
27 

 

Journal of Physics and Its Applications, 8(1) 2026, Pages: 27-32  
    
 
 
 
 

 
 

Effect of Pepper Stem Fiber Orientation on Mechanical Properties, Water Absorption, 
and Biodegradation of Cassava Bioplastic Films 
 

Irwan Ramli*, Fahri Alfito, and Hilda Rahmawati 
 

Department of Physics, Faculty of Science, Universitas Cokroaminoto Palopo, Palopo, Indonesia  

 
*Corresponding author: irwan@uncp.ac.id   
 
 

A R T I C L E  I N F O      A B S T R A C T   
Article history:  
Received: 27 November 2025 
Accepted: 8 January 2026 
Available online: 27 February 2026   
Keywords:   
Cassava starch  
Bioplastic 
Fiber orientation 
Mechanical properties 
Biodegradation   
 

 

 

 

 

 

 

 

 
 

1. Introduction 
Plastic pollution remains one of the most 

pressing environmental challenges worldwide due to 
the persistence and accumulation of petroleum-
based polymers in terrestrial and marine ecosystems 
[1,2]. Conventional plastics degrade extremely slowly 
and contribute to long-term environmental 
contamination, biodiversity loss, and microplastic 
entry into food chains [3]. In Indonesia, plastic waste 
generation continues to increase annually, 
intensifying the need for sustainable alternatives that 
can reduce environmental burdens [4,5]. 

Bioplastics derived from renewable resources 
have received growing attention as potential 
substitutes for synthetic plastics [6,7]. Among these, 
starch-based materials are particularly attractive 
because starch is abundant, inexpensive, and capable 
of forming continuous films[8,9]. Cassava starch is 
widely available in tropical regions and offers strong 
potential for biodegradable packaging and 
disposable materials [10,11]. However, cassava 
starch films generally exhibit low tensile strength and 
high water absorption due to the hydrophilic nature 
of starch molecules and the porous microstructure 
formed during film casting [12,13]. These limitations 
restrict the use of cassava starch films in applications 

that require mechanical integrity and moisture 
resistance. 

To address these weaknesses, researchers have 
explored reinforcement using natural fibers, which 
can improve stiffness and strength through stress 
transfer from matrix to fiber [14]. Agricultural 
residues such as bagasse [15], bamboo fibers [16], 
and cellulose-based reinforcements have been 
widely studied [17,18], often producing tensile 
strengths above 6 MPa and water absorption values 
below 10% when combined with optimized fiber 
fractions, chemical modification, and/or 
hydrophobic additives [19,20,21]. While these high-
performance systems demonstrate strong potential, 
they typically involve additional processing 
complexity and matrix treatments. In contrast, the 
present study focuses on a simple, low-cost 
reinforcement strategy using agricultural waste 
fibers without chemical modification of the cassava 
starch matrix; therefore, the mechanical and water 
resistance values are expected to be lower than 
chemically optimized composites, but still 
meaningful for disposable and short-lifetime 
applications. 

Pepper stem waste (Piper nigrum) is an 
abundant but underutilized agricultural residue in 
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Plastic pollution continues to pose a serious environmental challenge due to 
the persistence of petroleum-based polymers in ecosystems. Starch-based 
bioplastics offer a biodegradable alternative; however, their practical 
application is limited by low mechanical strength and high water absorption. 
This study investigates the effect of pepper stem waste fiber (Piper nigrum) 
reinforcement and fiber orientation (aligned vs. random) on the mechanical 
properties, water absorption, and biodegradation behavior of cassava starch 
films. Bioplastic films were prepared in three formulations: control (without 
fibers), aligned fiber reinforcement (AFR), and random fiber reinforcement 
(RFR). Structural and performance evaluations were conducted using X-ray 
diffraction (XRD), tensile testing, water absorption analysis, and soil burial 
biodegradation (8 cm depth). XRD patterns confirmed semi-crystalline starch 
structures with characteristic peaks at 2θ ≈ 17°, 19°, and 22°. Tensile strength 
increased from 0.6957 MPa (control) to 0.7873 MPa (AFR), corresponding to a 
13.2% improvement, indicating enhanced load transfer in aligned fiber 
structures. Water absorption decreased from 70% (control) to 50% (RFR), 
showing a 28.6% reduction, likely due to increased tortuosity of water diffusion 
pathways. Soil burial testing showed rapid degradation, reaching 28.37% mass 
loss by day 3 and 100% mass loss/disintegration by day 6 under the tested 
conditions. Overall, pepper stem fibers improve the performance of cassava 
starch films while maintaining rapid biodegradability, highlighting their 
potential for environmentally friendly disposable and packaging applications. 

 

 

mailto:irwan@uncp.ac.id
https://ejournal2.undip.ac.id/index.php/jpa/index


28 

 

pepper-producing regions such as South Sulawesi, 
Indonesia. This biomass is cellulose-rich and offers a 
promising reinforcement source for biodegradable 
films, while simultaneously supporting waste 
valorization and circular economy practices [21]. In 
addition to fiber composition, the orientation of 
fibers is known to influence composite performance. 
Mechanistically, aligned fibers are expected to 
improve tensile strength by enabling more efficient 
load transfer along the direction of stress, whereas 
random fiber networks may reduce water absorption 
by creating tortuous diffusion pathways that hinder 
water penetration [22,23]. Despite this mechanistic 
expectation, systematic studies on how fiber 
orientation affects the performance of cassava starch 
films reinforced specifically with pepper stem waste 
fibers remain limited. 

To date, the effect of pepper stem waste fiber 
orientation (aligned versus random) on the 
mechanical properties, water absorption, and 
biodegradation behavior of cassava starch films has 
not been clearly established. 

Therefore, this study investigates cassava starch 
films reinforced with pepper stem waste fibers using 
aligned and random fiber configurations, and 
evaluates their structural characteristics (XRD), 
tensile strength, water absorption, and soil burial 
biodegradation. The results are expected to provide 
an orientation-based understanding of performance 
changes in waste-fiber-reinforced starch films and 
support the development of environmentally friendly 
disposable materials. 
 
2. Materials and Methods 
2.1 Materials 

Cassava starch was used as the polymer matrix 
(analytical grade). Glycerin was used as a plasticizer 
(Merck, analytical grade), and glacial acetic acid was 
used as a solvent/compatibilizer (Merck, analytical 
grade). Sodium hydroxide (NaOH, Merck, analytical 
grade) was used for alkali treatment of pepper stem 
fibers. Pepper stem waste (Piper nigrum) was 
collected from Towuti, Luwu Timur, South Sulawesi, 
Indonesia. Distilled water was used for all 
preparations and testing. 
 
2.2 Fiber Preparation 

Pepper stem waste was washed thoroughly with 
distilled water to remove dirt and dried at room 
temperature. The dried stems were cut into 1–2 cm 
pieces and treated in 5% (w/v) NaOH solution at 
60 °C for 2 h to remove hemicellulose and lignin, 
which increases fiber surface roughness and 
improves interfacial bonding with starch matrices. 
After treatment, fibers were rinsed repeatedly with 
distilled water until neutral pH, oven-dried at 60 °C 
for 24 h, and ground to an average fiber length of 
approximately 3–5 mm prior to use. 

 
2.3 Film Preparation 

Cassava starch (5 g) was dissolved in 100 mL 
distilled water under magnetic stirring. Glycerin (1.5 

mL) and acetic acid (1 mL) were added and heated 
while stirring until gelatinization occurred (~5 min). 
The gelatinized slurry was poured into circular 
polystyrene molds (diameter: 9 cm) to form films. 
Three formulations were prepared (Fig. 1): (i) 
control films without fibers, (ii) aligned fiber 
reinforcement (AFR), and (iii) random fiber 
reinforcement (RFR). For AFR films, pepper stem 
fibers (0.50 g, corresponding to 10 wt% relative to 
starch mass) were arranged manually in a single 
direction on the mold surface prior to casting, and the 
slurry was poured gently to preserve the orientation. 
For RFR films, the same amount of pepper stem fibers 
(0.50 g, 10 wt%) was dispersed directly into the 
slurry and mixed for 2 min to achieve random 
distribution before casting. Films were dried at room 
temperature (27 ± 2 °C) for 24 h and conditioned for 
24 h at 50 ± 5% relative humidity before testing. The 
final average film thickness was 0.30 ± 0.05 mm. 

 
Fig 1: Pepper Stem Fiber Orientation 

 
2.4 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) analysis was performed 
using a Shimadzu 7000 diffractometer with CuKα 
radiation (λ = 1.5405 A ), operated at 30 kV and 10 
mA. The diffraction patterns were recorded over a 
scanning range of 2θ = 15–70° with a step size of 
0.02° and a scanning speed of 2°/min. The XRD 
patterns were used to identify characteristic 
crystalline peaks of starch and to observe structural 
changes after fiber reinforcement. 
 
2.5 Water Absorption Test 

Water absorption was evaluated by immersing 
dried film specimens (30 mm × 10 mm × 0.30 mm) in 
distilled water at room temperature (27 ± 2 °C) for 24 
h. Prior to immersion, the specimens were dried to 
constant mass and weighed (W₁). After immersion, 
samples were removed, gently wiped with tissue 
paper to remove surface water, and immediately 
weighed again (W₂). Water absorption (%) was 
calculated using the following equation [8]. 

 

𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(%) =  
𝑊2−𝑊1

𝑊1
× 100   (1) 

 
2.6 Biodegradation Test 

Biodegradation was evaluated using a soil burial 
mass-loss method. Garden loamy soil was used as the 
biodegradation medium, with moisture content 
maintained at approximately 20–25% and pH in the 
range of 6.5–7.0. Film specimens (30 mm × 10 mm) 
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were buried at a depth of 8 cm and retrieved after 3 
and 6 days. After retrieval, the samples were washed 
gently with distilled water to remove soil particles, 
then oven-dried at 60 °C until constant mass before 
weighing. Percentage mass loss was calculated 
relative to the initial dry mass. In this study, the term 
“100% mass loss/disintegration under tested soil 
burial conditions” is used when specimens could no 
longer be recovered in measurable form. 
 
2.7 Tensile Strength Test 

Tensile strength was measured using an IK-MT-
30.71 tensile tester at room temperature. Film 
specimens (80 mm × 10 mm × 0.30 mm) were 
prepared and tested with a gauge length of 50 mm 
and a crosshead speed of 5 mm/min. Each 
formulation was tested in triplicate (n = 3). Tensile 
strength (MPa) was calculated as the maximum force 
divided by the initial cross-sectional area of the 
specimen. Results are reported as mean values; 
future studies should incorporate standard 
deviations and statistical analysis to strengthen 
comparisons among formulations. 
 
3. Material and Methods 
3.1 X-Ray Diffraction (XRD) Analysis 

All samples exhibited semi-crystalline 
diffraction patterns (Fig. 2) with characteristic peaks 
of starch-based films at 2θ ≈ 17°, 19°, and 22°, which 
are commonly associated with the crystalline regions 
of amylose and amylopectin. These peaks indicate 
that the cassava starch matrix retained its semi-
crystalline structure after film formation and fiber 
incorporation [24, 25]. Minor changes in peak 
intensity were observed between formulations, 
suggesting that fiber addition and orientation may 
influence the degree of molecular ordering, likely 
through differences in interfacial interactions and 
packing behavior during drying [26]. 

 
Fig 2: XRD patterns of bioplastic samples 

 
In addition to the main starch peaks, weak 

reflections were observed at approximately 2θ ≈ 37° 
and 44°. These peaks may originate from residual 
crystalline cellulose, naturally occurring inorganic 
impurities associated with pepper stem fibers, or 
experimental artifacts introduced during sample 
preparation [27, 28] (e.g., contributions from sample 

holders or mounting materials). Because no 
complementary compositional characterization 
(such as FTIR or elemental analysis) was performed 
in this study, the attribution of these minor peaks 
remains tentative and should be interpreted 
cautiously. Therefore, these reflections are reported 
as minor additional peaks rather than definitive 
phase identification. 

A weak reflection was also observed at high 
angles around 2θ ≈ 64–65°, which coincides with the 
reference peak position commonly reported for 
polypropylene (PP). However, since PP is not a 
component of the formulation and cannot be 
generated from glycerin or starch under the present 
processing conditions, this reflection is most likely 
caused by contamination from polymer-based 
laboratory materials [29, 30] (e.g., plastic petri 
dishes, containers, or sample handling tools) or an 
instrument/reference-library annotation artifact. 
Thus, this peak was not assigned as a constituent 
phase of the cassava starch films, and the 
interpretation in this study focuses only on 
diffraction features attributable to the starch matrix 
and pepper stem fibers. 

 
3.2 Biodegradation Behaviour 

Biodegradation behavior of the cassava starch 
films was evaluated using a soil burial mass-loss 
method [8]. All formulations exhibited rapid 
disintegration under the tested conditions, reflecting 
the hydrophilic nature of starch-based matrices and 
their susceptibility to moisture-driven hydrolysis 
and microbial activity. After 3 days of burial, the 
samples showed an average mass loss of 28.37%, 
indicating that biodegradation had progressed 
substantially even within a short exposure period. By 
day 6, the films reached 100% mass 
loss/disintegration under the tested soil burial 
conditions, meaning that the specimens could no 
longer be recovered in measurable form for weighing 
(Fig. 3). 

 
Fig 3: Biodegradation rate over 6 days 

 
The incorporation of pepper stem fibers did not 

inhibit biodegradation. Fiber-reinforced films 
showed similar degradation trends to the control, 
which may be attributed to the biodegradable nature 
of the cellulose-based fibers. In the early stage, fiber-
reinforced samples may exhibit slightly delayed 
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disintegration due to a denser structure that slows 
water penetration into the starch matrix; however, 
the overall biodegradation remained rapid [9, 31]. 
Within the observed time window (3–6 days), no 
clear difference was detected between aligned (AFR) 
and random (RFR) fiber configurations. Therefore, 
under the tested conditions, fiber orientation did not 
show an observable influence on biodegradation 
rate, although longer-term assessment and 
additional biodegradation indicators (e.g., CO₂ 
evolution or microbial activity measurements) would 
be required to support broader biodegradability 
claims beyond mass-loss/disintegration. 

 
3.3 Water absorption 

Water absorption results (Fig 4.) demonstrate 
that pepper stem fiber reinforcement and fiber 
orientation influence the moisture sensitivity of 
cassava starch films. The control film exhibited the 
highest water absorption (70%), which is expected 
due to the highly hydrophilic nature of starch and the 
presence of microvoids that facilitate rapid water 
uptake. Fiber-reinforced films showed reduced water 
absorption, particularly in the random fiber 
reinforcement (RFR) formulation, which exhibited 
the lowest value (50%). This reduction (≈28.6% 
relative to the control) suggests that randomly 
distributed fibers may improve the barrier behavior 
of the film by increasing the tortuosity of water 
diffusion pathways, thereby slowing moisture 
penetration through the matrix [3,15]. 

 

 
Fig 4: Water absorption of different composites 

 
In contrast, the aligned fiber reinforcement (AFR) 

film exhibited water absorption of 68.42%, which is 
only slightly lower than the control. This behavior 
may be attributed to preferential moisture transport 
along aligned fiber–matrix interfaces, where 
continuous interfacial pathways can promote water 
ingress. Additionally, the aligned arrangement may 
introduce microchannels or interfacial 
discontinuities in the direction of fiber alignment, 
reducing the effectiveness of fiber reinforcement in 
restricting water diffusion compared to a randomly 
dispersed fiber network [16, 17, 18]. 

When compared with literature reports of much 
lower water absorption values (e.g., below 10%) [16, 
18, 20], it is important to recognize that those high-

performance starch composites often rely on 
optimized fiber fractions, chemical modifications 
(such as crosslinking or hydrophobic treatments), or 
incorporation of water-resistant additives that 
reduce hydroxyl group accessibility and improve film 
density. In the present study, the formulation 
employs a simple, low-cost approach using 
agricultural waste fibers without chemical 
modification of the cassava starch matrix, which 
naturally retains high water affinity [22, 23]. 
Therefore, although the absolute absorption values 
remain relatively high, the observed reduction in RFR 
films indicates meaningful improvement and 
demonstrates the potential of pepper stem fibers—
particularly with random orientation—to enhance 
the water resistance of cassava starch films for short-
lifetime disposable applications. 
 
3.4 Tensile Strength 

The tensile strength results indicate that pepper 
stem waste fibers can enhance the mechanical 
performance of cassava starch films, although the 
magnitude of improvement is moderate. The control 
film exhibited the lowest tensile strength (0.6957 
MPa), reflecting the intrinsic brittleness and weak 
intermolecular bonding of starch-based matrices. 
Fiber-reinforced films showed higher tensile 
strength values, reaching 0.7659 MPa for the random 
fiber reinforcement (RFR) film and 0.7873 MPa for 
the aligned fiber reinforcement (AFR) film. The 
increase from the control to AFR corresponds to an 
improvement of approximately 13.2%, suggesting 
that fiber addition contributes to improved stress-
bearing capacity. 

 
Fig 5: Tensile strength comparison between 

formulations 
 
The slightly higher tensile strength of AFR 

compared to RFR can be explained by orientation-
dependent load transfer mechanisms. In the aligned 
configuration, fibers are positioned in a consistent 
direction, which facilitates more efficient stress 
transfer from the starch matrix to the fibers along the 
loading axis, thereby improving tensile resistance. In 
contrast, randomly distributed fibers contribute to 
reinforcement through multidirectional bridging and 
crack deflection; however, the random arrangement 



31 

 

may reduce effective stress transfer along the tensile 
axis and may increase the likelihood of fiber 
entanglement or local agglomeration, which can limit 
the improvement in tensile strength [8, 13, 20]. 

 
4. Conclusion 

This study shows that pepper stem waste fibers 
(Piper nigrum) can reinforce cassava starch films and 
that fiber orientation influences performance. 
Aligned fiber reinforcement (AFR) moderately 
increased tensile strength from 0.6957 MPa to 
0.7873 MPa (~13.2%), consistent with improved 
load transfer along the alignment direction, while 
random fiber reinforcement (RFR) reduced water 
absorption from 70% to 50%, indicating enhanced 
moisture resistance through tortuous diffusion 
pathways. XRD confirmed the semi-crystalline 
structure of starch films with minor additional 
reflections that may relate to fiber residues or 
experimental artifacts, requiring further 
compositional verification. Soil burial testing 
indicated rapid biodegradation, reaching 28.37% 
mass loss by day 3 and 100% mass 
loss/disintegration by day 6 under the tested 
conditions. Future work should include longer 
biodegradation assessment, statistical analysis with 
error reporting, and optimization of fiber fraction 
and interfacial bonding to further improve film 
performance. 
 
References 
[1] A. Kanwal, F. Sharaf, T. Zafar, S. Khan Khurshaid, 

and S. Farooq, "Navigating Solutions: A 
Comprehensive Review on Plastic Pollution in 
Marine Ecosystems and the Vital Role of 
Biodegradable Polymers," Polym. Bull., 82(15), 
9623–9646, (2025). 

[2] S. Kumari, A. Rao, M. Kaur, and G. Dhania, 
"Petroleum-Based Plastics Versus Bio-Based 
Plastics: A Review," Nat. Environ. Pollut. 
Technol., 22(3), 1111-1124,  (2023). 

[3] S. Rajendran, A. Al-Samydai, G. Palani, H. 
Trilaksana, T. Sathish, J. Giri, R. Saravanan, J. I. J. 
R. Lalvani, and F. Nasri, "Replacement of 
Petroleum-Based Products with Plant-Based 
Materials, Green and Sustainable Energy—A 
Review," Eng. Rep., 7(4), e70108, (2025). 

[4] E. R. K. Neo, G. C. Y. Soo, D. Z. L. Tan, K. Cady, K. T. 
Tong, and J. S. C. Low, "Life Cycle Assessment of 
Plastic Waste End-of-Life for India and 
Indonesia," Resour. Conserv. Recycl., 174, 
105774, (2021). 

[5] M. A. Anwar, S. Suprihatin, N. A. Sasongko, M. 
Najib, B. Pranoto, I. Firmansyah, and E. S. 
Soekotjo, "Sustainable Waste Management 
Strategies for Multilayer Plastic in Indonesia," 
Clean. Responsible Consum., 16, 100254, (2025). 

[6] D. A. Ferreira-Filipe, A. Paco, A. C. Duarte, T. 
Rocha-Santos, and A. L. P. Silva, "Are Biobased 
Plastics Green Alternatives?—A Critical Review" 
Int. J. Environ. Res. Public Health., 18(15), 7729, 
(2021). 

[7] X. Zhao, Y. Wang, X. Chen, X. Yu, W. Li, S. Zhang, 
X. Meng, Z. M. Zhao, T. Dong, A. Anderson, A. 
Aiyedun, Y. Li, E. Webb, Z. Wu, V. Kunc, A. 
Ragauskas, S. Ozcan, and H. Zhu,  "Sustainable 
Bioplastics Derived from Renewable Natural 
Resources for Food Packaging," Matter., 6,(1), 
97-127, (2023). 

[8] H. Rahmawati, I. Mutmainna, S. Ilyas, A. N. Fahri, 
A. S. H. Wahyuni, E. Afrianti, I. Setiawan, and D. 
Tahir, "Effect of Carbon for Enhancing 
Degradation and Mechanical Properties of 
Bioplastics Composite Cassava 
Starch/Glycerin/Carbon," in AIP Conf. Proc., 
2219(1), 100004, (2020). 

[9] P. Singh and R. Verma, "Bioplastics: A Green 
Approach Toward Sustainable Environment," 
Environmental Microbiology and Biotechnology, 
Springer Nature Link., 35–53, (2020). 

[10] C. Akmeemana, D. Somendrika, I. 
Wickramasinghe, and I. Wijesekara, "Cassava 
Pomace-Based Biodegradable Packaging 
Materials: A Review," J. Food Sci. Technol., 61(6), 
1013–1034, (2024). 

[11] F. Casarejos, C. R. Bastos, C. Rufin, and M. N. 
Frota, "Rethinking Packaging Production and 
Consumption Vis-a -Vis Circular Economy: A 
Case Study of Compostable Cassava Starch-
Based Material," J. Clean. Prod., 201, 1019–1028, 
(2018). 

[12] W. Abotbina, S. M. Sapuan, R. A. Ilyas, M. T. H. 
Sultan, M. F. M. Alkbir, S. Sulaiman, M. M. 
Harussani, and E. Bayraktar, "Recent 
Developments in Cassava (Manihot esculenta) 
Based Biocomposites and Their Potential 
Industrial Applications: A Comprehensive 
Review," Materials., 15(19), 6992, (2022). 

[13] G. Sua rez and T. J. Gutie rrez Carmona, "Recent 
Advances in the Development of Biodegradable 
Films and Foams from Cassava Starch," in 
Handbook on Cassava: Production, Potential 
Uses and Recent Advances, C. Klein, Ed., Nova 
Science Publishers, 297-312, (2017). 

[14] T. G. Y. Gowda, S. B. Nagaraju, M. Puttegowda, A. 
Verma, S. M. Rangappa, and S. Siengchin, 
"Biopolymer-Based Composites: An Eco-
Friendly Alternative from Agricultural Waste 
Biomass," J. Compos. Sci., 7(6), 242, (2023). 

[15] R. Z. Khoo, W. S. Chow, and H. Ismail, "Sugarcane 
Bagasse Fiber and its Cellulose Nanocrystals for 
Polymer Reinforcement and Heavy Metal 
Adsorbent: A Review," Cellulose., 25(8), 4303–
4330, (2018). 

[16] A. Muhammad, M. R. Rahman, S. Hamdan, and K. 
Sanaullah, "Recent Developments in Bamboo 
Fiber-Based Composites: A Review," Polym. 
Bull., 76(5), 2655–2682, (2019). 

[17] A. Haque, D. Mondal, I. Khan, M. A. Usmani, A. H. 
Bhat, and U. Gazal, "10-Fabrication of 
Composites Reinforced with Lignocellulosic 
Materials from Agricultural Biomass," 
Lignocellulosic Fibre and Biomass-Based 
Composite Materials: Processing, Properties and 



32 

 

Applications, Woodhead Publishing., 179–191, 
(2017). 

[18] F. Tanasa, M. Zanoaga, C. Teaca, M. Nechifor, and 
A. Shahzad, "Modified Hemp Fibers Intended for 
Fiber-Reinforced Polymer Composites Used in 
Structural Applications—A Review. I. Methods 
of modification," Polym. Compos., 41(1), 5–31, 
(2020). 

[19] R. Sepe, F. Bollino, L. Boccarusso, and F. Caputo,  
"Influence of Chemical Treatments on 
Mechanical Properties of Hemp Fiber Reinforced 
Composites," Compos. Part B Eng., 133, 210–
217, (2018). 

[20] D. Liu, J. Song, D. P. Anderson, P. R. Chang, and Y. 
Hua, "Bamboo Fiber and its Reinforced 
Composites: Structure and Properties," 
Cellulose, 19(5), 1449–1480, (2012). 

[21] H. Holilah, D. Prasetyoko, R. Ediati, H. Bahruji, A. 
A. Jalil, A. Asranudin, and S. D. Anggraini, 
"Hydrothermal Assisted Isolation of 
Microcrystalline Cellulose from Pepper (Piper 
nigrum L.) Processing Waste for Making 
Sustainable Bio-Composite," J. Clean. Prod., 305, 
127229, (2021). 

[22] H. Holilah, L. Suryanegara, H. Bahruji, N. 
Masruchin, S. Suprapto, R. Ediati, A. Asranudin, 
A. A. Jalil, D. V. Ramadhani, Z. A. A. Hamid, D. 
Prasetyoko, "Nanocrystalline Cellulose From 
Lactic Acid Hydrolysis of Pepper Waste (Piper 
nigrum L.): Response Surface Methodology 
Optimization and Application in Bio-Composite," 
J. Mater. Res. Technol., 27, 6344–6357, (2023). 

[23] A. N. S. A. Khorairi, N. Sofian-Seng, R. Othaman, 
N. S. M. Razali, and K. F. Kasim, "Assessment of 
Natural Cellulosic Powder from Pepper Pericarp 
Waste (Piper nigrum L.) After Alkalization and 
Bleaching Treatment: Effect of Alkali 
Concentration and Treatment Cycle," Sains 
Malaysiana, 51(4), 1061–1074, (2022). 

[24] C. da C. Pinto, "Unraveling the Semicrystalline 
Structure of Different Types of Starch (A, B, C, 
and V) Using X-Ray Diffraction and Structural 
Refinement," Ph.D. dissertation, Universade 
Federal do Amazonas, (2025). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[25] P. C. Martins, J. M. Latorres, and V. G. Martins, 
"Impact of Starch Nanocrystals on the 
Physicochemical, Thermal And Structural 
Characteristics of Starch-Based Films," LWT, 
156, 113041, (2022). 

[26] B. Montero, M. Rico, L. Barral, R. Bouza, J. Lopez, 
A. Schmidt, and B. Bittmann-Hennes, 
"Preparation and Characterization of 
Bionanocomposite Films Based on Wheat Starch 
and Reinforced with Cellulose Nanocrystals," 
Cellulose, 28(12), 7781–7793, (2021). 

[27] J.-L. Lafeuille, A. Fregiere-Salomon, A. Michelet, 
and K. L. Henry, "A Rapid Non-Targeted Method 
for Detecting the Adulteration of Black Pepper 
with a Broad Range of Endogenous and 
Exogenous Material at Economically Motivating 
Levels Using Micro-ATR-FT-MIR Imaging," J. 
Agric. Food Chem., 68(1), 390–401, (2019). 

[28] W. F. Rowe, "Identification of Natural Fibers," in 
Handbook for the Analysis of Micro-Particles in 
Archaeological Samples, Springer Nature Link, 
149–171, (2020). 

[29] S. Lambert, C. Sinclair, and A. Boxall, 
"Occurrence, Degradation, and Effect of 
Polymer-Based Materials in the Environment," 
Rev. Environ. Contam. Toxicol., 227, 1–53, 
(2013). 

[30] E. Karaagac, M. P. Jones, T. Koch, and V.-M. 
Archodoulaki, "Polypropylene Contamination in 
Post-Consumer Polyolefin Waste: 
Characterisation, Consequences and 
Compatibilisation," Polymers, 13(16), 2618, 
(2021). 

[31] N. I. Ibrahim, F. S. Shahar, M. T. H. Sultan, A. U. M. 
Shah, S. N. A. Safri, and M. H. M. Yazik, "Overview 
of Bioplastic Introduction and Its Applications in 
Product Packaging," Coatings, 11(11), 1423, 
(2021). 

 
 
 


