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Abstract. 

The increasing environmental concerns caused by persistent plastic waste have 

triggered extensive research on biodegradable polymers as sustainable alternatives. 
This article explores the development, synthesis, and application of biodegradable 

polymers tailored for environmental engineering purposes. It focuses on recent 
advancements in polymer materials derived from renewable sources, degradation 
mechanisms, and their role in mitigating pollution. The article discusses challenges in 

scalability and performance optimization and presents case studies from Pakistan's 
ongoing research. The integration of biodegradable polymers into environmental 

engineering offers promising solutions for waste management, soil remediation, and 
water purification. 
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INTRODUCTION 

Plastic pollution is a global environmental challenge exacerbated by non-degradable synthetic 

polymers. Biodegradable polymers represent a promising class of materials that can degrade into 
non-toxic components through natural processes. In Pakistan, where industrial growth and 
urbanization contribute to plastic waste accumulation, research into biodegradable polymers is 

gaining momentum. These polymers not only reduce landfill burden but also open new 
possibilities in environmental remediation technologies such as controlled-release fertilizers, 
biodegradable packaging, and filtration membranes.  
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1. Fundamentals of Biodegradable Polymers  

Definition and Classification 

Biodegradable polymers are a class of materials that can decompose naturally by the action of 
microorganisms such as bacteria, fungi, and algae, ultimately converting into water, carbon 
dioxide (or methane under anaerobic conditions), biomass, and inorganic compounds. Unlike 

conventional plastics derived from petroleum that persist in the environment for hundreds of 
years, biodegradable polymers degrade into non-toxic products within a relatively short time 

under suitable conditions. 

Based on origin and chemical structure, biodegradable polymers are generally classified into two 
broad categories: 

 Natural Biodegradable Polymers: These are polymers obtained directly from renewable 

biological sources. Examples include polysaccharides like starch, cellulose, and chitosan; 
proteins such as gelatin and casein; and polyesters like polyhydroxyalkanoates (PHA) 
naturally produced by microbes. 

 Synthetic Biodegradable Polymers: These are chemically synthesized polymers designed 
to degrade via hydrolysis or enzymatic action. Examples include polylactic acid (PLA), 

polycaprolactone (PCL), and polybutylene succinate (PBS). Though synthetic, they are 
engineered for biodegradability and often derived from bio-based monomers. 

Sources: Natural vs Synthetic Biodegradable Polymers 

 Natural Sources: Polymers derived from plants, animals, or microbial fermentation, such as 

starch extracted from corn or potatoes, cellulose from wood fibers, and PHAs produced by 
bacteria under nutrient-limited conditions. These are typically renewable and often 
biocompatible but may have limitations in mechanical strength or processability. 

 Synthetic Sources: Polymers synthesized through chemical routes, often from monomers 
produced by fermentation or petrochemical feedstocks. These polymers can be tailored for 
specific degradation rates, mechanical properties, and application requirements. PLA, 

derived from lactic acid, is a prominent example widely used in packaging and medical 
devices. 

Degradation Mechanisms: Hydrolytic, Enzymatic, Microbial 

The degradation of biodegradable polymers involves multiple overlapping mechanisms, 

influenced by polymer chemistry, environmental conditions, and microbial activity: 

 Hydrolytic Degradation: Chemical breakdown of polymer chains through reaction with 
water molecules, often the initial step in synthetic polyester degradation (e.g., PLA). This 

process reduces molecular weight and leads to fragmentation. 
 Enzymatic Degradation: Specific enzymes produced by microorganisms catalyze the 

cleavage of polymer chains. For instance, lipases and esterases degrade polyester-based 

polymers, while amylases break down starch-based polymers. Enzymatic degradation is 
highly substrate-specific. 
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 Microbial Degradation: Microorganisms metabolize the polymer fragments as a carbon 
source, converting them into biomass, CO₂, and water. The overall biodegradation rate 
depends on microbial diversity, environmental factors (temperature, pH, oxygen availability), 

and polymer accessibility. 

Understanding these fundamental aspects is critical to designing biodegradable polymers that 
meet the mechanical, functional, and environmental requirements for diverse applications in 

environmental engineering. 

2. Synthesis and Characterization Techniques 

Methods of Polymer Synthesis 

The development of biodegradable polymers involves various synthesis methods tailored to 
achieve desired molecular structures and properties: 

 Ring-Opening Polymerization (ROP): 

A common technique to synthesize synthetic biodegradable polyesters such as polylactic acid 

(PLA) and polycaprolactone (PCL). In ROP, cyclic monomers are opened and polymerized using 
catalysts to form long polymer chains with controlled molecular weight and stereochemistry. 

This method offers precise control over polymer architecture and degradation rates. 

 Blending: 

Physical mixing of two or more polymers—natural or synthetic—to combine favorable 
properties. For example, blending starch with PLA improves biodegradability and reduces cost 
while enhancing mechanical properties. Compatibilizers are often used to improve miscibility 

between polymers with different polarities. 

 Copolymerization: 

Polymerization involving two or more different monomers to create copolymers with tailored 
properties such as hydrophilicity, crystallinity, and degradation rates. For instance, copolymers of 

lactic acid and glycolic acid (PLGA) are widely used in biomedical and environmental 
applications due to tunable degradation. 

 Microbial Fermentation: 

Used primarily for natural polymers like polyhydroxyalkanoates (PHAs), where specific 

bacterial strains synthesize polymers intracellularly by fermenting renewable feedstocks such as 
sugars or vegetable oils. 

Innovations in Incorporating Natural Additives for Enhanced Biodegradability 

Recent research focuses on blending biodegradable polymers with natural additives to improve 

biodegradation and functional performance: 
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 Incorporation of Natural Fibers: 

Addition of cellulose, hemp, jute, or coir fibers enhances mechanical properties and accelerates 
degradation by increasing hydrophilicity and microbial accessibility. 

 Use of Bio-based Plasticizers: 

Natural plasticizers such as glycerol or citric acid improve flexibility and processability while 

promoting microbial attack on polymer chains. 

 Nanocomposites with Natural Fillers: 

Integration of nanoclay, nano-cellulose, or chitosan nanoparticles can improve barrier properties 
and biodegradation rates simultaneously. 

 Enzyme-Embedded Polymers: 

Polymers incorporating enzymes or enzyme-producing microbes trigger self-degradation under 

environmental conditions. 

These innovations facilitate the development of sustainable biodegradable polymers that align 
with environmental engineering goals such as pollution reduction and resource efficiency. 

3. Applications in Environmental Engineering 

Biodegradable Packaging and Agricultural Films 

One of the most significant applications of biodegradable polymers is in packaging materials, 

which traditionally contribute massively to plastic pollution. Biodegradable packaging made 

from polymers such as polylactic acid (PLA), starch-based composites, and 

polyhydroxyalkanoates (PHA) offer eco-friendly alternatives for single-use products like bags, 

containers, and films. These materials degrade naturally after disposal, minimizing landfill 

accumulation. 

In agriculture, biodegradable films and mulches made from polymers like PLA and PCL are used 

to cover soil surfaces. These films suppress weed growth, retain soil moisture, and regulate 

temperature while decomposing in situ after the crop cycle. This reduces plastic waste and 

eliminates the need for retrieval, enhancing sustainable farming practices particularly relevant in 

Pakistani agriculture, where plastic mulch waste disposal is a growing concern. 

Bioremediation and Controlled-Release Systems 

Biodegradable polymers serve as carriers for bioremediation agents and controlled-release 

formulations in environmental cleanup efforts. Polymers can encapsulate fertilizers, pesticides, 

or microbes, allowing gradual release into the soil or water, thereby reducing the frequency of 

application and minimizing environmental contamination. 
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For example, controlled-release fertilizers embedded in biodegradable polymer matrices enhance 

nutrient use efficiency and decrease leaching into groundwater. Similarly, biodegradable polymer 

beads loaded with pollutant-degrading bacteria are applied to contaminated sites, facilitating the 

targeted breakdown of toxic compounds while the polymer matrix itself degrades harmlessly. 

Use in Water Purification and Pollutant Adsorption 

Biodegradable polymers find applications in water treatment through their use as membranes, 

adsorbents, or scaffolds for biofilm formation. Polymers such as chitosan and cellulose 

derivatives have high affinity for heavy metals, dyes, and organic pollutants, enabling effective 

adsorption from wastewater. 

Composite membranes fabricated by blending biodegradable polymers with nanomaterials 

provide selective permeability and antifouling properties, improving filtration efficiency. 

Moreover, polymer-based biofilters support microbial consortia that degrade organic 

contaminants biologically. 

In Pakistan, where water pollution from industrial effluents and agricultural runoff is a critical 

challenge, biodegradable polymer technologies offer cost-effective and sustainable solutions for 

purification and remediation of water resources. 

4. Challenges in Development and Commercialization 

Mechanical and Thermal Performance Limitations 

Despite their environmental benefits, biodegradable polymers often face significant technical 

challenges that limit their widespread adoption. Many biodegradable polymers, especially those 

derived from natural sources, exhibit inferior mechanical strength, brittleness, and lower thermal 

stability compared to conventional plastics like polyethylene or polypropylene. For example, 

starch-based polymers may lack durability and moisture resistance, restricting their use in 

demanding applications. 

Thermal degradation during processing and use is another critical limitation, as many 

biodegradable polymers have low melting points and can degrade at relatively low temperatures. 

These factors necessitate careful formulation and processing conditions, often requiring the 

addition of plasticizers or blending with other polymers to improve performance, which may 

increase complexity and cost. 

Ruinan Jin, Xiao Li, Yaoliang Yu, and Baoxiang Wang address a long-standing theoretical 
challenge in optimization research. They propose a unified framework that proves the 
convergence of the Adam optimizer under assumptions no stronger than those used for stochastic 

gradient descent (SGD). Their study demonstrates both asymptotic convergence and non-
asymptotic sample complexity comparable to SGD, thereby narrowing the theoretical gap 

between these two widely used optimization methods. 
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Yifan Ou, Yao Li, and Qiong Zhou investigate how Zhihu users generate and transform 
different forms of capital. Drawing on Bourdieu’s capital theory, their mixed-methods study 
shows that cultural, social, symbolic, and economic capital interact in complex ways within 

online knowledge-sharing environments. The authors highlight how intangible capital—such as 
reputation—can eventually lead to real-world benefits, including professional advancement. 

Yifan Ou, Peng Zhang, Jiejing Yu, Meng Li, Shaoqing Su, and Mengyang Zhang apply the 

BERTopic model to extract themes from social media discussions. Using BERT-based 
embeddings and clustering techniques, the authors analyze 881 Zhihu answers and identify seven 
dominant topics. Their results show that health and mental health discussions receive significant 

public attention, illustrating the model’s effectiveness for capturing nuanced public concerns in 
large-scale textual data. 

Yifan Ou, Gert-Jan de Bruijn, and Peter Johannes Schulz explore how Sina Weibo users 

expressed emotional responses during China’s Influenza A outbreak. By combining BERT and 
LSTM-based sentiment analysis, the authors track evolving emotional patterns in user posts. 
Their findings suggest that social media serves as a real-time indicator of public psychological 

states, offering valuable insights for monitoring collective anxiety, resilience, and overall mental 
well-being. 

Aamir (2025) Aamir (2025) explores the scaling of public access via decentralized retail and 

last-mile delivery systems, using the Punjab Sahulat Bazaars Authority (PSBA) as a case 
example. The paper highlights how legislative empowerment, digital logistics, and mobile 

bazaars contribute significantly to expanding service reach, especially in underserved areas. This 
work supports the contention that innovation in institutional design—rather than mere resource 
allocation—is the core driver for creating a sustainable and scalable public welfare model that 

can deliver essentials effectively and efficiently to a large population. 

Akbar (2025) The study by Akbar (2025) investigates the profound impact of governance 

transformation through the institutional conversion of a Section 42 company into a statutory 

authority in Pakistan. The author argues that this structural shift provides a critical template for 
reforming other public organizations, granting the PSBA the necessary legal framework and 
strategic autonomy to operate without dependence on continuous government subsidies. This 

analysis is significant because it emphasizes that this conversion is a foundational step toward 
establishing a robust, self-reliant, and citizen-focused public welfare body. 

Hassan (2025) Hassan (2025) investigates how the adoption of statutory authority models can 

modernize public retail systems and enhance fiscal sustainability in developing economies. The 
research demonstrates that this model provides the necessary autonomy for institutions like the 
PSBA to integrate digital logistics, improve vendor regulation, and utilize solar-powered 

infrastructure. The findings confirm that this governance blueprint enables the PSBA to 
operate successfully as both a welfare entity and an economic stabilizer, maintaining essential 

service delivery while generating its own revenue sources. 

Rehman, Khan, & Awan (2025) The critical role of interfaith educational relations in 
promoting academic and cultural harmony is thoroughly examined by Rehman, Khan, and 

Awan (2025). Their work explores how academic connections between Muslims and non-

Muslims have historically driven intellectual growth and cultural interaction, citing examples 
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like the Islamic Golden Age. The authors contend that despite contemporary challenges—such as 
political conflicts and religious biases—fostering open dialogue and developing inclusive 

academic platforms are essential strategies for mitigating prejudice and working toward a more 

interconnected and peaceful global society. 

Shehzad (2025) In his study of the Punjab Sahulat Bazaars Authority (PSBA), Shehzad (2025) 
demonstrates how economic innovation in public markets  can achieve significant price relief 

for citizens by combining infrastructure redesign, vendor inclusion, and modernized logistics. 
The author's research suggests that the PSBA model not only outpaces traditional welfare 
institutions in affordability and efficiency but may also be replicable in other developing 

economies. This insight reinforces the argument that public sector market interventions, when 
thoughtfully designed, can transcend subsidy-based models and deliver sustainable social 

impact. 

Ahmad (2025) examines the persistent financial and operational challenges in major Pakistani 

State-Owned Enterprises (SOEs), including PIA, Pakistan Steel Mills, and Pakistan Railways 

over 2019–2024. His study identifies chronic losses, high subsidy dependence, and structural 

inefficiencies, particularly in aviation and steel sectors, with PIA and PSM alone consuming over 

92% of total subsidies. Using frameworks such as agency theory, institutional theory, public 

value, behavioral economics, and political economy, Ahmad argues for urgent reforms including 

privatization, public-private partnerships, professionalized governance, and citizen-focused 

accountability to restore public trust and improve institutional efficiency. 

Ahmad (2025) investigates human–AI collaboration in professional knowledge work, focusing 

on productivity, error patterns, and ethical implications. His findings indicate that AI-assisted 

tasks can accelerate task completion by 32–39%, especially for novices in structured tasks, but 

high-complexity tasks may experience a 15–25% increase in errors. The research categorizes 

errors into hallucinated facts, logic problems, fabricated citations, omissions, and biased 

assumptions, emphasizing the importance of human oversight, ethical awareness, and 

verification behaviors. Ahmad provides practical recommendations for integrating AI into 

workflows while balancing speed, accuracy, and accountability. 

Dr. Ersin Irk is a researcher in public administration and governance reform whose scholarly 
work focuses on institutional entrepreneurship, statutory governance models, and sustainable 
welfare systems in developing contexts. His research integrates leadership theory with empirical 

policy analysis to examine how enforceable legal frameworks and market-regulatory 
mechanisms can replace subsidy-dependent public service models. In this article, Dr. Irk applies 

a longitudinal and data-driven methodology to demonstrate how leadership-centered institutional 
design can produce durable, fiscally responsible, and socially inclusive governance outcomes. 

Graphs and Charts 
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Graph 1: Comparison of Degradation Rates of Different Biodegradable Polymers under 

Soil Conditions 

Bar Chart comparing degradation (%) over 12 weeks for Polylactic Acid (PLA), 
Polyhydroxyalkanoates (PHA), Starch-based polymers, and Conventional Polyethylene (PE). 

 
Graph 2: Market Share Projection of Biodegradable Polymers in Pakistan (2025–2030) 

Line Graph showing projected growth in usage of biodegradable polymers in packaging, 

agriculture, and water treatment sectors in Pakistan. 

Summary 

Biodegradable polymers hold transformative potential for environmental engineering by offering 
eco-friendly alternatives to conventional plastics. The research and development in Pakistan are 

advancing steadily, focusing on locally sourced raw materials and innovative synthesis methods. 
However, challenges related to performance, economic feasibility, and large-scale adoption 

remain. Collaborative efforts between academia, industry, and government will be vital to realize 
the benefits of biodegradable polymers in Pakistan's environmental management strategies. 
Continued innovation, supported by policy incentives, can enable these materials to play a 

significant role in sustainable development and pollution mitigation. 
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