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Abstract This study investigates the isolation, activation, and physicochemical characterization of
natural biopolymers derived from Trigona honeycomb waste, an underutilized biomass resource with
potential value-added applications. The biopolymer was extracted through sequential processes
including acid hydrolysis, chlorination, alkaline treatment, and bleaching, followed by chemical activation
using a mixed solution of sulfuric acid (H,SO,) and acetic acid (CH;COOH). Structural and compositional
analyses were conducted using XRF, XRD, FTIR, and SEM.

XRF results revealed that calcium (Ca) is the dominant component, increasing from 46.6% before
activation to 54.8% after activation, indicating enhanced mineral exposure due to structural modification.
XRD patterns showed characteristic diffraction peaks at 26 = 11.65°, 14.81°, 15.99°, 20.81°, and 23.23°,
confirming a semi-crystalline Type | biopolymer structure. FTIR spectra identified functional groups
typical of natural biopolymers, including hydroxyl (-OH), aliphatic C—H, and C—O-C bonds, suggesting
the presence of polysaccharide-based structures. SEM images demonstrated significant morphological
changes after activation, with increased surface roughness and the formation of microcavities, which are
associated with higher surface area.

These findings indicate that chemical activation significantly alters both the structural and surface
properties of the biopolymer, enhancing its potential as a functional biomass precursor. The improved
physicochemical characteristics suggest its prospective application in controlled nutrient delivery
systems, particularly for sustainable agricultural materials.

Keywords: Trigona honeycomb waste, Natural biopolymer, Chemical activation, Physicochemical
characterization, Biomass valorization.

Introduction

Natural biopolymers have attracted considerable attention due to their biodegradability, low toxicity,
and renewability. Natural biopolymers have attracted considerable attention owing to their
biodegradability, low toxicity, and renewability, making them promising materials for a wide range of
sustainable applications. [1,2]. In recent years, the shift toward biomass valorization has encouraged
the exploration of unconventional and underutilized resources as alternative raw materials [3,4]. One
such resource is waste derived from Trigona honeycombs, which remains largely overlooked despite
its complex biochemical composition [5,6].

Trigona bees, commonly known as stingless bees, are widely distributed across tropical regions and
play a crucial ecological role as pollinators [7]. In addition to producing honey, pollen, and propolis,
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these bees construct honeycombs composed of a heterogeneous matrix of plant resins, waxes, and
enzymatically modified organic substances. This unique structural composition suggests that Trigona
honeycomb waste may serve as a promising precursor for natural biopolymer extraction. However,
compared to other biomass sources, its potential has not been systematically investigated, particularly
in the context of material development [8,9].

The growing demand for environmentally benign materials in agriculture has further highlighted the
importance of utilizing biomass-derived polymers. In this context, agricultural and bio-based wastes
are increasingly being reconsidered not merely as residues, but as valuable feedstocks for functional
materials [3]. Notably, honeycomb waste contains various bioactive compounds such as flavonoids,
tannins, and alkaloids, which are associated with antimicrobial and chemical stability properties. These
characteristics indicate that the material may exhibit advantageous physicochemical behavior when
processed into biopolymeric structures [4], [8].

Despite this potential, current Trigona beekeeping practices are primarily oriented toward harvesting
high-value products, while the residual honeycomb material is often discarded or underutilized. This
represents a missed opportunity for value addition, particularly in regions with active stingless bee
cultivation [9], [10]. Converting such waste into functional biopolymers could contribute not only to
waste minimization but also to the development of sustainable materials for agricultural applications.
In particular, biopolymers with tailored structural and surface properties have attracted interest for
various environmental, agricultural, and biomaterial applications[10,11].

Previous studies on biomass-derived polymers have largely focused on lignocellulosic sources such
as agricultural residues, where cellulose extraction typically involves delignification processes through
alkaline, enzymatic, or physicochemical treatments [12,13]. For instance, banana stem waste has been
reported to yield cellulose with relatively high purity, although residual lignin and hemicellulose often
remain, affecting material performance [14]. These findings underscore the importance of
comprehensive physicochemical characterization in assessing the quality and applicability of
biopolymers derived from alternative biomass sources [13-15].

Although various lignocellulosic wastes have been investigated as sources of cellulose-based
biopolymers, the utilization of Trigona honeycomb waste remains largely unexplored. Most previous
studies have focused on agricultural residues, wood-derived biomass, and plant fibers, whereas
honeycomb waste generated from stingless bee cultivation has received limited scientific attention
despite its abundance and renewable nature. Therefore, the present study introduces Trigona
honeycomb waste as an alternative biomass resource for the production of cellulose-rich biopolymers
and provides a comprehensive physicochemical characterization of the resulting material.

In this regard, the transformation of Trigona honeycomb waste into biopolymeric material requires
systematic investigation, particularly in terms of structural modification and surface characteristics.
Chemical activation processes are known to alter the morphology and functional groups of biomass-
derived materials, potentially enhancing their performance in specific applications. However, such
modifications have not been extensively studied for Trigona-based materials [8-10].

Therefore, this study aims to isolate cellulose-rich biopolymers from Trigona honeycomb waste and
evaluate the influence of chemical activation on their physicochemical properties. Comprehensive
characterization was conducted using XRF, XRD, FTIR, and SEM analyses to investigate changes in
elemental composition, crystallinity, functional groups, and surface morphology. The resulting data are
intended to establish a fundamental understanding of the material characteristics and provide a basis
for future studies exploring specific functional applications of Trigona-derived biopolymers.

Materials and Methods

Materials and Chemicals

Trigona honeycomb waste was collected from local stingless bee (Trigona sp.) cultivation facilities in
South Sulawesi, Indonesia. Distilled water was used throughout all experimental procedures. Sulfuric
acid (H.SO,, 98%, analytical grade), sodium hydroxide (NaOH, 298%, analytical grade), sodium
hypochlorite (NaClO, laboratory grade, 10-12% available chlorine), glacial acetic acid (CH;COOH,
299.7%, analytical grade), and ethanol (96% (v/v), analytical grade) were purchased from Merck
(Darmstadt, Germany). All chemicals were used as received without further purification.

Raw Materials Preparation

Trigona honeycomb waste was collected from stingless bee cultivation facilities and manually cleaned
to remove visible impurities. Approximately 50 g of honeycomb waste was collected from the
honeycomb wall region, which is rich in lignocellulosic material. The raw material was initially washed
with distilled water and cut into small pieces of approximately 1 cm. To remove residual waxes, honey
residues, and other soluble organic compounds, the material was washed three times using 96% (v/v)
ethanol under continuous stirring on a hot-plate stirrer for 1 h during each washing cycle [16]. The
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cleaned material was subsequently air-dried for 3 h and then kept at room temperature for 24 h to
ensure complete evaporation of residual ethanol [15]. The overall preparation procedure of Trigona
honeycomb waste is illustrated in Figure 1.

_> _>

Trigona Bee Cut into small pieces Add: 400 mL
Nest Waste (approximately 1 cm) 96% ethanol

Homogenize Dry: Air-dry for 3 hours.
sample Store: At room temperature
for 24 hours.

Figure 1. Preparation Stage of Trigona Honeycomb Waste

Isolation of Natural Biopolymers

Natural biopolymers were isolated from the prepared raw material through a sequential pulping process
involving several chemical treatments. Initially, acid hydrolysis was carried out using 400 mL of 0.4%
sulfuric acid (H,SO,) at 40°C for 1 h under constant stirring. This step was followed by a chlorination
process using 400 mL of 3.5% sodium hypochlorite (NaClO) solution at the same temperature and
duration. The treated sample was then washed repeatedly with distilled water until neutral pH was
achieved. Subsequently, alkaline extraction was performed using 400 mL of 20% sodium hydroxide
(NaOH) solution under continuous stirring for 1 h to remove non-cellulosic components. The sample was
again washed to neutral pH and subjected to a bleaching step using 400 mL of 0.5% NaClO solution for
1 h. After completion of the chemical treatments, the sample was thoroughly washed until neutral,
mechanically ground to obtain a more homogeneous structure, and then left at room temperature for 24
h. The material was further dried at 60°C and stored for an additional 24 h prior to activation [16]. The
sequence of the isolation process is presented in Figure 2.

Chlorination

® Heat: 1 hr @ 40°C in 0.4% H,SO,. e Add: 400 mL 3.5% NaClO.
e Wash: To neutral pH.  Stir: Thoroughly.
* Wash: To neutral pH.

Neutralization & Crushing Extraction & Bleaching

=g

<€
* Grind: Sample in mortar.
= Sure: 20 SO0C V « Bleach 1: 20% NaOH, 1 hr @ 60°C.

o RE 24 s, « Bleach 2: 0.5% NaCIO, 1 hr.
e Wash: To neutral pH.

Dry: Until completely dry.
Figure 2. Isolation of Natural Biopolymers

Activation Process of Natural Biopolymers

To investigate the effect of chemical activation, two types of samples were prepared, namely non-
activated biopolymers and chemically activated biopolymers. For the activation process, 4 g of isolated
biopolymer was immersed in a mixture consisting of 100 mL of glacial acetic acid (CH;COOH) and 5 mL
of sulfuric acid (H,SO,), corresponding to a solid-to-liquid ratio of approximately 1:26 (w/v) [15], [16]. The
suspension was continuously stirred and heated at 40°C for 3 h.

The activation conditions were selected based on previously reported procedures for cellulose-rich
biomass modification [15], [16]. Acetic acid serves as a mild organic acid capable of facilitating surface
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modification and removing residual impurities, whereas sulfuric acid functions as a stronger acidic
catalyst that promotes partial hydrolysis and structural rearrangement within the biopolymer matrix. The
relatively low activation temperature (40°C) and moderate treatment duration (3 h) were employed to
allow sufficient interaction between the activating agents and the cellulose-rich structure while minimizing
excessive degradation of the polymer backbone.

After activation, the mixture was filtered to separate the solid fraction from the liquid phase. The
recovered material was then dried in an oven at 60°C until constant weight was achieved and
subsequently stored in sealed containers prior to characterization. The activation procedure is depicted

= o)

\

7

="
N
Weigh 4 g of Add 100 mL + 5 mL of Stir: 3 hrs
cellulose. acetic acid. sulfuric acid. @ 40°C.
Riad
b 4
— €— — I
Grind to fine Oven-dry until Transfer to Filter.
powder. completely dry container.

Figure 3. Activation process of natural biopolymers derived from Trigona honeycomb waste.

Characterization Techniques

The physicochemical characterization of the prepared biopolymers was conducted at the Integrated
Central Laboratory (Sentral Laboratory), Universitas Negeri Malang, Indonesia.

Elemental composition was analyzed using an X-ray fluorescence spectrometer (PANalytical Minipal 4)
operated at 30 kV. The elemental concentrations were determined and reported as relative weight
percentages.

Crystalline structure analysis was performed using an X-ray diffractometer (PANalytical X'Pert PRO)
employing Cu-Ka radiation (A = 1.5406 A), operated at 40 kV and 30 mA. Diffraction data were collected
over a 26 range of 5-80° with a scanning rate of 2° min™. Phase identification was carried out by
comparing the diffraction peaks with reference patterns reported in the literature.

Functional groups were identified using a Fourier transform infrared spectrometer (Shimadzu IRPrestige-
21, Shimadzu Corporation, Japan). Spectra were recorded in the wavenumber range of 4000—-400 cm™
with a spectral resolution of 4 cm™ and 32 accumulated scans for each measurement.

Surface morphology was examined using a scanning electron microscope (FEI Inspect-S50, FEI
Company, USA) operated at an accelerating voltage of 15 kV. Micrographs were obtained at
maghnifications of 250x, 1000x, and 2000x. Prior to SEM observation, the samples were sputter-coated
with a thin layer of gold to improve conductivity and minimize charging effects during imaging.

Results and Discussion

Elemental Composition Analysis

The elemental composition of the biopolymer derived from Trigona honeycomb waste was evaluated
using X-ray fluorescence (XRF) [17] before and after chemical activation. As summarized in Table 1,
calcium (Ca) was identified as the predominant element in both samples, with its relative content
increasing from 46.6% to 54.8% after activation. A similar increasing trend was observed for other
elements, including potassium (K), iron (Fe), manganese (Mn), nickel (Ni), and copper (Cu).

This compositional shift can be associated with the progressive removal of organic constituents during
the pulping and activation stages [18]. Treatments involving acid hydrolysis, alkaline extraction, and
bleaching are known to reduce lignin, hemicellulose, and other amorphous organic fractions, thereby
enriching the relative proportion of inorganic mineral components [19,20]. As a result, elements initially
embedded within the organic matrix become more exposed or concentrated in the residual structure.
Notably, the increase in potassium content from 12.0% to 15.6% suggests enhanced availability of alkali
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metals after activation, which may influence the material’s surface reactivity and ionic interaction capacity
[21,22]. Likewise, the enrichment of calcium indicates that mineral phases associated with the
honeycomb matrix remain stable under the applied treatment conditions [23,24]. This behavior implies
that the activation process primarily alters the organic framework while preserving or concentrating
mineral constituents.

Table 1. Elemental composition of natural biopolymers before and after activation

42 Before Activation (%) After Activation (%)
P 4,6 4,7
S 9,3 9,3
K 12 15,6
Ca 46,6 54,8
Mn 2,3 3,0
Fe 4,9 6,6
Ni 15 2,1
Cu 2,4 3,9

The oxide composition further supports these observations, as presented in Table 2. Calcium oxide
(Ca0) remained the dominant phase, increasing from 44.1% to 49.2% after activation. Potassium oxide
(K;0) also exhibited a noticeable rise, from 9.6% to 12.9%, whereas phosphorus oxide (P,0s) showed
only a marginal increase. In contrast, sulfur oxide (SO3) remained relatively constant at approximately
17%, indicating that sulfur-containing compounds are less affected by the activation conditions. Because
XRF provides elemental composition in relative percentage terms, the observed increase in calcium
concentration should be interpreted cautiously. The activation process may preferentially remove organic
fractions such as residual lignocellulosic components, thereby increasing the proportional contribution of
mineral species within the analyzed sample. Consequently, the results indicate relative calcium
enrichment rather than direct calcium accumulation [23], [26].

The enrichment of oxide species can be interpreted as a concentration effect resulting from the removal
of volatile and degradable organic fractions [25]. In addition, the persistence of CaO and K,O suggests
that these mineral phases are structurally stable and may contribute to the overall rigidity and chemical
functionality of the material [26]. Minor increases in transition metal oxides such as Fe,03;, MnO, NiO,
and CuO further indicate that trace elements are retained within the matrix, potentially influencing surface
properties and interaction behavior [23], [26].

Table 2. Oxide composition of natural biopolymers before and after activation.

Oxide Before Activation (%) After Activation (%)
P,Os 8.1 8.3

SO; 17.0 17.0

K,O 9.6 12.9

CaO 44.1 49.2

MnO 1.9 2.3
Fe,03 4.6 5.6

NiO 1.2 1.5

CuO 1.9 2.9

Overall, the XRF results indicate that chemical activation does not introduce new elemental species but
rather modifies the relative composition by reducing organic matter and concentrating mineral
components [27,28]. This compositional evolution is particularly relevant in the context of biomass-
derived materials, where mineral-rich structures may influence physicochemical behavior such as
surface charge, ion exchange capacity, and interaction with surrounding media. Consequently, the
observed enrichment of Ca- and K-based compounds suggests that the activated biopolymer may serve
as a mineral-containing matrix with potential functional applications, although further performance
evaluation is required to substantiate this role [27,28].

Crystallinity Analysis

The crystalline structure of the cellulose-rich biopolymer derived from Trigona honeycomb waste was
investigated using X-ray diffraction (XRD), and the resulting diffractogram is presented in Figure 4. The
diffraction pattern exhibits characteristic reflections at 26 values of approximately 11.65°, 14.81°, 15.99°,
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20.81°, and 23.23°, which are commonly associated with cellulose type | [29,30]. These diffraction peaks
correspond to the crystallographic planes (110), (101), (110), and (200), indicating that the fundamental
cellulose crystalline framework was preserved throughout the isolation and activation processes [31,32].

20,81

1699
F—18,19
£o3xm
263

Intensity (a.u)
1185
14,81
2017

= 3100
=330
F-34
#3608
]

= 43,53

20 40
Diffraction Angle 26 (deg)

Figure 4. XRD pattern of activated natural biopolymers derived from Trigona honeycomb waste.

Among the observed reflections, the diffraction peak located within the range of 20.81°-23.23° is
attributed to the (200) plane, which represents the principal crystalline region of cellulose. The presence
of this peak confirms the retention of ordered cellulose domains following chemical treatment. In addition,
a broad diffraction feature observed around 18° indicates the presence of amorphous regions within the
material. The coexistence of crystalline and amorphous domains suggests that the isolated material
exhibits a semi-crystalline structure, which is characteristic of many cellulose-based materials derived
from lignocellulosic biomass [30,31].

Besides the cellulose-related reflections, several minor diffraction peaks were detected at higher
diffraction angles. Peaks located at approximately 26.63° and 29.17° may be attributed to quartz (SiO»)
and calcite (CaCO;), respectively, while additional low-intensity reflections above 30° are likely
associated with calcium-containing mineral phases and silicate-related compounds [33,34]. The
presence of these inorganic phases is consistent with the XRF results, which revealed the occurrence of
mineral constituents originating from the original honeycomb matrix.

Slight peak broadening was observed in several diffraction regions, suggesting that chemical activation
may have induced structural rearrangements within the cellulose-rich matrix. Acidic and alkaline
treatments are known to modify intermolecular hydrogen-bonding networks and partially remove
amorphous constituents, which can influence the structural organization of cellulose-based materials
[35], [36]. However, because crystallinity index calculations and crystallite size analyses were not
performed in the present study, the extent of these structural modifications cannot be quantitatively
determined from the available diffraction data.

Overall, the XRD analysis demonstrates that the isolated material retains the characteristic diffraction
features of cellulose type | while exhibiting a semi-crystalline structure containing both ordered and
amorphous domains (Table 3). The detection of minor mineral-associated reflections further indicates
that a fraction of the inorganic constituents originating from the honeycomb biomass remained after
chemical processing. Although the diffraction patterns provide evidence of structural preservation
following activation, quantitative analyses such as crystallinity index determination would be required to
establish a more detailed relationship between structural organization and material performance.

Table 3. XRD analysis results of activated natural biopolymers [37,38]

20(°) Identified Phase Field (hkl) Information
11,65 Cellulose type | (170) Weak crystalline reflection
14,81 Cellulose type | (101) Characteristics of crystalline cellulose
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15,99 Cellulose type | (110) Semi-crystalline structure
18,19 Cellulose (amorf) - Amorphous region
20,81 Cellulose type | (200) Main crystalline peak
23,23 Cellulose type | (200) Dominant crystalline reflection
26,63 SiO; (quartz) (101) Mineral minor
29,17 CaCOs3 (calcite) (104) Carbonate residue
31,09 CaO/ minor silicates (111) Minor inorganic phase
33,39 CaO/mineral minor - Low intensity
34,39 Inorganic minerals - Impurity

36,03 CaO (200) Minor phase

40,59 Caolsilicates - Minor

43,53 CaO (220) Minor

Functional Group Analysis

Fourier transform infrared (FTIR) spectroscopy was employed to identify the functional groups present
in the biopolymer derived from Trigona honeycomb waste [39]. The spectrum, shown in Figure 5,
exhibits several characteristic absorption bands associated with cellulose-based materials.

A broad absorption band centered around 3420 cm™ is attributed to O—H stretching vibrations, indicating
the presence of extensive hydrogen bonding within the polymeric network [40,41]. This feature is typical
for polysaccharide structures and reflects intermolecular and intramolecular interactions between
hydroxyl groups. The absorption band observed at approximately 2930 cm™ corresponds to aliphatic C—
H stretching vibrations, which are commonly associated with the cellulose backbone [42,43].

Isolated Cellulose Non Activated

[—— Cellulose (Irwan.2024)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm'1)
Figure 5. FTIR spectrum of natural biopolymers derived from Trigona honeycomb waste.

The absorption band observed at approximately 1643 cm™ is commonly associated with the bending
vibration of absorbed water molecules (H-O—H) retained within the cellulose structure through hydrogen-
bonding interactions [41], [42]. This band is frequently reported in cellulose-based materials due to their
hydrophilic nature and ability to retain moisture within amorphous and accessible regions of the polymer
network. In addition, a minor contribution from carbonyl-containing groups generated during chemical
treatment cannot be completely excluded. Therefore, the band at 1643 cm™ is more appropriately
interpreted as arising predominantly from absorbed water, with possible overlap from limited oxidative
functionalities[41], [43]. The moderate intensity of this absorption suggests that the chemical treatment
did not induce extensive oxidation of the cellulose-rich matrix. In addition, the presence of a peak around
1462 cm™ is attributed to CH, bending vibrations, further supporting the structural integrity of the
cellulose chains.

A prominent absorption band at approximately 1043 cm™ corresponds to C—O-C stretching vibrations,
which are characteristic of p-1,4-glycosidic linkages in cellulose. This peak serves as a key indicator of
the polysaccharide framework and confirms that the fundamental backbone structure remains intact after
the isolation and activation processes [41], [44].

Importantly, the absence or significant reduction of absorption bands in the region of 1500-1700 cm™,
typically associated with lignin aromatic structures, indicates that non-cellulosic components have been
effectively removed during the pulping and bleaching stages. This observation is consistent with the XRD

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n4.5503 782



MJFAS

Irwan et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 776-788

results, which suggest a relatively purified cellulose structure with reduced amorphous impurities.

To further validate the structural assignment, the FTIR spectrum of the extracted biopolymer was
compared with reference cellulose derived from sengon wood, as summarized in Table 4. The
comparison shows a high degree of similarity in the major absorption bands, particularly in the regions
corresponding to O—H (~3420 cm™), C—H (~2930 cm™), C=0 (~1643 cm™), CH, (~1462 cm™), and C—
O-C (~1043 cm™) [44]. These similarities indicate that the chemical structure of the isolated material
closely resembles that of conventional cellulose.

Table 4. Table 4. Comparison of characteristic FTIR absorption bands of the isolated biopolymer with cellulose reported in the literature

Trigona honeycomb waste cellulose

Sengon wood cellulose [44]

(Data Primer, 2026)

Wave number (cm) Funtional group Wave number (cm-) Funtional group

3420 -OH 3333 -OH

2930 C-H 2289/~2900 C-H

1643 Adsorbed water (H-O-H 1647 Cc=0

bending), possible C=0 overlap

1462 CH: ~1430/1450 CHy

1043 C-0-C 1028 C-0-C
~2375 CO, atmosfer - -

To further support the identification of the isolated material as a cellulose-rich biopolymer, the obtained
FTIR spectrum was compared with reference cellulose spectra reported in the literature, including
cellulose derived from Sengon wood [44]. This comparison was performed because cellulose extracted
from different biomass sources generally exhibits similar characteristic absorption bands associated with
hydroxyl, aliphatic, and glycosidic functional groups. The major absorption bands observed in the present
study at approximately 3420 cm™ (O-H stretching), 2930 cm™ (C-H stretching), 1643 cm™ (C=0
stretching), 1462 cm™ (CH, bending), and 1043 cm™ (C-O-C stretching) closely correspond to those
reported for cellulose in previous studies. The agreement between these characteristic bands indicates
that the isolated material possesses the fundamental chemical features of cellulose.

Rather than demonstrating equivalence between Trigona honeycomb cellulose and Sengon wood
cellulose, the comparison serves as supporting evidence for functional group assignment. The observed
spectral similarity confirms the preservation of the cellulose backbone following the isolation and
activation processes, while the reduced intensity of bands commonly associated with lignin and other
non-cellulosic constituents suggests substantial purification of the biopolymer fraction.

Overall, the FTIR analysis confirms that the extracted material retains the functional groups characteristic
of cellulose, with minimal interference from lignin and hemicellulose components. The preservation of
hydroxyl-rich functional groups, combined with the stability of glycosidic linkages, suggests that the
chemical treatment primarily removes impurities while maintaining the polymer framework. This
structural integrity is essential for applications requiring stable yet reactive biopolymeric matrices,
particularly those involving surface interactions and molecular diffusion processes.

Morphological Analysis

The surface morphology of the activated biopolymer derived from Trigona honeycomb waste was
examined using scanning electron microscopy (SEM) at different magnifications, as presented in Figures
6a—6c¢. Figure 6a (250x magnification) provides an overview of the surface morphology at the microscale.
The image reveals an irregular and heterogeneous surface characterized by uneven topography and
localized discontinuities. The absence of a smooth and compact surface indicates that the chemical
treatment modified the original biomass structure, resulting in a more accessible surface morphology.At
a higher magnification of 1000x (Figure 6b), surface roughness becomes more pronounced, and several
pores and microcavities can be clearly observed. These features are likely associated with the removal
of non-cellulosic constituents and amorphous phases during the acid, alkaline, and bleaching treatments.
The formation of these voids suggests that the isolation and activation processes promoted the
development of a more open structure. Figure 6¢ (2000x magnification) reveals finer microstructural
details of the activated biopolymer. Numerous interconnected pores, small cavities, and localized
fractures are visible throughout the surface. The appearance of these features indicates substantial
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structural reorganization at the microscale, which may be attributed to the disruption of intermolecular
interactions and partial removal of residual impurities during chemical processing [45,46].

The progressive increase in visible surface features from Figures 6a to 6c demonstrates the
heterogeneous and porous nature of the activated biopolymer. Such morphological characteristics are
consistent with the XRD results indicating structural modification and with the FTIR analysis showing the
removal of non-cellulosic components while preserving the cellulose backbone. The formation of pores
and microcavities may enhance the accessibility of active sites and facilitate interactions with
surrounding media, which is advantageous for applications requiring efficient mass transfer and surface-
mediated processes [47,48].

Figure 6. Figure 6. SEM micrographs of activated biopolymers derived from Trigona honeycomb waste
at different magnifications: (a) 250x, (b) 1000x%, and (c) 2000x

To further quantify the morphological features, particle size distribution analysis was conducted using
Gaussian fitting [49,50], as shown in Figure 7. The analysis indicates an average particle size of
approximately 263.55 nm with a relatively normal distribution profile. The presence of a near-symmetric
distribution suggests a reasonably uniform particle population, although slight deviations indicate minor
agglomeration.
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Figure 7. Particle size distribution of natural biopolymers obtained through Gaussian fitting analysis.

The observed agglomeration may be attributed to intermolecular interactions between hydroxyl groups,
which can promote patrticle clustering during drying or sample preparation [51]. Despite this, the overall
distribution remains sufficiently narrow, indicating that the processing conditions yield a relatively
homogeneous material. Such characteristics are relevant for applications requiring consistent surface
properties, particularly in systems involving coating or interfacial contact [49,50]. The SEM observations
reveal that the activated cellulose-rich biopolymer possesses a heterogeneous surface characterized by
rough textures, interconnected pores, microcavities, and localized fractures. These morphological
features are consistent with the structural characteristics identified by XRD and FTIR analyses and
suggest that the chemical treatment produced a porous cellulose-based material with increased surface
accessibility. Such surface characteristics may be beneficial for applications involving adsorption,
interfacial interactions, and mass-transfer processes.

Conclusion

This study demonstrates that natural biopolymers can be effectively isolated from Trigona honeycomb
waste through a sequential pulping process involving acid hydrolysis, chlorination, alkaline extraction,
and bleaching. The combined characterization results consistently indicate that the extracted material is
predominantly cellulose-based with a semi-crystalline structure (cellulose type I). XRD analysis confirms
the preservation of the crystalline framework, while FTIR spectra verify the presence of functional groups,
including hydroxyl (—OH), aliphatic C—H, and glycosidic C—O-C linkages. Elemental analysis by XRF
reveals that calcium (Ca) is the dominant component, with an increased relative concentration after
activation, accompanied by other mineral elements such as K, P, and S. These changes are associated
with the removal of organic constituents during processing, leading to mineral enrichment within the
material. Morphological observations from SEM further show a clear transformation from a compact
structure to a more heterogeneous and porous surface after activation, indicating the formation of
microcavities and increased surface irregularity. Taken together, these findings demonstrate that
chemical treatment not only preserves the structural features of cellulose but also modifies the
physicochemical properties of the material, particularly in terms of mineral composition and surface
morphology. Such characteristics suggest that the obtained biopolymer may serve as a promising
biomass-derived precursor for functional material development. However, further studies focusing on
performance evaluation, such as controlled release behavior and interaction with environmental media,
are required to substantiate its application in sustainable agricultural systems.
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