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leaf ash, with reported contents ranging from 75.90% to 82.86%. In this study,
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a modified precipitation method was employed to extract silica nanoparticles
from bamboo leaves. Proximate analysis revealed an ash content of 24.48%
and a silica content of 76.226% in bamboo leaf ash. The extraction of silica
nanoparticles from bamboo leaf ash under different operating conditions
influenced the silica yield and quality. A maximum reported yield of 99.232%
was achieved using a 4 N NaOH solution. Fourier-transform infrared (FTIR)
spectroscopy identified Si-O-Si, Si—O, and Si—OH bonds. Furthermore, atomic
force microscopy (AFM) measurements indicated an average silica
nanoparticle diameter of 87.55 nm. The results indicated that pretreatment
methods and leaching conditions influenced the structure, size, and quality of
the synthesized silica nanoparticles (SiO, NPs). Additional characterization
techniques, including X-ray fluorescence (XRF), X-ray diffraction (XRD), and
field-emission scanning electron microscopy (FE-SEM), were employed to
evaluate the properties and purity of the extracted silica. The synthesized silica

Keywords: nanoparticles have potential applications as reinforcing fillers in composite
Eco-Friendly Technology; Extraction; Iraqi materials and may also be suitable for applications in the pharmaceutical,
Agricultural Waste; Silica Nanoparticles food, and nutrition industries, as well as in nanocatalysis.

1. Introduction

The intensification of agricultural activities over the past decade has significantly increased the
generation of agricultural waste [1]. According to the Food and Agriculture Organization (FAO) and
the United Nations Environment Programme (UNEP), agricultural waste generation was reported to
reach approximately 905 million metric tons in 2021 [2] and 1.1 billion metric tons annually by 2023
[3]. Particularly in developing countries, agricultural waste is commonly managed through open
burning, uncontrolled dumping, and landfilling, which contribute to environmental pollution and
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greenhouse gas emissions and pose substantial risks to human and animal health [4, 5].
Consequently, increasing research attention has been directed toward recycling agricultural waste
into value-added products with potential economic and industrial benefits [6-9].

Agricultural waste can be converted into various functional materials for industrial applications,
including thermal insulation materials [10], rubber fillers [11], pozzolanic materials for wastewater
treatment [12, 13], nanostructured insulating materials for metal matrix composites [14], and
additives for improving the mechanical properties of concrete [15-17]. Among these applications,
the extraction of silica nanoparticles from agricultural waste has emerged as a promising approach
for converting silica-rich biomass into valuable nanomaterials [18]. This approach utilizes silica
naturally accumulated by plants through the absorption of silicon from the soil. The resulting silica
nanoparticles have potential applications in optical materials, coatings, thin films [19], catalysts [12],
corrosion-resistant materials [20], and ceramics [21, 22]. Recent developments have also
demonstrated the potential of silica nanoparticles derived from agricultural residues for biomedical,
agricultural, and environmental applications [23, 24].

Bamboo leaves represent a promising source of silica because their ash contains relatively high
silica concentrations, reportedly ranging from 75.90% to 82.86% [25]. Previous investigations have
explored several techniques for extracting silica from agricultural waste, including solvent extraction,
ion exchange, electrodeposition, precipitation, and sol-gel processing [26]. Ajeel et al. [27]
developed a chemical extraction method to obtain high-purity amorphous silica from rice husk ash
using acid pretreatment followed by alkaline leaching with different sodium hydroxide (NaOH)
concentrations. Their findings indicated that increasing the NaOH concentration up to 3 N improved
the purity of the extracted silica, reaching approximately 99.714%, as confirmed by X-ray
fluorescence (XRF) analysis.

Similarly, Gautam et al. [18] investigated silica extraction from bamboo leaves using an alkaline
extraction method. Their results indicated that increasing the NaOH concentration enhanced silica
recovery, while subsequent acid leaching produced silica with a maximum reported purity of 96.13%.
Thuadaiz [28] also reported that precipitation-based processing could produce amorphous silica with
a specific surface area of approximately 656 m?/g. These investigations demonstrate the potential of
chemical extraction and precipitation methods for recovering silica from agricultural residues.
However, extraction efficiency and the characteristics of the resulting silica depend on processing
conditions, including chemical concentration, pretreatment procedures, and precipitation
parameters.

The present study aims to convert bamboo leaf waste into value-added silica nanoparticles
through calcination and a modified precipitation process using different NaOH concentrations.
Bamboo is available in parts of Irag, where unmanaged biomass accumulation may create
environmental and waste management challenges. Conventional disposal practices, including open
burning and landfilling, may contribute to environmental pollution and resource loss. Therefore,
developing an effective silica extraction process could provide an alternative approach for utilizing
bamboo leaf waste. Specifically, this study investigates the influence of NaOH concentration on silica
extraction and evaluates the physicochemical characteristics of the resulting silica nanoparticles. The
findings are expected to contribute to the development of value-added materials from locally
available agricultural residues and support more sustainable biomass utilization.
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2. Methodology
2.1 Materials used in this Study

Bamboo leaves (BL) were collected from Baghdad, Irag, and used as the primary raw material for
silica nanoparticle extraction. The chemical composition of the bamboo leaves was characterized by
cellulose (34.22%), hemicellulose (20.5%), and lignin (20.8%), with an ash content of 24.48%. The
silica content was reported to be 76.226%, as presented in Table 1. In addition, the material
contained other metal oxides, including magnesium oxide (MgO), calcium oxide (Ca0), and potassium
oxide (K;0), with a reported combined content of 5.81%. The chemical reagents used in the
extraction process were sulfuric acid (H,SO4, 98.079%), hydrochloric acid (HCI, 35%), and sodium
hydroxide (NaOH, 99.9%).

Table 1

Chemical composition of the Bamboo Leaf Ash (BLA)
Constituent SiO, K20 SO; Cao cl MgO P,03 Other
Percentage% 76.226 6.629  5.857 4979 2140 1980 1490  0.699

2.2 Preparation of Raw Agricultural Materials

Bamboo leaves were collected as the primary agricultural waste material for silica extraction. The
collected leaves were initially cut into small, uniform pieces to facilitate subsequent processing. The
cut leaves were then ground using a mechanical grinder to reduce their particle size. Following
grinding, the bamboo leaf particles were thoroughly washed with deionized water to remove
adhering dirt, dust, and soluble impurities. The washed material was subsequently dried under
sunlight for 10 h to reduce its moisture content. Finally, the chemical composition of the prepared
bamboo leaves was analyzed to determine their silica content and other constituents. Figure 1
illustrates the preparation procedure for the bamboo leaves.

Fig. 1. (a) Collect bamboo leaves, (b) Cutting, (c) Grinding by the mechanical grinder, (d) Washing with
deionized water, (e) Drying bamboo leaves under sunlight

2.3 Chemical Treatment Process of Agricultural Materials
The pretreatment of bamboo leaves plays a crucial role in improving the quality of extracted silica
nanoparticles by facilitating the removal of inorganic impurities and organic compounds from the

agricultural waste. Acid leaching was performed as the initial stage of the silica extraction process.
The dried bamboo leaves were immersed in a 3 N hydrochloric acid (HCl) solution and maintained at
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80 °C for 6 h. Subsequently, the leaves were left in the same acidic solution at room temperature for
an additional 18 h, as shown in Figures 2(a) and 2(b). This treatment was intended to remove
impurities and reduce the concentration of metallic elements in the biomass. Following acid leaching,
the treated leaves were repeatedly washed with warm deionized water to remove residual acid, as
illustrated in Figure 2(c). Finally, the washed bamboo leaves were dried naturally under sunlight for
10 h before further processing.

Fig. 2. (a) Bamboo leaves in an acidic solution, (b) After removing
the acidic solution, (c) Bamboo leaves after complete washing

The color changes observed during pretreatment reflected the progression of the chemical
treatment process. The gradual transition from dark brown to light brown and finally to an almost
white appearance indicated changes in the composition of the treated material, suggesting the
effectiveness of the pretreatment process in preparing bamboo leaves for subsequent silica
extraction.

2.4 Thermal Treatment Process of Agricultural Materials

Following thermal analysis using thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) to determine the appropriate decomposition temperature, the pretreated bamboo
leaves were subjected to calcination at 700 °C for 4 h. This thermal treatment was an important step
in producing high-purity silica by removing organic components from the bamboo leaves. Figure 3
shows the bamboo leaf ash (BLA) obtained after calcination, illustrating the transformation of the
original bamboo material into a fine, white ash.

Fig. 3. Bamboo Leaf Ash (BLA) after the calcination process
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2.5 Extraction of High-Purity Nanosilica from Agricultural Waste Ash

The extraction of high-purity nanosilica from bamboo leaf ash (BLA) involved a series of chemical
treatment processes, beginning with alkaline leaching. The BLA was mixed with sodium hydroxide
(NaOH) solutions at different concentrations (2, 3, and 4 N) to investigate the effect of NaOH
concentration on silica extraction. The mixtures were heated and continuously stirred at 80 °C for 8
h to facilitate the reaction between the silica present in the ash and the alkaline solutions.
Subsequently, the mixtures were allowed to stand at room temperature for 24 h to promote further
reaction. The resulting mixtures were then subjected to vacuum filtration to separate the sodium
silicate solutions from the insoluble residues. During alkaline leaching, silica (SiO,) reacted with NaOH
to form sodium silicate (Na,SiOs) and water, as expressed in Equation (1).

The obtained sodium silicate solutions were subsequently treated with 5 N sulfuric acid (H,SO4)
under continuous stirring to precipitate silica in the form of a white gelatinous material, as described
in Equation (2). During acid addition, the pH of the solutions was gradually reduced from 14 to 4,
promoting silica precipitation and gel formation. The resulting silica gels were then filtered and
washed with deionized water to remove residual acid and soluble impurities, as shown in Figure 4(a).
The washed gels were subsequently dried at 110 °C for 6 h. Finally, the dried silica materials were
ground into fine powders, as illustrated in Figure 4(b), and stored in sealed plastic bags for
subsequent characterization and potential applications. This process demonstrates the potential
conversion of bamboo leaf ash into value-added silica materials through alkaline extraction and acid
precipitation.

Si0, + 2NaOH — Na,SiO; + H,0 (1)

NaySiO3 + H;SOs  — SiO2 + NaxSOs4 + H,O (2)

Fig. 4. (a) The precipitated nano-silica gel, (b) High-purity nano-silica (SiO, NPs) after milling

Each stage of the extraction process plays an important role in obtaining high-purity silica
nanoparticles from bamboo leaves. The resulting white silica powder was stored in a sealed plastic
bag to minimize contamination and preserve its quality for subsequent characterization and
applications. Figure 5 presents a flowchart summarizing the main stages involved in the extraction
and preparation of high-purity silica nanoparticles from bamboo leaf ash.
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‘ Collect agricultural waste (Bamboo leaves)

S 7

‘ Cut bamboo leaves and grind them

‘ Wash (BL) with deionized water and dry

‘ Chemical Composition Analysis of BL

’«

‘ Pre-Treatment Process of the (BL) with 3N HCI for 24 hrs.

‘ Wash with warm deionized water and dry in the sunlight for 10 ‘

‘ Calcination Process of (BL) at 700°C for 4 hrs.

4

‘ Leaching Process with NaOH at 2,3 and 4 N, then, Filtration ‘

‘ Precipitation of Nano-Silica by H,SO4 and washed with warm ‘

‘ Silica gel, then Drying and Milling process.

‘ Examination using XRF, XRD, FTIR, FE-SEM, and AFM

‘ Final Product (SiO> NPs) Powder
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Fig. 5. Flow chart of the production method of high-purity nano-silica

3. Results

3.1 X-Ray Fluorescence Spectroscopy (XRF) Analysis of Nanosilica

X-ray fluorescence (XRF) analysis was performed to evaluate the effect of sodium hydroxide
(NaOH) concentration on the purity of the extracted nanosilica powder and to quantitatively
determine the presence of residual impurities. Silica nanoparticles were extracted from bamboo
leaves using different NaOH concentrations following pretreatment with 3 N hydrochloric acid (HCI)
and calcination at 700 °C for 4 h. The highest silica purity of 99.232% was obtained using a 4 N NaOH

solution, as presented in Table 2.

Table 2
XRF analysis of the nano-silica from Bamboo leaves
Components NaOH NaOH NaOH
as oxides % (2 N) (3N) (4 N)
SiO, 96.01 97.91 99.23
SiO3 0.272 0.100 0.008
MgO 1.930 1.100 0.510
K20 0.030 0.018 0.050
Cao 0.890 0.630 0.150
P20s 0.023 0.040 0.020
Other 0.845 0.200 0.030
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The XRF results presented in Table 2 indicate that the extracted nanosilica contains varying
amounts of inorganic oxides, including CaO, MgO, P,0s, and K,O, depending on the treatment
conditions. The presence of these oxides influences the purity of the extracted nanosilica. As the
NaOH concentration increased from 2 N to 4 N, the silica purity increased from 96.01% to 99.232%,
respectively. These findings are consistent with those reported by Ajeel et al. [29] and Gautam et al.
[18]. Figure 6 illustrates the relationship between NaOH concentration and nanosilica purity,
demonstrating that increasing the NaOH concentration enhances the purity of the extracted
nanosilica within the investigated concentration range.
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Fig. 6. Relationship between the nano-silica purity and NaOH concentration

3.2 X-Ray Diffraction (XRD) Analysis of Nanosilica

X-ray diffraction (XRD) analysis was performed to investigate the structural characteristics of
nanosilica samples extracted using different NaOH concentrations (2, 3, and 4 N). As shown in Figure
7, the XRD patterns exhibited broad diffraction peaks within the 26 range of 17°-31°, indicating the
predominantly amorphous nature of the extracted silica. These patterns were reported to be
consistent with the reference data (JCPDS card No. 96-900-5024). In particular, a broad diffraction
peak centered at approximately 22° (20) indicated the absence of a well-defined long-range
crystalline structure. This observation, together with the XRF results, supports the characterization
of the extracted material as predominantly amorphous silica, with the highest reported purity of
99.232% obtained using a 4 N NaOH solution. The relatively smooth diffraction patterns and absence
of prominent crystalline peaks suggest that the modified precipitation process effectively reduced
crystalline impurities in the extracted silica. Furthermore, the diffraction patterns appeared to
become smoother with increasing NaOH concentration, suggesting possible differences in the
structural characteristics of the resulting silica. These findings are consistent with observations
reported by Zedin et al. [30], Le et al. [31], and Chindaprasirt et al. [32].
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Fig. 7. XRD patterns of nano-silica were extracted at different NaOH concentrations

3.3 Fourier Transform Infrared (FTIR) Analysis of Nanosilica

Figure 8 presents the Fourier transform infrared (FTIR) spectra of nanosilica synthesized using
different NaOH concentrations (2, 3, and 4 N). FTIR analysis was performed to identify the
characteristic functional groups and chemical bonds present in the extracted nanosilica samples. A
broad absorption band observed at approximately 3400 cm™ was attributed to the stretching
vibrations of hydroxyl (—-OH) groups, which are commonly associated with surface silanol groups (Si—
OH) and adsorbed water molecules. The prominent absorption peak at approximately 1100 cm™
corresponded to the asymmetric stretching vibrations of siloxane (Si—0-Si) bonds, indicating the
presence of a silica network. Additional absorption bands at approximately 800 and 450 cm™ were
attributed to the symmetric stretching and bending vibrations of Si—O-Si bonds, respectively, further
confirming the characteristic bonding structure of silica.

The FTIR spectra of the samples obtained at different NaOH concentrations exhibited similar
absorption bands, indicating that the fundamental chemical bonding structure of the extracted
nanosilica remained relatively consistent under the investigated experimental conditions. Minor
variations in peak intensities may be associated with differences in particle size, surface
hydroxylation, or the degree of condensation within the siloxane network. The similarity of the
characteristic absorption bands suggests that the extraction process produced silica materials with
comparable chemical bonding characteristics despite variations in NaOH concentration. These
findings are consistent with the XRD results, which indicated the predominantly amorphous nature
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of the extracted silica, and complement the XRF analysis, which demonstrated the highest silica purity
of 99.232% for the sample prepared using 4 N NaOH. Although FTIR spectroscopy provides
information about chemical bonding and local structural characteristics, the amorphous nature of
the silica is more directly supported by the broad diffraction features observed in the XRD patterns.
In general, crystalline materials exhibit more clearly defined vibrational features associated with their
ordered atomic arrangements, whereas amorphous materials may display broader absorption bands
due to variations in local bonding environments.

FT-IR for Nano Silica
W
4N NaOH

Bt
3 3N NaOH
®
2
E
L‘ £
s W “\ -
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Fig. 8. FT-IR analysis of nano-silica was extracted at different NaOH concentrations
3.4 Morphological Analysis of Nanosilica Using Field-Emission Scanning Electron Microscopy (FE-SEM)

Field-emission scanning electron microscopy (FE-SEM) was employed to investigate the
morphological characteristics of nanosilica extracted using a 4 N NaOH solution, which exhibited the
highest silica purity of 99.232%, as determined by XRF analysis. The FE-SEM micrograph revealed
nanoscale silica particles with relatively uniform morphological characteristics, consistent with
observations reported by Ajeel et al. [29, 30, 33]. As shown in Figure 9, the measured particle sizes
ranged from 9.859 to 21.36 nm, indicating the formation of silica nanoparticles. The particles
appeared to exhibit a relatively homogeneous size distribution, with limited visible agglomeration in
the examined region. The observed particle morphology and surface characteristics suggest that the
modified precipitation process was effective in producing nanoscale silica particles. These
observations are consistent with the predominantly amorphous structure indicated by the XRD
analysis.
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Based on measurements obtained from the FE-SEM micrographs, the average particle size was
approximately 15 nm. The relatively narrow range of measured particle sizes suggests that the
synthesis process produced nanoparticles with reasonably consistent dimensions under the
investigated conditions. Such morphological characteristics may be beneficial for industrial
applications requiring nanoscale silica materials. The FE-SEM results therefore provide
complementary information on particle morphology and size, while the XRF and XRD analyses
provide evidence of chemical purity and structural characteristics, respectively. Together, these
characterization results support the successful extraction and synthesis of nanosilica from bamboo
leaf ash using the modified precipitation method.
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Fig. 9. FE-SEM images of Nano-Silica at 4N NaOH concentration
3.5 Atomic Force Microscopy (AFM) Analysis of Nanosilica under Optimal Extraction Conditions

Atomic force microscopy (AFM) was employed to investigate the surface morphology and particle
size distribution of the synthesized nanosilica. This technique provides high-resolution, three-
dimensional topographical images, allowing detailed examination of nanoscale surface features and
particle characteristics. In this study, tapping-mode AFM was used to analyze the nanosilica powder.
This mode employs an oscillating probe that intermittently contacts the sample surface, minimizing
potential surface damage while providing detailed topographical information.

275



Semarak Engineering Journal
Volume 16, Issue 1 (2027) 266-278

The nanosilica sample synthesized using the optimal NaOH concentration of 4 N was examined
to evaluate its morphological characteristics and particle size distribution. Figure 10(a) presents a
two-dimensional AFM image illustrating variations in particle size across the examined surface, while
Figure 10(b) shows a histogram of the particle size distribution and corresponding particle counts.
Figure 10(c) provides a three-dimensional representation of the nanosilica surface topography,
highlighting the approximately spherical morphology of the particles and their relatively limited
aggregation. Furthermore, Figure 10(d) presents an enhanced three-dimensional topographical
image, revealing additional details of the nanosilica surface features.

The AFM results indicated an average particle diameter of approximately 87.55 nm, with most
measured particle sizes ranging from 5.676 to 120 nm. These findings demonstrate the formation of
nanoscale silica particles under the investigated extraction conditions. The observed particle size
distribution and surface morphology provide useful information regarding the physical
characteristics of the synthesized material. In addition, XRF analysis confirmed a silica purity of
99.232% for the sample prepared using 4 N NaOH. Together, the AFM and XRF results provide
complementary information on the morphological characteristics and chemical purity of the
extracted nanosilica, supporting its potential suitability for applications requiring nanoscale silica
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Fig. 10. AFM analysis for optimal state nano-silica (a) Two-dimensional particle analysis, (b) Histogram that

depicts the distribution of particle sizes (c) Three-dimensional view of the nano-silica surface, (d) Surface
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4. Conclusions

This study successfully demonstrated the extraction of high-purity nanosilica from bamboo
leaves, an underutilized agricultural waste material available in Irag. Using acid pretreatment,
calcination, alkaline extraction, and a modified precipitation method, a maximum silica purity of
99.232% was achieved at a NaOH concentration of 4 N. The synthesized nanosilica exhibited an
average particle diameter of 87.55 nm, as determined by AFM analysis, while FE-SEM observations
revealed particle sizes ranging from 9.859 to 21.36 nm. XRD analysis indicated the predominantly
amorphous nature of the extracted silica, and FTIR analysis confirmed the presence of characteristic
silica-related chemical bonds. These findings demonstrate the feasibility of converting bamboo leaf
waste into value-added silica nanomaterials with potential applications in various industrial sectors.
Furthermore, the proposed extraction approach offers an alternative pathway for agricultural waste
utilization and resource recovery, contributing to the development of more sustainable material
production practices.
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