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ABSTRACT
	This study focuses on the development and characterisation of biodegradable films produced from cassava starch blended with polyvinyl alcohol (PVA) and glycerol. Cassava starch, extracted at a yield of 80.06%, served as a sustainable polymer base owing to its abundance and renewability. The produced films exhibited low water absorption (4%), indicating improved hydrophobicity and structural integrity suitable for packaging applications. Biodegradation tests revealed complete decomposition within 20 - 28 days, with faster rates observed at shallower burial depths due to increased microbial and oxygen activity. Fourier Transform Infrared Spectroscopy (FTIR) confirmed the formation of functional groups such as O–H, C=O, and C–O–C, signifying intermolecular bonding and crosslinking between starch, PVA, and glycerol. Scanning Electron Microscopy (SEM) showed smooth, homogeneous surfaces, while Thermogravimetric Analysis (TGA/DTG) demonstrated thermal stability up to 150°C, beyond which major decomposition occurred. Film thickness ranged between 0.18 and 0.27 mm, correlating with starch and glycerol concentrations. The results collectively validate cassava starch-PVA films as eco-friendly alternatives to petroleum-based plastics, offering biodegradability, adequate mechanical performance, and suitability for low-temperature packaging and agricultural applications.
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1. INTRODUCTION
Plastic materials have emerged as indispensable components of modern society due to their advantageous properties, including lightweight nature, low maintenance requirements, excellent weathering resistance, minimal toxicity, optical transparency, and cost-effectiveness. These characteristics have facilitated widespread adoption across industrial, commercial, and agricultural sectors (Geyer et al., 2017; Plastics Europe, 2019). Global plastic production has experienced exponential growth, with an estimated 8.3 billion metric tons manufactured worldwide between 1950 and 2018, representing an average annual growth rate of 5 to 8% (Geyer et al., 2017; Our World in Data, 2019). However, this unprecedented production surge has generated a critical waste management crisis. Current statistics indicate that approximately 76% of global plastic production ultimately becomes waste, distributed as follows: 72% is landfilled or released directly into the environment, 14% undergoes recycling processes, and 14% is subjected to thermal treatment through incineration (Geyer et al., 2017; Jambeck et al., 2015). Figure 1 depicts the cumulative plastic waste generated, discarded, incinerated, and recycled.
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Figure 1: Cumulative plastic waste generation and disposal (Geyer et al., 2017)
The accumulation of plastic waste in natural ecosystems represents an escalating environmental threat with far-reaching consequences for biodiversity and public health. Projections by the United Nations Environment Programme indicate that annual plastic waste generation will exceed 400 million tonnes by 2025, with total plastic production anticipated to reach 800 million tonnes by 2035 and 1.6 billion tonnes by 2050 (UNEP, 2021). Historical data reveals that 6.3 billion metric tonnes of plastic waste have been generated between 1950 and 2018, with over 4 billion tonnes utilised only once before disposal (Geyer et al., 2017). Landfilling practices result in severe soil degradation and fertility loss, as conventional plastics require over 500 years for complete decomposition (Chamas et al., 2020). The plastic manufacturing process releases substantial quantities of harmful atmospheric pollutants, including carbon monoxide, dioxins, nitrogen oxides, and hydrogen cyanide, posing significant threats to environmental integrity and human health (Ncube et al., 2021; Dokl et al., 2024). The environmental implications extend beyond terrestrial ecosystems, with significant marine pollution occurring through improper waste disposal. Oceanic plastic accumulation zones, exemplified by the North Pacific Garbage Patch spanning continental dimensions, demonstrate the global scale of plastic pollution (Lebreton et al., 2018). These large plastic debris fragments undergo mechanical degradation, generating microplastics (particles ranging from several millimeters to <5 μm) that infiltrate marine food webs, ultimately reaching human consumption through seafood (Thompson et al., 2015). Crude oil price volatility and concerns regarding fossil fuel depletion have intensified environmental anxieties surrounding conventional plastic production. Approximately 50% of synthetic polymers are incorporated into short-lived products, which undergo partial thermal recycling through incineration, while substantial quantities accumulate in landfills or marine environments (Lackner, 2015).
However, there is hope as shown in Figure 2, which illustrates the evolution of global plastic waste management practices from 2000 to 2019, expressed as percentages of total waste allocated to four categories: landfilled, mismanaged, incinerated, and recycled. Over this period, there is a marked decline in the proportion of waste being landfilled and mismanaged, indicating a shift toward more environmentally responsible disposal methods. The proportion of landfilled waste exhibited a modest decline, from approximately 60% in 2000 to around 50% in 2019, while mismanaged waste decreased more substantially from about 30% to 20%. Concurrently, incineration rates rose steadily from roughly 10% to 20%, and recycling efforts, though starting from a low base of less than 5%, increased to approximately 10% by the end of the timeframe. These trends suggest a gradual global move toward more sustainable and controlled waste disposal practices, albeit with recycling remaining a minor component relative to disposal methods. Mismanaged plastic waste includes materials that are openly burned, discarded into oceans or other bodies of water, or dumped in poorly maintained landfills and waste sites (OECD, 2023).
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Figure 2: Global annual plastic waste by disposal method (OECD, 2023)

1.1 Recent Policies and Programmes Related to Plastic Use and Recycling
The escalating global plastic pollution crisis has catalysed unprecedented international policy developments and collaborative frameworks aimed at addressing plastic waste management. A landmark development was the adoption of the Fifth United Nations Environment Assembly (UNEA-5.2) resolution “End Plastic Pollution: Towards an International Legally Binding Instrument” in March 2022, mandating the development of a legally binding global plastics treaty by 2024 (Raubenheimer and Urho, 2020; NCM, 2020; UNEP, 2022; Simon et al., 2021; Wang and Praetorius, 2022; Baršauskaitė et al., 2025). According to OECD (2024), coordinated global policies targeting the entire plastics lifecycle could cut plastic leakage substantially by 2040 through improved waste management, optimised recycling, and reduced virgin plastic production. 
Recent studies by Lau et al. (2020), Ncube et al. (2021), and Dokl et al. (2024) identified four strategic interventions capable of eliminating over 90% of mismanaged plastic waste and reducing carbon emissions by approximately 30% by 2050: (i) mandating minimum 40% post-consumer recycled content in new products, (ii) capping global plastic production at 2020 levels, (iii) substantially increasing waste management infrastructure investments, and (iv) introducing packaging fees to incentivise sustainable design.
Collectively, these strategies signal a shift from fragmented national efforts toward unified global plastic governance. However, these ambitious strategies demand complementary measures beyond consumption control (Zheng and Suh, 2019). The ongoing negotiations under the United Nations Intergovernmental Negotiating Committee (INC) seek binding agreements on production caps, extended producer responsibility, and harmonised waste management standards worldwide. Table 1 outlines key plastic-related policies and targets issued by governments and international organisations.





Table 1: Analysis of recent global policies and programmes on plastics
	S/N
	Region 
	Policy
	Focus
	Objective
	Reference

	1
	Kenya
	National Ban on Plastic Carrier Bags
	Single-use plastic ban
	Complete prohibition of plastic bags <50 microns; fines up to $40,000.00
	UNEP (2017); Goitom (2017)

	2
	Rwanda
	National ban on manufacturing, importation, use and sale of plastic carry bags and single-use plastic items
	Plastic bag prohibition, plastic carry bags and single‑use plastic items
	Total ban on plastic bags; import and use restrictions
	Republic of Rwanda Law No. 17/2019 (UNEP, 2019)

	3
	South Africa
	Extended Producer Responsibility (EPR) Regulations
	Producers and importers of packaging materials
	Mandatory EPR for packaging including plastics; recycling targets by material type
	Republic of South Africa DFFE (2021)

	4
	Nigeria
	Nigerian Maritime Administration and Safety Agency (NIMASA) Action Plan on Marine Litter and Micro Plastics management; Lagos State prohibition of use and distribution of Styrofoam and other single-use plastics (SUPs)
	National marine pollution reduction; Lagos State ban on single-use plastics
	Reduce plastic marine litter; improve waste management systems
	NIMASA’s Marine Litters and Micro Plastic Action Plan (Anagor-Ewuzie, 2020; Jamoh, 2021); Lagos State ban on plastics (Ozibo, 2025)

	5
	Ghana
	National Plastic Management Policy
	Integrated waste management
	Reduce plastic waste and promote circular economy
	Ministry of Environment, Science, Technology and Innovation (MESTI) (2020); UNEP (2020)

	6
	United States
	National Strategy to Prevent Plastic Pollution; California State’s SB 54 Plastic Pollution Prevention and Packaging Producer Responsibility Act
	Comprehensive pollution prevention and producer responsibility
	Reduce pollution from plastic production; Eliminate plastic waste release into the environment by 2040; Improve recycling infrastructure; 65% reduction in single-use packaging by 2032; recycled content requirements
	US EPA (2024); Segalla (2022)

	7
	Canada
	Canada-wide Action Plan on Zero Plastic Waste
	Zero plastic waste
	Ban harmful single-use plastics; achieve zero plastic waste by 2030
	Government of Canada (2019); Government of Canada (2021)

	8
	European Union
	European Strategy for Plastics in a Circular Economy
	Circular economy transition
	All plastic packaging recyclable by 2030 in the EU
	European Commission (2018)

	9
	European Union
	EU Packaging and Packaging Waste Regulation (PPWR)
	Recycling targets
	55% of plastic packaging recycled by 2030; 65% of all packaging waste recycled
	European Union (2022); BEWI (2024)

	10
	European Union
	Single-Use Plastics Directive
	Consumption reduction
	Ban on single-use plastic items; 90% collection target for plastic bottles by 2029
	Gesley (2021); European Union External Action (2025)

	11
	European Industry
	ReShaping Plastics Initiative
	Waste reduction
	60% less waste incinerated (2020-2050); >70% reduction in virgin fossil-based plastic
	Plastics Europe (2022)

	12
	China
	National Sword Policy (Operation Green Fence)
	Waste import restrictions
	Prohibit import of 24 categories of solid waste including mixed plastics
	State Council of China (2018); Brooks et al. (2018); Al-Ademi (2020); Yoshida (2021); Tran et al. (2021); Lin et al. (2023); Li and Mu (2024)

	13
	Japan
	Plastic Resource Circulation Strategy
	Circular economy
	Reduce single-use plastics by 25% by 2030; 60% recycling rate for plastic containers
	Osamu (2022); 

	14
	India
	Plastic Waste Management Rules (Amendment)
	Comprehensive plastic management
	Phase-out single-use plastics by 2022; minimum recycled content requirements
	Invest India (2022); India Briefing (2022)

	15
	Indonesia
	National Action Plan on Marine Plastic Debris
	Marine debris reduction
	Reduce marine plastic debris by 70% by 2025
	World Bank (2020); World Economic Forum (2020)

	16
	Thailand
	Plastic Waste Management Roadmap
	Systematic waste reduction
	Ban single-use plastics by 2027; 100% plastic waste utilisation by 2030
	Thailand Department of Pollution Control (2023); International Energy Agency (2018)

	17
	OECD
	Global Ambition Policy Scenario; Regional Action Policy Scenario
	Demand management; Production reduction
	Meet increased plastic demand through recycled secondary plastic by 2060; Decrease global plastic use by ~20% (to 1018 Mt) by 2060
	OECD (2022); International Institute for Sustainable Development (IISD) (2022); Gureser (2025)

	18
	Global
	New Plastics Economy Global Commitment, launched in 2018 by the Ellen MacArthur Foundation in collaboration with the UN Environment Programme
	Industry transformation
	100% of plastic packaging reusable, recyclable, or compostable by 2025
	Ellen MacArthur Foundation (2022); Ellen MacArthur Foundation (2023)

	19
	Global
	United Nations – Global Plastics Treaty (Intergovernmental Negotiating Committee)
	International legal framework
	Legally binding agreement on plastic pollution covering full lifecycle
	UNEP (2022); UNEP (2023)



Analysis of the 19 policies and programmes reveals a significant policy gap regarding the promotion of bioplastics as sustainable alternatives to conventional petroleum-based plastics. Only 3 out of 19 policies (16%) explicitly or implicitly encourage a transition to bioplastics, while the remaining 84% focus predominantly on end-of-pipe solutions including waste management, recycling of conventional plastics, and regulatory restrictions. The policies that do promote bioplastics include the European Union's Strategy for Plastics in a Circular Economy, which explicitly addresses bio-based plastics development; the European industry's ReShaping Plastics Initiative, targeting a 70% reduction in virgin fossil-based plastic production; and the Ellen MacArthur Foundation's Global Commitment, which promotes 100% compostable packaging by 2025. Most policies distribute their focus across three primary approaches: 37% emphasise bans and restrictions on single-use plastic items (7 policies), 32% prioritise recycling targets for conventional plastics (6 policies), and 16% concentrate on waste management system improvements (3 policies).
Analysis on a regional level reveal pronounced variations in bioplastics policy integration, with Europe emerging as the most progressive region where 50% of policies (2 out of 4) explicitly reference bio-based alternatives, compared to 0% adoption in Africa, the Americas, and Asia. This geographical disparity underscores a fundamental misalignment between stated environmental objectives and implementation strategies across different regions. While African countries have implemented stringent plastic bag bans and Asian nations have established ambitious recycling targets, these policies fail to address the root cause of plastic pollution by promoting renewable feedstock alternatives. The predominant focus on managing existing petroleum-based plastic waste streams represents a missed opportunity for systemic transformation toward sustainable production systems. This policy landscape suggests that despite growing recognition of plastic pollution as a global environmental crisis, most regulatory frameworks remain oriented toward reactive waste management rather than proactive material substitution through bioplastics integration, highlighting the need for more comprehensive policy approaches that incentivise the development and adoption of bio-based alternatives.

1.1 Bioplastics as Sustainable Alternatives
Bioplastics represent a transformative solution for mitigating the environmental impacts of conventional petroleum-based plastics, offering reduced carbon footprints and enhanced end-of-life options. Life cycle assessments indicate that bioplastics can reduce carbon dioxide emissions by 30–70% compared to their fossil-based counterparts (Siracusa and Blanco, 2020). Global bioplastics production capacity reached 2.47 million tonnes in 2024 and is projected to grow to 5.73 million tonnes by 2029, reflecting an annual growth rate of 18–30% (European Bioplastics, 2024). According to the European Bioplastics Association, bioplastics are defined as "polymers that are bio-based, biodegradable, or both" (European Bioplastics, 2024). This definition underscores their classification along two dimensions: the origin of raw materials (bio-based or fossil-based) and end-of-life behaviour (biodegradable or non-biodegradable) (Di Bartolo et al., 2021; Dilshad et al., 2021). The end-of-life behavioural classification is often the main points of policies. It encompasses biodegradable materials that undergo complete mineralisation under defined conditions (composting, anaerobic digestion, marine environments) and non-biodegradable bio-based materials that maintain structural integrity throughout their service life but utilise renewable carbon sources. This dual-axis framework generates four distinct categories: (1) bio-based and biodegradable (e.g., PLA, PHA, starch-based polymers), (2) bio-based but non-biodegradable (e.g., bio-PE, bio-PP, bio-PET), (3) fossil-based but biodegradable (e.g., PBAT, PCL), and (4) fossil-based and non-biodegradable (conventional plastics). This classification system underpins the diversity of bioplastic materials and their differentiated environmental implications (Siracusa and Blanco, 2020; Di Bartolo et al., 2021; Hilary et al., 2021).
Bio-based polymer production encompasses three principal technological routes, each offering distinct advantages and applications. The first approach involves polymerisation of bio-derived monomers, where renewable feedstocks undergo biochemical or thermochemical conversion to produce monomeric building blocks that are subsequently polymerised using conventional or novel polymerisation techniques. Examples include lactic acid fermentation followed by ring-opening polymerisation to produce polylactic acid (PLA), and bioethylene production from sugarcane fermentation for bio-polyethylene synthesis. The second route focuses on modification of naturally occurring polymers, where abundant biopolymers such as cellulose, chitin, lignin, and starch undergo chemical, physical, or enzymatic modification to enhance processability, mechanical properties, and functionality. The third approach involves direct extraction of polymers from microorganisms, exemplified by polyhydroxyalkanoate (PHA) production through bacterial fermentation, where specific microorganisms accumulate polymer granules as intracellular energy storage compounds. Table 2 summarises key bio-based polymers, their production routes, and synthesis methods. 
Table 2: Bio-Based polymers, production routes and their applications (Di Bartolo et al., 2021)
	Polymer Type
	Production Route
	Synthesis Description
	Key Applications

	Polylactic Acid (PLA)
	Polymerisation of bio-based monomers
	Fermentation of carbohydrates (e.g., starch, sugarcane) to lactic acid, followed by polymerisation to low molecular weight PLA, depolymerisation to lactide, and final polymerisation to high molecular weight PLA.
	Packaging, biomedical devices, fibers

	Polybutylene Succinate (PBS)
	
	Bacterial fermentation of carbohydrates to succinic acid, esterified to produce 1,4-butanediol, followed by polymerisation to PBS.
	Packaging, agricultural films, compostable bags

	Polyurethanes (PUR)
	
	Plant oil-derived polyols reacted with isocyanates or bio-based isocyanates to form polyurethanes.
	Foams, coatings, adhesives

	Polyamides (PA)
	
	Castor oil-derived diacids (e.g., sebacic acid) reacted with diamines (e.g., decamethylenediamine, derived from the acid) to produce polyamides.
	Textiles, automotive parts, engineering plastics

	Polyethylene (Bio-PE)
	
	Fermentation of saccharides to bioethanol, dehydrated to ethylene, and polymerised to bio-based polyethylene.
	Packaging, films, bottles

	Thermoplastic Starch (TPS)
(Starch-Based Bioplastics)
	Modification of natural polymers
	Gelatinisation of starch (e.g., from corn, cassava) followed by casting or extrusion with plasticisers to form thermoplastic starch.
	Packaging, edible films, agricultural mulch

	Cellulose Acetate
	
	Cellulose from wood pulp converted to triacetate, then hydrolysed to cellulose acetate.
	Films, optical applications, cigarette filters

	Regenerated Cellulose
	
	Cellulose converted to a soluble form (e.g., viscose), then regenerated into films (cellophane) or fibers (rayon).
	Films (cellophane), textiles (rayon)

	Polyhydroxyalkanoates (PHA)
	Extraction from microorganisms
	Intracellular accumulation by bacteria (e.g., polyhydroxybutyrate) using carbon-rich substrates, followed by extraction.
	Biomedical implants, packaging, agricultural films



1.1.1 Starch-Based Bioplastics
Starch represents a versatile biopolymer with widespread industrial applications across food processing, textiles, paper manufacturing, and pharmaceuticals (Siracusa and Blanco, 2020; Diyana et al., 2021). Structurally, starch comprises amylopectin (branched chains) and amylose (linear chains), both consisting of D-glucose units with molecular weights ranging from 10⁴ to 10⁸ g/mol. This natural polysaccharide offers several advantages for sustainable packaging: complete biodegradability, biocompatibility, edible properties, global availability, straightforward processing, and economic competitiveness compared to petroleum-based materials (Thakur et al., 2019). Additional benefits include neutral organoleptic properties and Generally Recognised as Safe (GRAS) status. Bertuzzi et al. (2007) reported that the performance characteristics of starch-based bioplastics correlate directly with botanical source and amylose-to-amylopectin ratios, which influence gelatinisation temperatures, mechanical properties, and biodegradation rates. Plant-specific factors including biosynthetic enzymes, soil composition, and climatic conditions during cultivation further affect molecular architecture and resulting material properties.
Cassava starch (Manihot esculenta) is primarily used as food product due to its rich carbohydrate content. However, it is a promising bioplastic feedstock due to its low gelatinisation temperature (52–64°C), enabling energy-efficient processing (Bertuzzi et al., 2007). Its molecular composition, with 20–30% amylose and 70–80% amylopectin, supports optimal rheological properties for film formation through solution casting, extrusion, or compression moulding. Chemical analysis reveals a high carbohydrate content (92.5 ± 0.9% dry basis), including 83.5 ± 2.5% pure starch, surpassing other lignocellulosic starches and enhancing processing efficiency (Wongphan et al., 2022; Chamorro et al., 2025). Despite its potential, pure starch has limitations, including high water solubility, brittleness, poor thermal stability, and inferior mechanical properties compared to synthetic polymers. Diyana et al. (2021) reported that to address these limitations, modification techniques such as plasticisation, blending, chemical derivatisation, and graft copolymerisation have been investigated. Thermoplastic starch (TPS) production involves applying thermal and mechanical energy with plasticisers to disrupt internal hydrogen bonding, increasing chain mobility and flexibility. Common plasticisers, such as glycerol and sorbitol, are selected for their compatibility with starch, while alternatives like urea, fructose, sucrose, or glycols offer tailored processing and material properties. Additionally, mineral analysis of cassava starch indicates significant levels of sodium (43.8%), potassium (49.8%), calcium (61.6%), magnesium (43.4%), and iron (26.0%) on a dry basis, which may act as natural plasticisers or processing aids (Wongphan et al., 2022; Chamorro et al., 2025). These attributes position cassava starch as a sustainable, cost-effective material for bioplastic applications, particularly in packaging and agricultural films, though further optimisation is needed to match synthetic polymer performance.

2. material and methods
2.1 Materials and Chemicals
Fresh cassava roots were procured from local farmers in Aluu Community, Rivers State, Nigeria. Chemicals and equipment used in this study are summarised in Tables 3 and 4. Cassava tubers served as the primary starch source, while chemical reagents were employed to modify the starch properties and improve bioplastic performance. Equipment comprised measuring cylinders, stirrer, weighing balance, hot plate, knives, electric blender, bowl, muslin cloth (sieve), metal tray, and stopwatch for precise measurements and processing.

Table 3: Chemicals and their uses
	S/N
	Chemical/Reagent
	Use

	1
	Acetic acid
	Breaks the starch chain into smaller units

	2
	Glycerol
	Acts as a plasticiser to improve flexibility

	3
	Polyvinyl alcohol (PVA)
	Serves as a thickening and reinforcing agent

	4
	Distilled water
	Solvent for chemical and starch modification

	5
	Citric acid
	Modifies starch structure

	6
	Sodium acetate
	Modifies starch structure as part of acetate buffer




Table 4: Equipment and their uses
	S/N
	Equipment/Apparatus
	Use

	1
	Measuring Cylinders
	Measurement

	2
	Stirrer
	Mixing of material and reagents

	3
	Analytical balance
	Measuring the mass of sample

	4
	Hot plate
	Heat up reaction

	5
	Knives
	Slice cassavas

	6
	Electric blender
	Resize cassava to smaller unit	

	7
	Bowl
	Collection of blended Cassava

	8
	Muslin cloth (sieve) 
	Separation

	9
	Metal tray
	Collection of already heated reaction

	10
	Stopwatch
	Precise timing

	11
	Precision micrometer
	Measuring the thickness of sample 



Additionally, characterisation instruments comprised Fourier Transform Infrared Spectroscopy (Perkin Elmer 3000 MX spectrometer), Scanning Electron Microscopy (SEM, JEOL JSM-6360LV), and Thermogravimetric Analyser (TGA, PerkinElmer Pyris 1 TGA).

2.2 Experimental Methods
2.2.1 Starch Extraction
Fresh cassava roots (2 kg) were thoroughly washed, peeled, and cut into small pieces using stainless steel knives and soaked in water. The cassava pieces were blended with distilled water (1:2 w/v ratio) using an electric blender for 5 minutes to achieve complete maceration. The resulting slurry was filtered through muslin cloth to separate fiber residues. The filtrate was allowed to settle overnight for 12 hours at ambient temperature (25±2°C) to enable gravitational separation of starch. The supernatant was carefully decanted, and the settled starch was washed with distilled water to remove residual impurities. The purified starch was dried in an oven at 50°C for 8 hours, ground using a mortar and pestle, and sieved through 80-mesh to obtain uniform particle size distribution. The process followed standard AOAC (2006) procedures for yield determination. The process for starch extraction and the extracted starch are shown in Figures 3 and 4.


Figure 3: Cassava starch extraction process
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Figure 4: Starch sample extracted
          
2.2.2 Cassava Starch-Based Bioplastic Film Production
Pure cassava starch was modified to reduce hydrophilicity using an acetate buffer (44.52 g sodium acetate in 50 mL distilled water, adjusted to pH 7 with acetic acid, diluted to 1 L). A 100 g starch sample was stirred in 200 mL of this solution at 40°C temperature until thickened, then allowed to cool at room temperature. The resulting modified starch was pulverised, sieved through 80-mesh, and weighed, resulting in a yield of 62 g.
To produce cassava starch-based bioplastic film, a casting method is employed as detailed:
· Gelatinisation: 2.5 g modified starch was dissolved in 50 mL distilled water (1:20 ratio), heated at 75°C for 1 h with stirring until gelatinised.
· Plasticisation: 0.3% glycerol (w/w starch) was added as plasticiser.
· PVA incorporation: Dissolved separately (50% of starch dry weight in 50 ml distilled water).
· Crosslinking: 5% citric acid solution (w/w starch) introduced to enhance bonding.
· Stirring and Colouring: 10 min of stirring and two drops of food colouring added
· Film casting: The coloured mixture was poured into thin trays, spread evenly, and air-dried for 72 hours at ambient conditions to form bioplastic films.
The bioplastic films produced and tested as pea packaging, as presented in Figure 5, were subsequently analysed to evaluate their physicochemical and structural characteristics.
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Figure 5: Biodegradable plastic film/ biodegradable packaging material

2.2.3 Physico-chemical Characterisation of the Films
The films produced were subjected to the following analyses:

2.2.3.1 Starch Yield
The starch yield represents the amount of starch extracted from a given weight of cassava on a dry weight basis. The yield is calculated as a percentage of the original sample weight as expressed in Eq. (1).
									(1)
where,  is the weight of extracted starch and is the initial weight of cassava.

2.2.3.2 Water Absorption Test
The water absorption capacity of the biodegradable films was evaluated following standard procedures. Film samples (5 cm × 5 cm) were initially dried in a desiccator for 24 hours at low heat and weighed to determine the initial dry weight (). Samples were subsequently immersed in distilled water at ambient temperature for 72 hours to achieve equilibrium moisture absorption. After the immersion period, specimens were carefully removed, surface moisture was gently blotted with absorbent cotton pieces, and samples were immediately weighed to obtain the wet weight (). The water absorption is calculated as a percentage of initial dry weight as shown in Eq. (1).
							(2)
where,  is the final wet weight of the sample.

2.2.3.3 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR can be used to analyse solids, liquids, and gases, and is often used in materials science, pharmaceuticals, polymers, food science, and environmental analysis. Some specific applications of FTIR include identifying contaminants in a sample, analysing the chemical composition of polymers and plastics, and identifying the presence of drugs or other compounds in biological samples. The prepared films were analysed using Fourier Transform Infrared Spectroscopy (FTIR). Samples were isolated for a prompt result regarding the bio mineral, where a few crystals were mixed with KBr (Merck for spectroscopy) and pulverised in an agate mortar to form a homogenous powder. An appropriate pellet was then prepared under a pressure of 7 tons. Spectra were recorded using the Pelkin Elmer 3000 MX spectrometer, with 4000 – 400 cm-1, 32 scans, 4 cm-1 resolution. The IR spectra were analysed using the spectroscopic software Win-IR Pro Version 3.0, with a peak sensitivity of 2cm-1.

2.2.3.4 Scanning Electron Microscopy (SEM) Analysis
Scanning Electron Microscopy (SEM) is an advanced imaging technique used to observe the surface and microstructural characteristics of a sample at a very high magnification. It is a type of electron microscopy that utilises a focused beam of high-energy electrons to interact with the sample surface, creating a high-resolution image of the sample. Surface morphology and microstructural characteristics of the biodegradable films were examined using SEM technique to evaluate film homogeneity, surface texture, and structural integrity. Film specimens were prepared by mounting on aluminium specimen stubs using conductive carbon tape. To prevent charging artifacts and enhance image resolution, samples were sputter-coated with a thin layer (approximately 10-15 nm) of platinum using a Quorum Q150R sputter coater under argon atmosphere (10⁻¹ mbar pressure, 20 mA current) for 60 seconds.
SEM imaging was conducted using a JEOL JSM-6390LV scanning electron microscope operated at an accelerating voltage of 15 kV with working distance of 10-12 mm. Multiple representative areas of each sample were examined at various magnifications (×100 to ×5000) to obtain comprehensive morphological information.

2.2.3.5 Biodegradability Assessment
To assess the biodegradability of polymeric materials, three primary methodologies are employed: laboratory tests, simulation tests, and field (or burial) tests. Among these approaches, field testing represents the most practically feasible and cost-effective method for determining biodegradation timeframes of polymeric films under real environmental conditions. The biodegradation assessment of bio-films is commonly conducted using the soil burial test method, where the degree of aerobic-driven biodegradation of plastic materials is quantified using established mathematical equations. This approach provides direct measurement of material breakdown under natural soil conditions, offering realistic degradation profiles that closely mirror actual environmental scenarios. 
To carry out the biodegradability test, test specimens were prepared by cutting films into 3 samples of standardised dimensions (7.5 cm × 7.5 cm) and recording initial weights of each sample as 5.50 g using an analytical balance. The soil used for testing was characterised garden soil of sandy-loam composition (pH 6.8 ± 0.2, organic content 3.2%, moisture holding capacity 45%) obtained from local farm. Samples 1, 2, and 3 were buried in soil-filled containers at a depth of 7.5cm, 10cm, and 12.5cm deep respectively, under controlled environmental conditions (temperature 25 ± 2°C, relative humidity 60 ± 5%) with periodic moisture adjustment to maintain 60% water holding capacity, as recommended by Pires et al. (2022) for biodegradation testing of bio-based materials in soil. The burial container was maintained under aerobic conditions with periodic aeration to sustain microbial activity. Film specimens were carefully excavated at predetermined intervals (4, 8, 12, 16, 20, 24 and 28 days), gently cleaned of adhering soil particles using a soft brush and distilled water rinse, dried at 40°C for 24 h, and immediately weighed to determine residual weight. The percentage weight loss, indicating biodegradation progress, was calculated using Eq. (3). 
						(3)
where,  is the initial weight and  is the weight of film sample at time t. Biodegradation kinetics were analysed by plotting percentage weight loss against burial time, and rates of biodegradation were determined using first-order kinetic modelling (Lucas et al., 2008)

2.2.3.6 Thermal Gravimetric Analysis (TGA)
Is a technique used to measure the weight changes of a sample as it is heated or cooled in a controlled environment, the technique is widely used in materials science, chemistry, and other fields to study the thermal behaviour and stability of various materials. Thermo gravimetric analysis (TGA) and derivative thermo analysis (DTA) were carried out to predict the thermal stability of the Bioplastics film. Both thermal analyses were performed simultaneously by placing film samples in platinum holders and subjected to controlled heating from 30°C to 950°C at a constant heating rate of 10°C/min under nitrogen atmosphere (flow rate: 50 mL/min) to prevent oxidative degradation, using a PerkinElmer Pyris 1 TGA system.
Weight loss as a function of temperature was continuously monitored and recorded with data acquisition every 0.5°C. The derivative thermogravimetric (DTG) curves were automatically generated to identify specific degradation temperatures and thermal transition events.

2.2.3.7 Thickness
Film thickness uniformity was evaluated using a precision micrometer. For each film sample, thickness measurements were taken at three predetermined points following a systematic pattern to ensure representative sampling across the entire film area. Measurements included two corner positions and one center point.
Prior to measurement, film samples were conditioned for 24 hours to equilibrate moisture content. Care was taken to avoid areas with visible defects, air bubbles, or surface irregularities that could affect measurement accuracy. The arithmetic mean of all three measurements was calculated and reported as the average film thickness.
 

3. results and discussion
3.1 Cassava Starch Yield
The extracted cassava starch yield was 80.06%, aligning well with literature values ranging from 63.84–84.17% (AOAC, 2006; Journal of Food Science and Technology, 2021). This confirms cassava as a high-starch crop with strong potential for bioplastic production due to its abundance and ease of extraction.

3.2 Water Absorption
The bioplastic film exhibited 4% water absorption, reflecting low hydrophilicity attributed to the incorporation of polyvinyl alcohol (PVA). Similar findings by Galotto et al. (2021) indicate that PVA significantly enhances moisture resistance by reducing water uptake. This property is particularly beneficial for food packaging applications, where maintaining product integrity and preventing moisture transmission are crucial.

3.3 Biodegradability of Films
The biodegradability assessment of three samples over a 28-day period revealed distinct degradation kinetics. Sample 1 exhibited the most rapid biodegradation, achieving over 50% weight loss by day 16, and reaching complete decomposition by day 20. This suggests a highly biodegradable material with an early onset of microbial activity and efficient breakdown. In contrast, Sample 2 demonstrated a more gradual degradation curve, with its acceleration phase occurring between days 16 and 20. Although it reached full degradation by day 28, the slower rate implies moderate resistance to microbial decomposition compared to Sample 1. Sample 3 showed the slowest degradation rate, maintaining higher values for a longer duration and only reaching complete decomposition at day 28. Its delayed acceleration phase and extended persistence suggest lower biodegradability, potentially due to burial depth. Figure 6 shows the biodegradation test results for Sample 1, Sample 2, and Sample 3.
These findings clearly show that burial depth influences the rate of biodegradation. Sample 1, buried at the shallowest depth (7.5 cm), decomposed the fastest, suggesting greater microbial activity or oxygen availability. Sample 2 and Sample 3, buried deeper, showed slower degradation rates, with Sample 3 being the slowest, as reported in Table 5. This indicates that oxygen diffusion, temperature, microbial density, and possibly moisture content at different depths play a significant role in accelerating or retarding biodegradation.
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Figure 6: Biodegradation test results for Sample 1, Sample 2, and Sample 3

Table 5:Comparative insights revealing distinct decomposition acceleration phases
	Sample
	Acceleration Phase
	Degradation Speed
	Completion Time

	Sample 1
	Day 8–20
	Fastest
	~Day 24

	Sample 2
	Day 12–20
	Moderate
	~Day 28

	Sample 3
	Day 12–20
	Slowest
	~Day 28



This high biodegradability contrasts sharply with petroleum-based plastics that persist for decades.

3.4 FTIR Analysis
The FTIR spectrum result for the cassava starch–PVA bioplastic film shown in Figure 7 revealed characteristic absorption peaks corresponding to key functional groups, as summarised in Table 6. A strong, broad band at 3391 cm⁻¹ indicates O–H stretching vibrations of hydroxyl groups from both starch and glycerol, confirming the presence of intermolecular hydrogen bonding. The peaks at 2925.87 cm⁻¹ and 1451.40 cm⁻¹ are attributed to C–H stretching and bending vibrations of methylene and methyl groups, suggesting partial interaction between PVA and starch molecules. The medium peaks at 1743.50 cm⁻¹ and 1652.21 cm⁻¹ correspond to C=O stretching of carbonyl groups from ester linkages, indicating chemical modification during film formation. Peaks at 1165 cm⁻¹ and 1025 cm⁻¹ represent C–O stretching of ether and ester bonds, confirming crosslinking between starch and plasticisers. Weak absorptions between 871–580 cm⁻¹ are associated with C–C bending in the pyranose ring, confirming the retention of starch’s cyclic structure.
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Figure 7: FTIR spectrum of cassava starch-based biodegradable film
The broad O-H peak (3391 cm⁻¹) indicates extensive hydrogen bonding between starch, PVA, and glycerol. The presence of both carbonyl peaks (1744 and 1652 cm⁻¹) suggests esterification reactions and intact starch structure. The fingerprint region (1500-600 cm⁻¹) displays characteristic C-O-C and C-O stretching vibrations, confirming the polysaccharide network. The preservation of the pyranose ring peak (580 cm⁻¹) indicates that starch maintains its native cyclic structure throughout film processing.
Table 6: FTIR spectral analysis of cassava starch-based biodegradable film
	S/N
	Major Spectral Peak (cm⁻¹)
	Appearance
	Assignment

	1
	3391.00
	Strong, very broad
	O-H stretching vibration (hydroxyl groups from starch and PVA; hydrogen bonding)

	2
	2925.87
	Strong, sharp
	C-H stretching vibration (methylene -CH₂- and methyl -CH₃ groups)

	3
	1743.50
	Medium, sharp
	C=O stretching vibration (carbonyl group of carboxylic acid from plasticiser)

	4
	1652.21
	Medium, sharp
	C=O stretching vibration (carbonyl group in starch; amorphous region)

	5
	1451.40
	Medium, sharp
	C-H bending vibration (methylene -CH₂- and methyl -CH₃ groups)

	6
	1165.00
	Strong, sharp
	C-O-C stretching vibration (ether linkage in starch glycosidic bonds)

	7
	1025.00
	Strong, broad
	C-O stretching vibration (ester linkage; C-O-H groups in starch)

	8
	871.00
	Weak, sharp
	C-H bending vibration (methyl -CH₃ group; out-of-plane deformation)

	9
	764.42
	Weak, sharp
	C-H bending vibration (rocking vibration of methylene -CH₂- groups)

	10
	710.57
	Weak, sharp
	C-H bending vibration (methyl -CH₃ group deformation)

	11
	580.05
	Weak, sharp
	C-C bending vibration (pyranose ring structure of starch backbone)



3.5 SEM Analysis
The surface morphology of the produced bioplastic film was examined using Scanning Electron Microscopy as shown in Figure 8. Image (A) showed a smooth but slightly Cracked surface, likely resulting from the incorporation of glycerol, which reduce brittleness and enhance flexibility. Image (B) revealed a rougher and more fractured structure, suggesting higher amylopectin content and greater surface area, features beneficial for applications such as tissue scaffolding or drug delivery. Image (C) displayed a uniformly smooth surface, indicative of a well-blended starch–glycerol matrix suitable for food packaging, as a smooth morphology limits bacterial adhesion and improves printability. Similar findings were reported by Thuppahige et al. (2023) and Omoike et al. (2024), who observed minimal surface defects in optimised bioplastic films containing starch–glycerol composites.
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Figure 8: Surface morphology of starch-based bioplastic films
3.6 Thermal Stability (TGA/DTG)
[bookmark: _Hlk213424232]The results in Figure 9 indicates an initial stability with negligible mass loss (approximately 5%) up to approximately 150°C, followed by a pronounced decomposition phase between 200°C and 400°C, where approximately 70% of the total mass was lost, resulting in a residual weight of approximately 20%. Beyond 400°C, a gradual decline ensues, stabilising at approximately 10% residue by 1000°C, indicative of inorganic ash or char formation. The DTG curve corroborates these stages, showing a minor peak below 150°C, a dominant peak at about 400°C, and a secondary shoulder at about 520°C. Breaking this into stages, the first stage (<150°C) is attributed to the volatilisation of adsorbed moisture, residual solvents, and low-boiling plasticisers such as glycerol. The dominant second stage (200 - 400°C) involves the thermal decomposition of the starch matrix, encompassing dehydration of hydroxyl groups, cleavage of glycosidic linkages, and depolymerisation into volatile organics (e.g., CO₂, H₂O, and aldehydes), augmented by PVA chain scission and glycerol pyrolysis. The third stage (>400°C) reflects oxidative degradation of carbonaceous residues and carbonisation, consistent with char oxidation in oxygenated atmospheres as reported by Thuppahige et al. (2023).
These observations align with ASTM E1131-20 standards released in 2020 for compositional analysis by thermogravimetry and are comparable to reported profiles for cassava starch-PVA blends, where modifications enhance onset temperatures by 20 - 50°C relative to native starch. The film's thermal stability below 150°C supports its viability for ambient-temperature packaging applications, such as food wrappers, but precludes use in high-heat scenarios (e.g., microwaveable or hot-fill processes) due to accelerated degradation risks.
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Figure 9: TGA/DTG results of starch-PVA film

3.7 Thickness
The cassava starch–PVA bioplastic films exhibited thickness values ranging from 0.18 to 0.28 mm as presented in Table 7. The relatively reduced thickness suggests a more flexible and lightweight material, ideal for short-term or low-load packaging applications. An increase in starch concentration led to thicker films due to higher solid content and greater paste viscosity, which produced denser and less porous structures after drying. Similarly, glycerol concentration had a pronounced effect on film thickness. At low glycerol levels (10%), films were thin and brittle; at moderate levels (20%), thickness increased but reduced mechanical integrity due to higher plasticisation and more moisture absorption. 
Table 7: Thickness of Cassava Starch–PVA Bioplastic Films
	Sample
	Film Composition
	Thickness (mm)

	Film 1
	Starch–PVA (2:1)
	0.18

	Film 2
	Starch–PVA (2:1) + 10% Glycerol
	0.21

	Film 3
	Starch–PVA (2:1) + 20% Glycerol
	0.22

	Film 4
	Starch–PVA (3:1) + 10% Glycerol
	0.25

	Film 5
	Starch–PVA (3:1) + 20% Glycerol
	0.27



Optimising film thickness is therefore essential to balance strength, flexibility, biodegradability, and cost-effectiveness. The results corroborate thicknesses reported by Zavareze et al. (2012) and Fonseca et al. (2015), confirming the direct correlation between starch concentration, plasticiser content, and bioplastic film thickness.
4. Conclusion
This study demonstrated the effective synthesis and comprehensive characterisation of cassava starch–PVA bioplastic films, confirming their potential as sustainable alternatives to petroleum-based plastics. The cassava starch yield of 80.06% underscores the crop’s suitability as a renewable raw material for polymer production. The films exhibited low water absorption (4%), indicating enhanced hydrophobicity due to PVA incorporation, which is advantageous for food and packaging applications. Biodegradation studies revealed complete decomposition within 20–28 days, strongly influenced by burial depth and microbial activity, signifying excellent environmental degradability. FTIR analysis confirmed the presence of O–H, C–H, C=O, and C–O functional groups, validating intermolecular hydrogen bonding, esterification, and crosslinking between starch, PVA, and glycerol. SEM micrographs revealed smooth and uniform morphologies, while TGA analysis demonstrated a three-stage decomposition pattern with good thermal stability up to 150°C. The film thickness (0.18–0.28 mm) indicated lightweight and flexible properties suitable for short-term packaging. Collectively, these findings affirm cassava starch–PVA composites as promising biodegradable materials with desirable structural, thermal, and environmental characteristics for sustainable packaging and related applications.
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