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ARTICLE INFO ABSTRACT
Keywords: Latent fingerprint visualization is a critical technique in modern forensic
Biosynthesis; science that requires effective and environmentally sustainable coloring

Characterization of agents. This study reports synthesizing and characterizing a novel

Nanopatrticles; dyeing agent based on Cochineal insect extract combined with silica
Salak Bunch Silica; derived from salak (Salacca zalacca) bunch waste. It evaluates its
Cochineal; application in fingerprint visualization. Cochineal extract was obtained

via stepwise heating in a polar solvent, while silica was synthesized
through carbonization, demineralization, destruction, and neutralization.
The SiO—Cochineal nanoparticles were prepared using a stepwise
thermal immobilization method, resulting in covalent bonding between
the pigment and silica matrix. Structural and functional group
characterization using FTIR confirmed the presence of Si—-O-Si, O-H,
and C=0 groups, indicating successful integration. Application tests on
doi:10.20961/jkpk.v10i2.106785 latent fingerprints demonstrated that the composite powders produced
sharp and distinct ridge patterns, particularly on non-porous substrates
@ G @ such as glass and optical discs. These findings suggest that SiO-
EV__h Cochineal-based powders are effective for forensic applications and
©2025 The Authors. This open- represent a promising green alternative for latent fingerprint
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Fingerprint Visualization.
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INTRODUCTION

Latent fingerprint identification is one
of forensic science's most fundamental and
widely applied techniques. It relies on the
unique and permanent characteristics of
fingerprint ridge patterns, which provide a
reliable and tamper-resistant means of
personal identification [1], [2]. However, most
fingerprints encountered at crime scenes are
latent—meaning they are invisible to the
therefore

naked eye—and require

specialized developing agents or dyes to

275

enable visualization on different porous or
non-porous substrates [3].

At present, many of the developing
agents employed for latent fingerprint
visualization are based on synthetic chemical
compounds. While these agents are often
effective, they are commonly associated with
toxicity, environmental hazards, and potential
health risks to forensic practitioners [4]. In line
with  the

sustainability and occupational safety,

increasing  emphasis  on

developing visualization agents derived from

natural, biodegradable, and environmentally
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benign materials has become a critical
objective in modern forensic science.

Natural dyes extracted from
Dactylopius coccus (cochineal insects)
represent a promising alternative to synthetic
agents. Cochineal produces carminic acid as
its primary pigment, a compound extensively
applied in the food, pharmaceutical, and
cosmetic industries due to its stability against
light and temperature and biodegradability
[5], [6]. Complementing this, the principles of
circular economy and organic waste
valorization have highlighted the potential of
agricultural  byproducts as  functional
materials. For instance, salacca (Salacca
zalacca) bunch waste, typically discarded as
biomass residue, contains high levels of
silica. This silica, characterized by porosity
and a high specific surface area, can be an
effective carrier and stabilizer for natural dyes
[7].

Integrating cochineal pigment with
silica derived from salacca waste provides a
novel biocomposite approach to developing
sustainable fingerprint visualization powders.
Importantly, such biosynthesis processes
can be carried out through environmentally
friendly routes, minimizing toxic solvents and
aligning with the principles of green chemistry
[8], [9]. To ensure effective application,
however, it is essential to characterize the
structural and functional interactions within
the biocomposite. Fourier Transform Infrared
Spectroscopy (FTIR) is particularly suitable
for this purpose, as it enables the
identification of functional groups, detection
of chemical bonding, and analysis of
interactions between organic pigments and

inorganic carriers [10], [11]

Identifying latent fingerprints is one of
the most fundamental techniques in modern
forensic science, as it relies on each
individual's unique and permanent ridge
patterns, making it a reliable and tamper-
resistant tool for personal identification [1],
[2]. However, most fingerprints recovered
from crime scenes are latent or invisible to
the naked eye, requiring specific developing
agents to visualize them effectively on porous
substrates [3]. The

importance of improving latent fingerprint

and non-porous

visualization  techniques has become
increasingly evident in recent years, as
successful

demonstrated by various

international  forensic  cases utilizing
advanced detection technologies.

Currently, most fingerprint
developing agents are based on synthetic
Although

compounds are often toxic, environmentally

chemicals. effective, these
unfriendly, and pose health risks to forensic
practitioners and ecosystems [4]. Growing
awareness of sustainability and occupational
safety has emphasized the urgent need for
safer, eco-friendly, and natural-based
alternatives. This urgency is reinforced by
recent findings, such as the documented
toxicity of Small Particle Reagents (SPR) [5],
the presence of harmful heavy metals in
conventional fingerprint powders [6], and
safety concerns surrounding cyanoacrylate
fuming, which can cause respiratory irritation
[7]. Furthermore, the discontinuation of HFE-
7100/Novec™ 7100 production by 3M in
2025, along with regulatory restrictions on
PFAS in the European Union, further
highlights the necessity of developing safer

fingerprint visualization agents [8], [9]. These
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issues reveal a clear research gap in
developing bio-based dye agents that are
sensitive and selective across different
substrates, safe, environmentally friendly,
and supported by toxicological and life-cycle
assessments.

Natural dyes extracted from
Dactylopius coccus (cochineal insects)
present promising potential in this context.
Cochineal produces carminic acid as its
primary pigment, a compound widely used in
the food, pharmaceutical, and cosmetic
industries due to its thermal, photostability,
and biodegradability [5], [6]. Complementing
this, the principles of circular economy and
agricultural waste valorization encourage
using local biomaterials as carriers or
stabilizers. Salacca (Salacca zalacca) peel
waste, long considered an agricultural
byproduct, contains a significant amount of
silica. With its high porosity and specific
surface area, salacca-derived silica can act
as an effective matrix to stabilize and
immobilize natural dyes [7]. Integrating
cochineal pigment with salacca silica into a
dye biocomposite provides an innovative
approach for developing sustainable and
non-toxic fingerprint visualization agents.
Importantly, such synthesis can be
conducted through green chemistry routes
without  hazardous

solvents, ensuring

compatibility ~ with  environmental and

occupational safety standards.

METHODS
1. Materials

The main equipment used in this
study included a furnace (maximum 700°C),

a Fourier Transform Infrared (FTIR)

spectrophotometer, a magnetic stirrer with

heating capability, a macro camera
(smartphone-based), and essential
glassware. Specialized forensic tools,

including a White Marabou Feather Duster
(Sirchie) and Fingerprint Hinge Lifters
(Sirchie), were also employed.

The primary materials consisted of
cochineal powder, distilled water,
concentrated hydrochloric acid (HCI), sodium
hydroxide (NaOH, 2 M), potassium bromide
(KBr), and porous (black cardboard, wax
paper) as well as non-porous substrates
(glass slides, aluminum foil, optical discs). A
commercial latent fingerprint powder (HI-FI
Olcano, Sirchie) was used as a control to

compare visualization performance

2, Extraction of Cochineal Powder
Two grams of cochineal powder was
extracted with 100 mL of distilled water
(solid—liquid ratio 1:50 w/v). The mixture was
first heated to 70 °C with continuous stirring
for 10 min, followed by heating at 80 °C for an
additional 10 min to maximize pigment
release. Distilled water was selected as a
safe polar solvent for extracting carminic

acid, the hydrophilic pigment in cochineal.

3. Synthesis of Silica from Salak
Frond Waste
a. Carbonization

Five hundred grams of cleaned and
dried Salacca frond waste was carbonized at
500 °C to produce cha.

b. Ashing
The char was heated at 700°C for
four hours to remove organic matter and

concentrate silica. High-temperature
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treatment decomposes lignocellulosic
components, yielding purer silica, consistent
with rice husk and sugarcane bagasse

methods.

c. Demineralization

Thirty grams of ash was treated with
300 mL concentrated HCI for 30 min and left
for 24 h to dissolve metal impurities (e.g.,
Ca?*, Fe®*"). The residue was washed with
deionized water to neutral pH and dried at
120°C.

d. Destruction:

Twenty grams of demineralized ash
was mixed with 150 mL of 2 M NaOH and
boiled for two hours to convert silica into

soluble sodium silicate.

e. Gel Formation

The sodium silicate solution was
neutralized dropwise with 1 M HCI under
stirring until gel formation occurred. The gel
was aged for 24 h, washed repeatedly with
deionized water until a neutral pH was
achieved, dried at 120 °C, and sieved to 200

mesh to obtain uniform silica nanoparticles.

4. Immobilization of Silica—

Cochineal Fingerprint Powder

Nanoparticles

Four grams of silica nanoparticles
were dispersed in 100 mL of cochineal
extract and stirred at 60 °C for two hours.
Immobilization occurred through hydrogen
bonding and electrostatic interactions
between the hydroxyl/carboxyl groups of
carminic acid and silanol groups on silica.

The resulting material was dried at 60 °C and

sieved to 200 mesh to obtain a uniform silica—

cochineal nanocomposite powder.

Latent

Fingerprints on Porous and Non-

5. Visualization of

Porous Substrates

Thirty undergraduate participants
(Universitas Negeri Medan, batch 2021-
2024) provided latent fingerprints by touching
their foreheads to deposit natural sebum.
Fingerprints were placed on porous (black
cardboard, wax paper) and non-porous
(glass, aluminum foil, optical discs) surfaces.
Visualization was conducted using the
dusting method with the synthesized
nanocomposite and compared with the
commercial Sirchie powder. Ridge clarity was
documented with a macro camera, and lift
quality was evaluated using standard forensic

procedures [13], [14].

6. Characterization of Silica-

Cochineal Fingerprint Powder

To characterize the nanocomposite,
1-2 mg of silica—cochineal powder was
homogenized with 10 mg KBr to form pellets.
FTIR spectra (4000400 cm™) were
recorded to identify functional groups.
Characteristic bands of Si-O-Si (~1100
cm™), O-H (~3400 cm™), and C=0 (~1650
cm™) were used as indicators of successful
pigment immobilization within the silica

matrix.

RESULT AND DISCUSSION

1. Extraction of Cochineal Powder
Extracting pigments from

Dactylopius coccus (cochineal insects)

represents a strategic approach for utilizing

biological resources to produce high-value
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natural dyes. This study dissolved 2 g of
cochineal powder in distilled water (solid—
liquid ratio 1:50 w/v), then controlled heating
using a magnetic stirrer. The extraction
protocol consisted of sequential heating at 70
°C for 10 minutes and 80 °C for another 10
minutes. This controlled temperature regime
was intended to maintain carminic acid's
stability—the cochineal's primary pigment—
while maximizing its release into the polar
solvent. Previous studies have confirmed that

the 70-85 °C range is optimal for cochineal

pigment extraction  without inducing
significant thermal degradation [15]-[17].
The resulting filtrate was pinkish-
purple (Figure 1), confirming the successful
dissolution of carminic  acid, an
anthraquinone glycoside. Beyond its role as
a natural pigment, carminic acid also
possesses antioxidant and antimicrobial
properties, further expanding its potential

applications [18], [19]

Figure 1. Filtrate Resulting from the Extraction of Cochineal Insect Powder

The stability and intensity of the
pigment color depend heavily on extraction
parameters, especially pH and temperature.
Proper control of these factors is essential to
ensure consistency and quality of the extract.
Continuous stirring during extraction also
enhanced the homogeneity of the solution
and improved mass transfer, thereby
increasing extraction efficiency.

Although conventional heating is
effective, more advanced methods such as
Ultrasound-Assisted Extraction (UAE) and

Microwave-Assisted Extraction (MAE) have

been reported further to improve both the
yield and stability of natural pigments. UAE
has been shown to increase cochineal
pigment yield by 18-22% compared to
conventional heating, while MAE can achieve
even higher yields of 25—-28% within a shorter
processing time (5-8 minutes). Moreover,
MAE generally produces pigments with better
color intensity and fastness, whereas UAE
better preserves the molecular integrity of
carminic acid by avoiding prolonged

exposure to high temperatures [21]-{25]
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Table 1. Quantitative comparison of several Cochineal pigment extraction methods

Extraction Method Operating

Processing Yield (%)
Temperature Time

Pigment Quality

Conventional  (Gradual 70-80°C 20 min
Heating)

UAE (Ultrasound- 5560 °C

Assisted Extraction)

MAE (Microwave- 60 —70%

Assisted

15-20min  +18 = 22%

5 -8 min

100 (baseline)  Stable, medium intensity
Stable, preserved
molecules

Higher color intensity,
better color fastness

+25 -28%

This comparison demonstrates that method
selection is a crucial factor in determining
pigment yield and quality, which has
implications for potential applications of
cochineal pigment in various industries,

including forensic science

2, Synthesis of Silica from Salak
Fronds
The carbonization of 40 g of salacca
fronds at 650 °C for 4 hours under limited
oxygen produced 16 g of brownish-black ash.
This corresponds to a mass reduction of
about  40.75%,

decomposition of lignocellulosic components

consistent with  the

and the retention of inorganic fractions such
as silica, calcium carbonate (CaCO3), and
magnesium oxide (MgO) [24].

The ash was purified through acid
leaching using 4 M HCI for 30 minutes,
followed by sedimentation for 24 hours.
During this step, metallic impurities such as
Ca** and Mg** were removed via the

following reactions:

CaCOs + 2HCI — CaCl, + H,0 + CO,
MgO + 2HCI — MgCl, + H,0

Silica (SiO,), chemically inert to HCI,
remained in the solid fraction. After filtration
and washing to achieve neutral pH, 11 g of

purified ash was obtained. This aligns with

previous reports that strong acid leaching
improves silica purity by selectively removing
unwanted mineral impurities [26]-[28].

The purified ash was then treated with 1 M
NaOH solution to convert silica into soluble

sodium silicate according to the reaction:

SiO; + 2NaOH — Na,SiO; + H,0

The solution gradually thickened and
darkened, indicating silica dissolution and
decomposition of residual carbon. The crude
sodium silicate obtained was dissolved in
distilled water, soaked for 24 hours, and
filtered to remove insoluble residues, yielding
a clear  sodium silicate solution.
Neutralization with 3 M HCI was performed to

regenerate silica in gel form:

Na,SiO; + 2HCI — SiO,'nH,0 (gel) + 2NaCl

The resulting white silica gel was
aged 24 hours to strengthen its structural
framework and porosity. This is consistent
with previous findings showing that aging
improves silica’s morphology and adsorption
properties [29]. The gel was washed to
neutral pH, dried at 120 °C for 2 hours, and
ground into fine powder, yielding 6.53 g of
silica with an efficiency of 88% (relative error
11%).

The final product was a white, brittle,

fine-textured silica solid, confirming that
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salacca fronds can serve as a viable raw

material for sustainable silica production.

3. Immobilization of SiO—Cochineal
Nanoparticles
Carminic acid (C;,H,0013), a

purplish-red pigment extracted from the

insect Dactylopius coccus (cochineal), is a

bioactive compound with broad potential

applications

across biotechnology,

biosensing, and functional materials.
However, its thermal stability and leaching
resistance limitations make immobilization
approaches crucial to enhance its practical
performance [30], [31]. This study
investigates the immobilization of carminic
acid within a silica matrix derived from
salacca frond waste, employing a stepwise
thermal synthesis method designed to
establish permanent chemical binding.

A total of 4 grams of activated silica

obtained from agro-industrial waste was

mixed with 85 mL of cochineal extract
solution. The mixing process was conducted
at room temperature for one hour using a
magnetic stirrer to ensure homogeneous
pigment distribution and enhance carminic
acid molecules' diffusion into the silica pores
[32]. The utilization of silica derived from
Salacca zalacca fronds has previously been
focused mainly on applications such as
heavy metal adsorption and catalysis,
whereas its use as a matrix for the
immobilization of organic pigments has not
yet been reported.

Cochineal is recognized for its high
color stability but is prone to degradation
under light exposure and pH fluctuations.
Therefore, the development of silica matrix—
based immobilization methods not only has
the potential to improve pigment stability but
also to extend its applications in forensic
science, particularly in the visualization of

latent fingerprints on different surfaces

Figure 2. Homogenization process of silica and cochineal solution using a magnetic stirrer.

Silica was selected as the
immobilization matrix due to its favorable
characteristics, including high
biocompatibility, large specific surface area,
and surface silanol groups (-Si—OH). These
functional groups enable initial interactions
through hydrogen bonding, van der Waals

forces, and electrostatic attraction with the

hydroxyl groups of carminic acid. However,
such non-covalent interactions alone are
insufficient to ensure long-term stability.
Therefore, the formation of covalent bonds
between the pigment and silica is necessary
to enhance resistance to leaching and

chemical degradation [33].
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The synthesis was carried out through
a stepwise thermal treatment. The first stage
involved heating at 60 °C for one hour to
promote pigment adsorption onto the silica
surface and partially evaporate the solvent.
This process reduces solvent competition for
reactive sites and creates optimal conditions
for direct interaction between the hydroxyl
groups of the pigment and the silanol groups
on the silica surface [34].

The second stage involved heating at
150 °C for one hour to initiate a condensation
reaction that resulted in covalent Si-O-C
bonds forming. The primary reaction can be

described as follows:

Si—OH(s) + HO-R(aqg) — Si—~O-R(s) + H,0

Where R represents the aromatic
structure of carminic acid, this reaction
releases water as a by-product and
establishes an irreversible covalent bond
(Zhao et al, 2024). This mechanism is
consistent with covalent bonding behavior
reported in other metal oxide systems, such
as Ti-O-Si and AI-O-C, which have been
shown to improve the structural stability of
hybrid materials [35], [36].

The transformation resulting from this
thermal treatment produced a purplish-red
powder with high visual and functional
stability. Water leaching tests confirmed that
the pigment remained strongly bound to the
silica matrix, thereby verifying the successful

formation of covalent bonds (Figure 3)

Figure 3. Pigment powder resulting from the immobilization process.

Using agro-industrial waste as a
silica source provides added value from both
sustainability = and  circular  economy
perspectives. Beyond improving process
efficiency, this approach reinforces the
study's relevance within the green chemistry
framework. Furthermore, the resulting silica
can be engineered through pore-size

modification, surface functionalization, or

metal ion incorporation to develop more
selective and multifunctional dye systems.
Potential applications extend beyond water-
based textiles, including color-change-based
optical sensors and pH indicators [37], [38].
Overall, the findings of this study
demonstrate that immobilizing carminic acid
onto silica surfaces via thermal synthesis is

an effective strategy to produce natural-
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based solid dyes with enhanced durability.
Temperature and time control during thermal
treatment were critical parameters for
optimizing covalent bond formation and
material stability. These results pave the way
for developing adaptive and sustainable
functional materials based on natural
pigments, aligned with future technological
demands [39], [40].

4. Visualization of Fingerprint

Powder

Latent fingerprint visualization is a
critical technique in forensic identification, as
it allows investigators to reveal trace
evidence that is typically invisible to the
naked eye. In this study, the powder dusting
method was employed to detect Ilatent

fingerprints across different types of surfaces.

The participants were randomly selected
undergraduate students from Universitas
Negeri Medan, class of 2021-2024. Before
fingerprint collection, participants were
instructed to wash their hands thoroughly to
eliminate contaminants that could interfere
with visualization quality [41]-[43].
Handwashing with soap followed by
natural air drying was intended to remove
external residues while allowing natural
sebum secretion. Sebum plays a vital role in
fingerprint deposition because it acts as an
adhesive medium that enhances the clarity of
ridge patterns when transferred onto a
substrate. Previous studies have
emphasized that sebum increases the
density and adhesion of fingerprint residues,
thereby improving the likelihood of successful

development of latent patterns [44].

e.

Figure 4. Visualization of Latent Fingerprints Using SiO—Cochineal Nanoparticle Powder:
(a) Aluminum Foil; (b) Microscope Slide; (c) CD; (d) Wax Paper; (e) Cardboard

Fingerprints were deposited onto

both non-porous and porous surfaces. The

non-porous substrates included microscope

slides, compact discs (CDs), and aluminum
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foil, while the porous substrates comprised
wax paper and cardboard. The choice of
these materials was essential for evaluating
the dusting method's performance, since
each substrate's physical properties strongly
influence visualization quality. Prior research
has consistently demonstrated that non-
porous surfaces retain powder particles more
effectively, producing sharper and more well-
defined ridge details [45], [46].

After applying the

powder, ridge patterns became distinctly

synthesized

visible. The method proved especially

effective on substrates where strong

interactions occurred between the fingerprint
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oils and the powder particles [47], as
illustrated in Figure 4.

The results showed significant
variation in clarity and sharpness of

fingerprint patterns depending on the powder
type and surface characteristics. Figure 5
presents a comparative chart of the clarity
and sharpness scores of fingerprint patterns
across different surfaces to strengthen these
findings. Non-porous substrates such as
microscope slides and CDs achieved the
their

effectiveness in preserving papillary ridge

highest  scores, demonstrating

details.
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Figure 5. Comparative Clarity and Sharpness Scores of Fingerprints on Various Surface

Types.

Previous research has noted that
nanosized powders, such as fluorescent
nanoparticles, provide higher contrast and
more precise ridge detail on porous and non-
porous surfaces [6]. For instance, chemically
modified carbon or zinc oxide nanoparticles
have been shown to enhance visualization

results compared to conventional powders.

Moreover, this study supports the
development of alternative natural-based
materials as fingerprint-revealing agents that
are more environmentally friendly. Using
organic materials, such as dried flower
powder or natural extracts, is considered a
safer and effective approach to improving
[48]. These

visualization  performance
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findings align with the growing movement in
green  forensics, which  emphasizes
sustainability in forensic laboratory practices.
Several factors influence the interaction
dynamics between powders and fingerprint
residues, including particle size, material
polarity, and surface roughness. Recent
studies have shown that smaller particle
sizes result in better development due to
increased surface contact area and improved
adhesion [49].

Regarding visualization technology,
advances in fluorescence techniques and
digital image processing have expanded the
capabilities for detecting latent fingerprints.
These innovations have improved accuracy
and revealed microscopic details of ridge
patterns, even in prints exposed to
environmental degradation or contamination.
Such methods demonstrate significant
potential for application in modern forensic
practice [50].

This study reinforces that powder
dusting remains a relevant and effective
technique, particularly when combined with
modern materials and  visualization
approaches. It offers a simple yet reliable
method for revealing latent fingerprint
patterns. Considering innovations in material
selection and visualization technology, this
technique has the potential to serve as a key
tool in current and future forensic
investigation and law enforcement systems

[47].

5. Characterization of Powder Using
FTIR
Functional group characterization of

the SiO-Cochineal sample was performed

using Fourier Transform Infrared (FTIR)
spectroscopy to identify the functional groups
involved in the biosynthesis process and to
analyze the interactions between silica (SiO,)
and the active compounds present in the
cochineal extract. The FTIR spectrum,
recorded in the range of 4000—400 cm™,
revealed several absorption peaks of
significant  importance  regarding the
composition and molecular interactions
within the system. This spectral analysis
confirmed silica as the major component of
the sample while also providing evidence for
the presence of carmine, the primary pigment
derived from Dactylopius coccus [51].

The most prominent absorption
peaks were observed at 1062.541 cm™,
795.608 cm™, and 445782 cm™,
corresponding to asymmetric stretching
vibrations of Si—-O-Si, symmetric stretching of
Si—O-Si, and bending vibrations of O-Si-O,
respectively. These bands confirm the
dominance of silica in the nanoparticle
structure, which is consistent with previous
studies  highlighting the characteristic
absorption behavior of silica-based materials
[52]. The green biosynthesis approach
applied in this study is also suggested to
contribute to the unique functional
characteristics of the synthesized material.

Two broad absorption peaks
indicated the presence of carmine within the
system (Figure 6). The first, at 1629.396
cm™, is primarily associated with O-H
bending vibrations, which may be attributed
to adsorbed water. However, this band may
also include contributions from carbonyl
(C=0) and/or double bond (C=C) stretching

within the anthraquinone backbone of
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carminic acid (Mahardika et al., 2021). The

second broad absorption peak, observed at

3366.840 cm™, corresponds to

stretching vibrations,

O-H
arising from both
adsorbed water and phenolic hydroxyl groups
present in acid—the active
component of carmine. Previous studies

have reported that O—H stretching in silica-

carminic

presence of other adsorbed species, which
supports the

observed in this material [53].

multifunctional interaction

To complement the spectral data,

Table 2 summarizes the major FTIR

identified in the SiO-

Cochineal fingerprint powder sample and
their

absorption peaks

corresponding wavenumbers and

based systems may also indicate the functional group assignments.
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Figure 6. FTIR Spectrum of Cochineal-Silica Fingerprint Powder

Table 2. FTIR Absorption Peaks of the Fingerprint Powder Sample

Wavenumber Abs. Intensity  Rel. Intensity Width Threshold Shoulder
(cm™)

3366.84 0.983 0.015 1071.71 1.65 0

2348.614 0.993 0.01 65.204 1.37 0

1629.396 0.985 0.013 89.156 1.37 0

1062.541 0.465 0.48 129.09 68.99 0

795.608 0.817 0.104 52.217 13.11 0

445.782 0.334 0.143 53.48 191 0

The infrared spectrum revealed surface or hydroxyl groups inherently present
several significant peaks,

reflecting the
presence of principal functional groups and
chemical interactions within the silica-based
material system. The absorption band at
3366.840 cm™ (absolute intensity: 0.983;
relative intensity: 0.015) corresponds to O-H
stretching vibrations. This band is strongly

associated with adsorbed water on the silica

in the silica structure. These findings are
consistent with previous reports identifying
this spectral region as a typical marker of O—

H vibrations in silica-based materials [54],

[55]. Moreover, the

interaction between
adsorbed water and silica surfaces has
significantly

influenced O-H vibrational
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dynamics, thereby modifying spectral
characteristics [56].

The absorption peak at 2348.614
cm™ (absolute intensity: 0.993; relative
intensity: 0.010) is attributed to the stretching
vibrations of C=O or C=N groups, commonly
associated with atmospheric carbon dioxide
(CO,) adsorbed onto the sample. Although
this peak may represent a measurement
artifact, its presence is still relevant as it
indicates potential CO, interactions with the
porous silica matrix. Previous studies have
reported that CO, molecules can become
physically adsorbed or trapped in porous
systems, thereby contributing to spectral
features in this region [57].

Another distinct absorption band was
observed at 1629.396 cm™ (absolute
intensity: 0.985; relative intensity: 0.013),
corresponding to O—H bending vibrations,
further confirming the presence of adsorbed
water. In the case of cochineal-containing
systems, such as the SiO—Cochineal
composite analyzed in this study, this band
may also be associated with C=0 stretching
in carbonyl groups or C=C stretching
vibrations within the anthraquinone backbone
of carminic acid. Absorption peaks in this
region often indicate water adsorption
capacity and the structural integrity of silica-
based composites [58], [59].

The dominant absorption peak at
1062.541 cm™ (absolute intensity: 0.465;
relative intensity: 0.480) is characteristic of
asymmetric Si—-O-Si stretching vibrations,
confirming silica (SiO,) as the primary
component of the material. This assignment
is consistent with earlier studies, which

identified this band as a reliable marker for

both amorphous and crystalline silica
frameworks [60], [61].

Additionally, the bands at 795.608
cm™ and 445.782 cm™ correspond to
symmetric stretching of Si—-O-Si and bending
vibrations of O-Si—O, respectively. These
peaks reinforce the conclusion that silica is
the dominant constituent of the synthesized
material. Similar findings have been reported
in silica characterization studies, which
emphasized the importance of these features
in assessing the homogeneity and structural
stability of silica-based systems [62], [63].

To provide further clarity regarding
these interactions, Table 3 compares the
FTIR peaks of pure silica, pure cochineal
extract, and the synthesized SiO—Cochineal
composite. The observed shifts, particularly
in the O-H, C=0, and Si—O-Si regions,
suggest strong chemical interactions and
possible covalent bond formation between
silica and the active compounds of cochineal.

The FTIR data comparison in Table
2 shows that the SiO—Cochineal composite
undergoes noticeable absorption peak shifts
compared to pure silica and pure cochineal.
The most pronounced shifts are observed in
the asymmetric Si—O-Si stretching region,
shifting from 1080-1090 cm™ to 1062.54
cm™, and in the O-H stretching region,
shifting from approximately 3450 cm™ to
3366.84 cm™. These shifts indicate strong
interactions—through both hydrogen bonding
and possible partial covalent bonding—
between the hydroxyl groups of silica and the
phenolic/carbonyl groups of carminic acid in

cochineal.
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In addition, small shifts in the symmetric Si—
O-Si stretching and O-Si—O bending peaks
suggest structural modifications within the
silica framework due to the incorporation of
organic molecules. This spectral evidence
supports the conclusion that the green
biosynthesis process results in the physical

attachment of carmine pigment to the silica

surface and in the formation of stable
chemical interactions. Such integration of
organic—inorganic compounds is expected to
enhance the material's functional properties,
including stability and effectiveness in
latent

forensic applications such as

fingerprint visualization.

Table 3. Comparison of FTIR peaks of pure silica, pure cochineal, and SiO—Cochineal composite.

Functional Pure Silica Pure SiO- Shift & Interpretation

Group / Vibration (cm™)[Ref] Cochineal Cochineal

Mode (cm™) [Ref] Composite

(cm™)
O-H stretching ~3450 [54] 3370-3400 3366.84 Slight shift; indicates possible
[53] hydrogen bonding between silica

hydroxyl groups and carminic acid
phenolic hydroxyl groups.

C=0/C=C - 1630 -1650 1629.40 Minimal shift; suggests interaction

stretching [60] between carbonyl/aromatic groups
and the silica surface

Asymmetric Si— 1080-1090 - 1062.54 Shift to lower wavenumber;

O-Si stretching [60] indicates interaction or partial
covalent bond formation with
cochineal organic molecules.

Symmetric Si-O—-  ~800 [62] - 795.61 Slight  shift; indicates silica

Si stretching framework modification by organic
molecules.

0-Si-0 ~460 [63] - 445.78 Slight shift; possible bond angle

bending changes due to organic compound
integration into the silica structure

The infrared spectral analysis This study successfully developed a

confirms that FTIR spectroscopy is a reliable
technique for identifying major functional
groups and molecular interactions in silica—
organic systems, including contributions from
adsorbed water and atmospheric gases. The
observed peak shifts further demonstrate that
infrared spectroscopy provides valuable
structural insights while also enabling
evaluation of the potential applications of
such composite materials in engineering and

forensic domains [64], [65].

CONCLUSION

dyeing agent based on a combination of
cochineal insect extract and silica derived
from salak peel waste, which proved effective
for visualizing latent fingerprints. The
biosynthesis process yielded stable and
homogeneous SiO—Cochineal nanoparticles,
with functional structures confirmed through
FTIR spectroscopy. The main absorption
peaks indicated the presence of silica and
carmine  pigment  functional  groups,
chemically interacting and reinforcing the
bonding between inorganic and organic
components. Visualization tests

demonstrated that the powder performed
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best on non-porous surfaces while
maintaining satisfactory results on porous
These findings highlight the

significant potential of biomass waste—based

substrates.

materials and natural dyes for applications in
sustainable forensics. Moving forward, this
approach can be further enhanced by
exploring other local biomaterials, surface

functionalization, and integrating digital

visualization  technologies to improve
sensitivity and accuracy in identification
applications.
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