively. The FT-IR studies
show the presence of silica in all samples, the round, broad
peaks of 600SGS shows its amorphous nature. XRD analy-
sis shows that both 850ALS and 850SGS give sharp peaks,
which indicates that calcination temperature has remarkable
effect on the crystallinity of silica. Thermal studies show
that crystalline silica is more hygroscopic than amorphous
silica but later has more internal water due to its porous
nature. DTA curve shows that the heating of 600SGS is
endothermic at the beginning and then exothermic, but in
the case of 850SGS, it is endothermic throughout heating
which indicates a smaller number of Si-OH group. As per
FESEM-EDS, nano sized, highly pure amorphous silica with
less agglomeration can be synthesized by heating the MG
at 600 °C followed by sol gel method. Thus, depending on
the extent of purity required, nano silica can be synthesized
from mission grass through a much cost effective acid leach-
ing method than sol gel process. Finally, MG is not simply
a fodder but a rich source of bio silica.
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