
Citation: Seroka, N.S.; Taziwa, R.;

Khotseng, L. Green Synthesis of

Crystalline Silica from Sugarcane

Bagasse Ash: Physico-Chemical

Properties. Nanomaterials 2022, 12,

2184. https://doi.org/10.3390/

nano12132184

Academic Editor: Manolis Stratakis

Received: 18 May 2022

Accepted: 22 June 2022

Published: 25 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Green Synthesis of Crystalline Silica from Sugarcane Bagasse
Ash: Physico-Chemical Properties
Ntalane S. Seroka 1,* , Raymond Taziwa 2 and Lindiwe Khotseng 1,*

1 Department of Chemistry, University of the Western Cape, Robert Sobukwe Rd, Private Bag X17,
Bellville 7535, South Africa

2 Department of Applied Science, Faculty of Science Engineering and Technology, Walter Sisulu University, Old
King William Town Road, Potsdam Site, East London 5200, South Africa; rtaziwa@wsu.ac.za

* Correspondence: 3754640@myuwc.ac.za (N.S.S.); lkhotseng@uwc.ac.za (L.K.)

Abstract: Sugarcane bagasse South Africa is an agricultural waste that poses many environmental
and human health problems. Sugarcane bagasse dumps attract many insects that harm the health
of the population and cause many diseases. Sugarcane ash is a naturally renewable source of silica.
This study presents for the first time the extraction of nanosilica from sugar cane bagasse ash using
L-cysteine hydrochloride monohydrate acid and Tetrapropylammonium Hydroxide. The structural,
morphological, and chemical properties of the extracted silica nanoparticles was cross examined
using XRD, FTIR, SEM, and TGA. SEM analysis presents agglomerates of irregular sizes. It is possible
to observe the structure of nanosilica formed by the presence of agglomerates of irregular shapes,
as well as the presence of some spherical particles distributed in the structure. XRD analysis has
revealed 2θ angles at 20, 26, 36, 39, 50, and 59 which shows that each peak on the xrd pattern is
indicative of certain crystalline cubic phases of nanosilica, similar to results reported in the literature
by Jagadesh et al. in 2015. The crystallite size estimated by the Scherrer equation based on the
aforementioned peaks for ca-silica and L-cys-silica for the extracted particles had an average diameter
of 26 nm and 29 nm, respectively. Furthermore, it showed a specific surface area of 21.6511 m2/g and
116.005 m2/g for ca-silica and L-cys silica, respectively. The Infrared (IR) spectra showed peaks at
461.231 cm−1, 787.381 cm−1 and 1045.99 cm−1 which corresponds to the Si~O~Si bending vibration,
the Si~O~Si stretch vibration, and the Si~O~Si stretching vibration, respectively. This confirms the
successful extraction of nanosilica from sugar cane bagasse ash. TGA analysis has revealed that the as
received sugarcane bagasse has high loss on ignition (LOI) of 18%, corresponding to the presence of
the unburnt or partial burnt particles, similar to results reported by Yadav et al. This study has shown
that sugar cane bagasse ash is a natural resource of silica which should be harnessed for industrial
purposes in south Africa.

Keywords: green synthesis; silica; tetrapropylammonium hydroxide; citric acid; L-cysteine
hydrochloride monohydrate; sugarcane bagasse ash

1. Introduction

In nanotechnology, “green” synthesis has received a great deal of attention as a
reliable, sustainable, and environmentally friendly protocol for synthesis for a wide range
of nanomaterials for the development of solar cells. In essence, green synthesis is regarded
as an important route to reduce the pernicious effects associated with the traditional
methods of synthesis of nanoparticles for preparation of solar cell electrodes. It is well
known that the four most important parameters for the synthesis of nanoparticles using
the green protocol are the selection of an environmentally friendly solvent, a source of
nanomaterials, a reducing agent, and a harmless material for stabilization [1–3].

Plants are known as natural chemical factories that are economical and have no
conservation. Rodríguez-Félix, F. et al., reported on the biosynthesis of silver (Ag) using
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aqueous extract from waste such as safflower (Carthmus tinctorius L.), a well-known crop
from the Northwest of Mexico. Parallel to environmental pollution reduction, industrial
agro-waste and food research was further done on efficiency and environmentally friendly
properties of phytochemicals from safflower by-product via the UPLC-DAD-MS method.
In addition, researchers reported on the development and quality of food packaging which
stems from the composites of zein films with no-ultrafiltred and ultrafiltred betalains
extract(s) from the beetroot (Beta vulgrains) bagasse that is feasible for food packaging.
Bio-inspired methods are emerging as viable options for producing highly valued silver
nanoparticles while promoting sustainability. The green synthesis of Ag from agri-food
waste extracts and by-products are flexible to manage, cost-effective, and possess potential
application in health for antimicrobial and anticancer activity [4–7].

The synthesis of nanomaterials from agricultural waste is considered green because
agricultural waste is an environmental hazard if not handled properly. For instance, sugar-
cane bagasse dumps attract many insects that harm the health of the population and cause
many diseases. At the same time, sugarcane ash is a renewable source of silicon. Elemental
analysis of sugar cane bagasse ash Fortunate et-al has revealed 71.49 wt% silica [8–10].
Another study reported on the sustainable and green synthesis of silver (Ag) nanoparticles
with potential applications in medicine and the food industry as antibacterial agents.

Thus, it is quite evident that conventional methods utilize very harsh and strong
chemicals such as HCl, HNO3, H2SO4, NaOH and KOH. Mohd NK, et al., in 2017 reported
the green synthesis of nanosilica from sugarcane bagasse using HCl and NaOH [1,11].
However, the fate of this hazardous chemical is of utmost importance, as it requires
adequate care in disposal. Thus, several researchers have extensively explored other
synthetic methods to get the raw materials of SiO2, as they are affordable and suitable
in various applications [12]. A few decades ago, studies demonstrated that silica can be
feasibly extracted from various agricultural wastes, such as rice straw, rice husk, corn cub,
sugarcane bagasse and palm ash. Interestingly, there is a dearth of scientific articles that
report on the synthesis of silica from sugarcane bagasse [13–16].

In this research, sugarcane bagasse is chosen as a natural source of silica nanoparticles.
The advantages of this method are that it is less toxic and requires minimal chemical
consumption. Furthermore, in this method metallic impurities will be removed by organic
acid (pretreatment process). The absence of metallic impurities will lead to the high purity
of silica nanoparticles production at the end of this research study. Taking advantage of
agricultural waste utilization as a source of silica, this project is not only economically
feasible, but also may provide a significant impact to environmental control [17,18].

The confirmation of desired functional groups vibration is determined by Fourier
Transform Infrared (FTIR) spectroscopy, while size determination and morphology has
been conducted using a scanning electron microscope (SEM). The structural characteristics
were confirmed by X-ray powder diffraction (XRD). The thermal behavior was studied
using a Thermogravimetric (TGA) analyzer, and the surface area of silica nanoparticles
was determined using a BET surface area analyzer. Therefore, this work can be considered
novel, because there are only a few published analyses related to sugarcane bagasse ash
being used as a source of silica using organic bases.

2. Materials and Experimental Methods
2.1. Materials Used

The chemicals utilized in the preparation were citric acid ≥99.5%, L-cysteine hy-
drochloride monohydrate ≥98% and tetrapropylammonium hydroxide 1.0 M in H2O
purchased from Sigma Aldrich. Sugarcane was procured from the Sugar Illovo South
Africa Company. The synthesis was done using deionized water from the Milli-Q water
purification system (Millipore, Bedford, MA, USA).
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2.2. Preparation of Sugarcane Bagasse Ash (SCBA)

In a typical preparation procedure, sugarcane bagasse was soaked for a period of 24 h
in double deionized water to remove any dust particles. The soaked sugarcane was then
oven dried at 40 ◦C for a period of 6 h. The soaked, dried sugarcane was then burnt in open
air to obtain a black ash sugarcane bagasse ash (SCBA).

2.2.1. Leaching Using Citric Acid

10.0 g of sugarcane bagasse ash was added to a 500 mL beaker of 5% citric acid
solution, Scheme 1 showing the skeletal structure of citric acid. The black colored solution
of sugarcane bagasse ash and 5% citric acid solution was then transferred into a 500 mL
volumetric flask. The resulting solution in the 500 mL volumetric flask was first stirred at
450 rpm, which was subsequently refluxed at 70 ◦C for 24 h. The resulting pale yellow-
green solution was then filtered using a Buchner funnel and 70 mm filter paper. The
trapped precipitate was then washed with double deionized water, and pH of the decant
was 3–5 until the pH of the supernatant reached 6.5. The resulting black sugar cane bagasse
supernatant was then dried in an oven at 40 ◦C overnight and ground to a fine powder and
stored in sample vials. It was subsequently labeled as SCBA-ca leached.
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Scheme 1. The structure of citric acid.

2.2.2. Leaching Using Citric Acid L-cysteine Hydrochloride Monohydrate

The same process was repeated using 5% L-cysteine hydrochloride monohydrate (L cys):
Ten grams of sugarcane bagasse ash was added to a 500 mL beaker of 5% L-cysteine

hydrochloride solution, Scheme 2 showing the skeletal structure of the acid. The black
colored solution of sugarcane bagasse ash and % 5 L-cysteine hydrochloride solution was then
transferred into a 500 mL volumetric flash. The resulting solution in the 500 mL volumetric
flask was first stirred at 450 rpm, which was subsequently refluxed at 70 ◦C for 24 h. The
resulting colorless-foam solution was then filtered using a Buchner funnel and 70 mm filter
paper. The trapped precipitate was then washed with double deionized water, and the pH
of the decant was 3–5 until the pH of the supernatant reached 6.5. The resulting black sugar
cane bagasse supernatant was then dried in an oven at 40 ◦C overnight and ground to a fine
powder and stored in sample vials. It was subsequently labeled as SCBA-L cys leached.
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2.3. Extraction of Silica
2.3.1. SCBA-CA Leached

In a typical procedure, the 2.0032 g SCBA-CA was placed in a ceramic crucible which
was heated at 700 ◦C for 4 h (residence time) in a muffle furnace at 10 ◦C/min heating
rate (gradient time) to burn away carbonaceous material and form crystalline silica. This
resulted in the formation of an orange-brown product(s). Two mL of tetrapropylammonium
hydroxide was then added to the orange-brown product shown in Equation (1) while
stirring at 350 rpm for 1 h. The solution was then heated at 200 ◦C in air for the first 2 h and
then further heated at 600 ◦C for 1 to burn away the excess carbon, nitrogen, and hydrogen,
as shown in Equation (2). The heating resulted in the oxidation of C, H and N to form
respective oxide(s). As result, silica oxide(s) was formed, and nano powders were labelled
as CA-TPAH-silica.

(SiO2)48 + [N(C3H7)4]OH→ [N(C3H7)4]OH(SiO2)48 (1)

[N(C3H7)4]OH(SiO2)48 + ∆→ (SiO2)x(s) ↓ +(CO)x(g) ↑ +(H)x(g) ↑ +(NO)x(g) (2)

2.3.2. SCBA-L cys Leached

About 2.0032 g of SCBA-L cys was placed in a ceramic crucible and heated at 700 ◦C
for 4 h (residence time) in a muffle furnace at 10 ◦C/min heating rate (gradient time) to burn
away carbonaceous material and form crystalline silica. This resulted in the formation of a
light orange-brown product(s). Next, 2 mL of tetrapropylammonium hydroxide (TPAH)
was added to the orange-brown product whilst stirring at 350 rpm for 1 h, as shown in
Equation (1). The solution was then heated at 200 ◦C in air for the first 2 h and then further
heated at 600 ◦C for one hour to burn away the excess carbon, nitrogen, and hydrogen
as shown in Equation (2). Heating resulted in the oxidation of C, H and N to form the
respective oxide(s). As a result, silica oxide(s) was formed as nano powders labelled
L cys-TPAH-Silica.

(SiO2)48 + [N(C3H7)4]OH→ [N(C3H7)4]OH(SiO2)48 (3)

[N(C3H7)4]OH(SiO2)48 + ∆→ (SiO2)x(s) ↓ +(CO)x(g) ↑ +(H)x(g) ↑ +(NO)x(g) ↑ (4)

2.4. Structural, Morphological, and Thermal Characterization

The phase identification was obtained using X-ray diffraction (XRD) on a Bruker AXSD8
Advance instrument, (Ithemba Labs, South Africa) with Cu-Kα1 radiation, λ = 1.54050 A.
The Bragg angle array was 2θ = 10–90 ◦C with a scanning step of 0.035◦. The surface
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chemistry was evaluated using FTIR by identifying the bonding of elements inside the
samples. The technique was undertaken at room temperature with a wavelength range
400–4000 cm−1 and phase composition was done using a PerkinElmer FTIR spectrometer,
spectrum two. N2 physisorption at 77 K for textural properties (specific surface area
(BETSSA), pore volume (Vp) and pore diameter (Dp). A thermographic analysis (TGA)
using a PerkinElmer Simultaneous Thermal Analyzer STAA 8000 in order to measure the
rate of mass loss over the temperature of sugarcane bagasse ash was done. The TGA was
carried out in the presence of nitrogen gas, and a sample weight of 10 mg was heated from
30 to 800 ◦C with a constant heating rate of 10 ◦C/min.

3. Results and Discussion
3.1. Characterization of the Synthesized Materials
3.1.1. Powder X-ray Diffraction Analysis

The XRD patterns presented in Figure 1 show the calcined bagasse (i) SCBA-CA leached
Figure 1 (ii) CA-TPAH silica, Figure 1 (iii) SCBA L-Cys leached and Figure 1 (iv) L-cys-TPAH
silica., revealed diffraction peaks at 2 theta angles of 20, 26, 36, 39, 50, and 59 corresponding to
the crystalline phases of silica. The diffraction peak at 2theta angle 26 reveals that the extracted
and calcined sugar cane bagasse consists of silica nanoparticles with a 101 cubic phase crystalline
structure. Similar observations have been observed by Katare, V.D. and Madurwar, M.V. (2017),
who revealed crystalline peaks of silica at 2θ = 26 [19]. This observation confirms the successful
extraction of silica nanoparticles from sugar cane bagasse from our samples [1,19–21].
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Figure 1. The XRD patterns for bagasse (i) SCBA CA leached (ii) CA-TPAH silica calcined bagasse
(iii) SCBA L-Cys leached and (iv) L-cys-TPAH silica.

Figure 1 shows the XRD spectra of samples treated with Figure 1 (i), Figure 1 (ii) citric
acid and Figure 1 (iii), Figure 1 (iv) L-cysteine hydrochloride monohydrate. It is quite
evident that the characteristic peak at 2θ = 26 of quartz is associated with crystalline silica,
and is present in both samples. However, the low intense peak for quartz crystalline peak
on Figure 1 (i) reveals the weak leaching efficiency of citric acid as compared to Figure 1 (iii)
L-cysteine hydrochloride [19–22].

It is worth noting that the intense peak at 2θ = 26 is characteristic of Quartz silica (JCP
phase from ICDD: 01-083-0539) [20]. Furthermore, the crystalline silica is slightly more
intense in (iv) than in (ii) [22]. The synthesized silica presented other peaks characteristic of
cristobalite, which forms at higher temperatures indicating varied phases of silica in the
sample [20]. Additionally, microcline (KAlSi3O8) and albite (NaAlSi3O8) minerals were
also identified for the as-prepared silica shown in the diffraction patterns of low and weak
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peaks [21–23]. As mentioned earlier, the diffraction peaks at 2θ = 20, 26, 36, 39, 50, and 59
show that silica is highly crystalline mostly in a quartz form [24]. The average diameter
sizes were determined to be approximately 26 nm and 29 nm using Scherrer’s formula for
silica acid-leached with CA and L-Cys, respectively. The crystallite size was estimated by
Scherrer’s formula as shown in Equation (5) below:

Dp =
Kλ

β cos θ
(5)

whereby Dp is the Average crystallite size (nm), and K is known as the Scherrer constant.
The K values vary from 0.68 to 2.08, and preferably K = 0.94 is utilized for spherical
crystallites with cubic symmetry and λ-X-ray wavelength. For mini XRD, CuKα the λ =
1.54178 Å is normally desired. Additionally, θ is the peak position and β is identified by
FWHM (full Width at Half Maximum) of XRD peak determined from one half of 2θ.

3.1.2. FTIR Analysis

FTIR spectral analysis identified key functional groups existing in the bagasse ash,
the leached samples and the nano-silica, which was operated at room temperature with
wavelength range of 400–4000 cm−1. Figure 2, shows the FTIR analysis of the prepared
Figure 2a (iii) silica, and exhibit bands at 461.231 cm−1, 787.381 cm−1 and 1045.99 cm−1

correspond to the Si∼O∼Si bending vibration, Si∼O∼Si stretch vibration and Si∼O∼Si
stretching vibration, respectively. Interestingly, the evolution and disappearance of func-
tional groups and the appearance of more prominent groups reveal the incorporation of
new functionalities on our samples. The carbonyl group band is present in both (a) (i),
(b) (iv) leached samples and (a) (ii), (b) (v) calcined samples however not observed for the
silica spectra of both samples in (a) iii and (b) vi, which confirms the successful formation
of silica groups, predominant in the material [1,24–27].

Nanomaterials 2022, 12, x FOR PEER REVIEW 6 of 14 
 

 

sample [20]. Additionally, microcline (KAlSi3O8) and albite (NaAlSi3O8) minerals were 

also identified for the as-prepared silica shown in the diffraction patterns of low and weak 

peaks [21–23]. As mentioned earlier, the diffraction peaks at 2θ = 20, 26, 36, 39, 50, and 59 

show that silica is highly crystalline mostly in a quartz form [24]. The average diameter 

sizes were determined to be approximately 26 nm and 29 nm using Scherrer’s formula for 

silica acid-leached with CA and L-Cys, respectively. The crystallite size was estimated by 

Scherrer’s formula as shown in Equation (5) below: 

𝐷𝑝 =
𝐾𝜆

𝛽 cos 𝜃
  (5) 

whereby Dp is the Average crystallite size (nm), and K is known as the Scherrer constant. 

The K values vary from 0.68 to 2.08, and preferably K = 0.94 is utilized for spherical 

crystallites with cubic symmetry and λ-X-ray wavelength. For mini XRD, 𝐶𝑢𝐾𝛼 the λ = 

1.54178 Å is normally desired. Additionally, Ɵ is the peak position and β is identified by 

FWHM (full Width at Half Maximum) of XRD peak determined from one half of 2Ɵ. 

3.1.2. FTIR Analysis 

FTIR spectral analysis identified key functional groups existing in the bagasse ash, 

the leached samples and the nano-silica, which was operated at room temperature with 

wavelength range of 400–4000 cm−1. Figure 2, shows the FTIR analysis of the prepared 

Figure 2 (a) (iii) silica, and exhibit bands at 461.231 cm−1, 787.381 cm−1 and 1045.99 cm−1 

correspond to the Si~O~Si bending vibration, Si~O~Si stretch vibration and Si~O~Si 

stretching vibration, respectively. Interestingly, the evolution and disappearance of 

functional groups and the appearance of more prominent groups reveal the incorporation 

of new functionalities on our samples. The carbonyl group band is present in both (a) (i), 

(b) (iv) leached samples and (a) (ii), (b) (v) calcined samples however not observed for the 

silica spectra of both samples in (a) iii and (b) vi, which confirms the successful formation 

of silica groups, predominant in the material [1,24,25–27]. 

 
Figure 2. FTIR spectra of (a) SCBA (i) CA leached, (ii) calcined, (iii) silica and (b) SCBA (iv) acid-

leached with L-Cysteine Hydrochloride, (v) calcined and (vi) Silica. 

Similarly, the results obtained for as-produced (vi) silica in Figure 2b showed 

identical behavior of new functionalities. The bands at 451. 900 cm−1, 791.803 cm−1 and 

1060.76 cm−1 are attributed to the Si ~O ~Si bending vibration, the Si ~O ~Si stretch 

vibration and the Si~O~Si stretching vibration [1,28].  

0 500 1000 1500 2000 2500 3000 3500 4000
75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm
-1
)

461, 231
528, 771

703, 844

787, 381

1045, 990
1365, 03

1213, 95

1588, 95

1740, 06 3014, 44

(i)

(ii)

(iii)

0 500 1000 1500 2000 2500 3000 3500 4000
70
75
80
85
90
95

100
105
110
115
120
125
130
135
140
145
150
155
160
165

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm
-1
)

451, 900

522, 883

692, 846

791, 824

1060, 76
1212,73

1374, 69

1602, 64

1741, 61

2996, 33 3445, 23

(iv)

(v)

(vi)
(a) (b)

Figure 2. FTIR spectra of (a) SCBA (i) CA leached, (ii) calcined, (iii) silica and (b) SCBA (iv) acid-
leached with L-Cysteine Hydrochloride, (v) calcined and (vi) Silica.

Similarly, the results obtained for as-produced (vi) silica in Figure 2b showed identical
behavior of new functionalities. The bands at 451.900 cm−1, 791.803 cm−1 and 1060.76 cm−1

are attributed to the Si∼O∼Si bending vibration, the Si∼O∼Si stretch vibration and the
Si∼O∼Si stretching vibration [1,28].

Despite that, the silica in Figure 2b (vi), showed a highly narrow and pronounced band
at around 1060.76 cm−1 which is characteristic of crystalline silica, confirming the results
obtained from XRD diffractogram(s). Additionally, the band at 3014.44 cm−1 corresponded
to C–H stretch in (a) i and ii, respectively, whereas in (b) iv and v, the C–H band is at
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2996.33 cm−1. The weak absorption band for hydroxyl group (OH) exhibited weak is
observed for treated bagasse with L-Cys in (b) iv, v at around 3445.23 cm−1 [26–28].

3.1.3. SEM-EDX Analysis

The EDX results confirm that acid treatment is an efficient tool to minimize impurities
from the increment (wt%) of Si matter in the matrix, and thus the extraction of silica from
sugar cane was successful. In addition, the results indicate that TPAH is a useful organic
solvent for extraction of silica from sugar cane bagasse ash acid treated with L-cysteine
hydrochloride monohydrate.

It can be observed that the morphology of powders from ash to silica and the selective
removal of the synthesis residues using acid solution resulted in the formation of silica
material with high composition, most importantly silica from ash-treated with L-cysteine
hydrochloride monohydrate [29]. This may be due to the chloride present in the acid which
was sufficient for the significant removal of metallic impurities as compared to the silica
from ash treated with citric acid.

The surface morphologies of silica produced from SCBA were determined by SEM,
and the SEM images are shown in Figure 3. The SEM images show that the samples in
Figure 3a,b consist of agglomerates of irregular sizes, as well as the presence of some
spherical particles distributed in the network of pores during silica synthesis, as there are
irregular sizes of rice-like and spherical shape [27–29]. The morphological changes are in
line with the surface characteristics analysis (FTIR), where the introduction of Tetrapropyl
Ammonium Hydroxide on the calcined SCBA increased the formation of silica.
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The average particle size from the SEM analysis was determined to be in the range of
200–500 nm, whereas the crystallite size estimated from XRD had an average diameter in
the range 26–29 nm using the Scherrer formula.

SEM-EDX was conducted to study the composition of the synthesized silica using two
different organic acids. Figure 3c, shows the EDX for the synthesized silica acid-treated
with citric acid, the presence of metallic impurities beside the residual carbon and a more
intense peak associated with silicon.

Table 1 below shows the elemental composition of bagasse ash, acid treated and silica.
It is worth noting that the elemental Si composition in silica increases significantly, from
raw-SCBA 1.78 wt% and 7.69 wt% for SCBA CA leached to 26.46 wt% and from 8.89 wt%
to 34.7 wt% for SCBA L-cys leached.

Table 1. Chemical analysis of sugarcane bagasse composition acid treated with citric acid (ca) and
L-cysteine hydrochloride monohydrate (L-cys).

Element SCBA-Raw
(wt%)

SCBA-Leached@CA
(wt%)

Silica@TPAH-CA
(wt%)

SCBA-Leached@L-cys
(wt%)

Silica@TPAH-Lcys
(wt%)

Carbon (C) 74.92 51.85 10.83 46.12 10.24
Oxygen (O) 22.45 28.4 53.39 42.29 55.05
Silicon (Si) 1.78 7.69 26.46 8.89 34.7

Potassium (K) 0.26 - 0.69 0.06 -
Calcium (Ca) 0.59 0.15 0.96 - -
Sodium (Na) - - 1.09 - -

Iron (Fe) - - 2.25 - -
Titanium (Ti) - - 0.47 - -

Aluminum (Al) - 0.3 3.84 2.53 -
Fluorine (F) - 11.61 - - -

Sulfur (S) - - - 0.1

The tabulated results above exhibit the morphology of powders from the ash to the
extracted silica. It can be observed that the selective removal of the synthesis residues using
acid solution resulted in the formation of a silicon with high composition, most importantly
for silica from ash-treated with L-cysteine hydrochloride monohydrate [30]. This may be
due to the chloride present in the acid which was sufficient for the significant removal of
metallic impurity as compared to the silica from ash-treated with citric acid. Additionally,
Aluminum (Al) and Iron Fe were found to be predominant at approximately 3.84 wt% and
2.25 wt%, respectively.

Figure 4a,b presents SEM micrographs of leached silica with L-cysteine hydrochloride
monohydrate. The images revealed that silica nanoparticles are randomly distributed
and clustered with a non-uniform and rough surface. The SEM-EDX of the as-prepared
L-cys-TPAH silica is shown in Figure 4c, with the elemental composition predominantly
silicon and oxygen with a very considerable amount of carbon present in the material.

The SEM-EDX exhibited fewer impurities in the treated sample(s), for L-cysteine hy-
drochloride monohydrate, which indicates the efficacy of acid-pretreatment(s) in reducing
these metallic impurities as reported in [30].

3.1.4. Thermal Analysis

A thermogravimetric analysis (TGA) was conducted to investigate the thermal proper-
ties of the sugarcane bagasse ash from room temperature to 800 ◦C. This study essentially
provided information on the pyrolysis/calcination temperatures and not the duration of
the process. The thermogravimetric analysis in Figure 5 shows the thermal characteristics
of (a) raw SCBA, (b) SCBA CA leached (c) SCBA L-cys leached respectively.
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The thermal characteristics of the sugarcane bagasse make it quite evident that the
volatilization stage took place where hemicellulose, cellulose and lignin decomposition oc-
curred [31,32]. Their weight loss, shown in Figure 5, displays three main stages of dehydration,
volatilization and carbonization, mostly for treated ash with CA and L-Cysteine, respectively.
The TGA curves show that the evolution of thermal behavior started with the first stage
of moisture drying occurring at 250 ◦C in all samples, owing to the crystallization in the
interior part of the structures and light volatiles present in sugarcane bagasse ash [33].

The volatilization stage involves the decomposition of hemicellulose at approximately
180 ◦C and 340 ◦C, with the cellulosic breakdown occurring around 250 ◦C to 450 ◦C [34,35],
whilst the lignin breakdown begins at 200 ◦C and goes to 800 ◦C [35]. Moreover, the rapid
weight loss shown on the TGA curve (a) can be attributed to hemicellulose and cellulose
decomposition. Interestingly, TGA curves for the pretreated samples (b) and (c) reveal
rapid weight loss with three distinctive stages, which is similar to the results reported
in [36,37].

The TG curves revealed a total mass loss of 12%, 18% and 11%, respectively, making
the pretreatment with 5% citric acid solution the best organic acid for efficient leaching,
as reported earlier in other studies. No further weight loss was observed, indicating the
thermal stability of nanosilica present in the samples, which constitute about 84% in mass,
as reported earlier in [38,39].

3.1.5. Nitrogen Physisorption Analysis

The textural properties of scba nano-silica(s) were evaluated using the N2 adsorption-
desorption method and the results are summarized in Table 2 below.

Table 2. Textural properties of SCBA nano CA-Silica and L-cys Silica.

Sample ID BETSSA (m2/g) Vp (cm3/g) Dp (nm)

CA-Silica 21.6511 0.04312 8
L-cys Silica 116.005 0.1828 6

The BETSSA, pore volume and pore diameter for SCBA for nano CA-Silica were
21.6511 m2/g, 0.04312 cm3 and 8 nm, respectively, while BETSSA, pore volume and pore
diameter for SCBA nano L-cys Silica is 116.005 m2/g, 0.1828 cm3/g and 6 nm, respectively.
For CA-Silica displayed in Figure 6a, the amount of adsorbed gas increases steadily with
increasing P/P0 ratio at the lower P/P0 regions, while it increases significantly for L-cys
Silica with increasing P/P0, as shown in Figure 6b. This is usually attributed to monolayer
and multilayer adsorption, as reported in [38,39].
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Figure 6. N2 adsorption-desorption isotherm for (a) SCBA nano CA-Silica and (b) SCBA nano
L-cys Silica.
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For the SCBA nano silica isotherm in Figure 6a, the hysteresis loop is observed at a
range of 0.9 < P/P0 < 1.0, essentially associated with capillary condensation taking place in
the mesopores. Furthermore, the loop at the high P/P0 side has been reported to be related
to large pores. The little loop at Figure 6b observed at range of 0.2 < P/P0 < 0.4 is also
due to the capillary condensation inside the mesoporous structure, however no loop at the
higher P/P0 region is observed for this synthesized silica (SCBA nano L-cys Silica) [38–40].

4. Conclusions

Physical characteristics and quantitative elemental composition of silica produced
from sugarcane bagasse ash were investigated using FTIR and SEM-EDS. Thermal prop-
erties were studied using TGA, and the crystalline nanostructure was studied by XRD
analysis. The average diameter sizes were determined to be approximately 26 nm and
29 nm for silica acid-leached with CA and L-Cys, respectively.

This study has shown that sugarcane bagasse ash contains highly crystalline silica
which could be affected by leaching. The as-synthesized ca-silica and L-cys-silica of the
extracted crystallite size had an average diameter of 26 nm and 29 nm, respectively, in
addition to a specific surface area of 21.6511 m2/g and 116.005 m2/g for ca-silica and L-cys
silica, respectively. The Infrared (IR) spectra showed peaks at 461.231 cm−1, 787.381 cm−1

and 1045.99 cm−1, which corresponds to the Si∼O∼Si bending vibration, the Si∼O∼Si
stretch vibration, and the Si∼O∼Si stretching vibration, respectively. It was established
that acid pre-treatment of the bagasse was more affected by concentration and time than
temperature.

Based on the findings of this experimental study, the major component of SCBA is
SiO2 from the elemental composition with the O and Si elements displaying very high
percentages. The ash is a predominantly carbonaceous material. The methodology also
showed that with higher calcination temperatures other metallic impurities form, whereby
Al and Fe were found in minor quantities after Si. After the synthesis of bio-silica, the
structural, morphological and thermal properties were studied. The advantage of this
finding is the green method of utilizing citric acid, L-cysteine hydrochloride monohydrate
for acid treatment. IN addition, TetraPropylAmmonium Hydroxide monohydrate was
used as an extraction solvent. Furthermore, the use of organic chemicals proved successful
for the current study and are eco-friendly.
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