
 

Industrial Engineering Journal 

ISSN: 0970-2555   

Volume : 53, Issue 11, November : 2024 
 

UGC CARE Group-1                                                                                                          422 

INVESTIGATION OF MICROBIAL DEGRADATION METHODS OF 

BIODEGRADABLE PLASTICS WITH EMPHASIS ON MICROORGANISMS AND 

ENVIRONMENTAL FACTORS 

Ramendra Pati Pandey, Research Scholor, Texas Global University 

Dr. Pabba Siva Krishana, Research Supervisor. Texas Global University 

ABSTRACT 

The mounting environmental concerns relating to traditional plastics have led to the 

identification of biodegradable plastics as the alternative. However, their complete decomposition is 

dependent on microbial degradation, which is triggered by a chain of biological and environmental 

factors. This paper explores and assesses methods of microbial degradation of biodegradable 

plastics, discussing the role of microorganisms involved and conditions in the environment that 

impact degradation. It discusses the mechanisms through which microbes, including bacteria and 

fungi, degrade different types of biodegradable plastics such as PLA, PHA, starch-based plastics, 

and PBS. The paper focuses on key microbial strains responsible for plastic breakdown and 

examines enzymatic pathways involved in degradation. Environmental factors, such as temperature, 

humidity, oxygen availability, and pH, that affect the efficiency of biodegradation are also 

discussed. This paper also overviews different methods of testing along with analytical approaches 

to evaluate biodegradation via microorganisms. The results here are significant; they highlight 

microbial degradation as integral to sustainable management of waste resources and provide light 

on how its use in relation to bioplastics can bring down environmental contamination. 

Keywords: Microbial degradation, biodegradable plastics, enzymatic breakdown, biopolymer 

degradation. 

 

1. INTRODUCTION 

Plastic pollution has now become a vital 

environmental issue owing to the prevalent use of 

traditional plastics and the long-lasting nature of 

their persistence in ecosystems. Traditional 

petroleum-based plastics are strong and resistant 

to natural degradation processes, which ultimately 

leads to an accumulation of this plastic waste in 

landfills, oceans, and terrestrial environments[1]. 

The persistence of plastic waste has had severe 

ecological impacts, such as harming marine life, 

contaminating soil, and releasing microplastics 

into the environment. Not only do microplastics 

harm biodiversity, but they also carry potential 

health risks to humans, as they infiltrate the food 

chain. In addition, massive production and 

mismanagement of plastics have raised alarm 

worldwide, compelling the world to seek 

sustainable measures to address the pollution 

problem. Biodegradable plastics have proven to be 

an attractive alternative for traditional plastics in 

terms of possible natural degradation via 

microbial activity. Contrary to conventional 

plastics, biodegradable plastics degrade to more 

elementary compounds, such as water, carbon 

dioxide, and biomass, given suitable 

environmental conditions[2]. These materials are 

developed to prevent plastic waste from 

accumulating and reducing the damage it causes 

to the environment. With the growing 

consciousness of sustainability, industries are 

switching to biodegradable alternatives for 

packaging, agriculture, healthcare, and consumer 

goods. However, the efficiency of biodegradable 

plastics is greatly influenced by the composition 

of polymers, microbial activity, and environmental 

conditions. Therefore, the microbial degradation 

mechanism must be understood in order to 

enhance the effectiveness of biodegradable 

plastics and make them applicable in real-world 

waste management strategies. 
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Microbial degradation plays an important 

role in sustainable waste management. It breaks 

down biodegradable plastics by natural means and 

lessens environmental pollution and can improve 

the circular economy. Conventional plastics often 

persist in the environment for hundreds of years, 

thereby piling up in landfills and in water bodies, 

causing extreme ecological harm [3]. Because 

these plastics don't biodegrade naturally, the 

growing concern has been that biodegradable 

plastics can decompose using such 

microorganisms such as bacteria and fungi. It 

makes use of the capacity in these microorganisms 

to excrete enzymes which are known to 

breakdown polymer chains for the harmless end 

products, being water, carbon dioxide, and 

biomass from the plastic wastes. This process 

reduces the volume of plastic waste and also 

minimizes the release of microplastics into the 

environment, a risk to wildlife and human health. 

The addition of microbial degradation into waste 

management strategies makes it more sustainable 

by removing reliance on fossil fuel-derived 

plastics, decreasing greenhouse gas emissions as 

well[4]. The presence of non-biodegradable 

plastics in landfills and oceans can be greatly 

relieved if biodegradable plastics are adopted on a 

mass scale and break down under appropriate 

environmental conditions. Moreover, microbial 

activity can be used to accelerate the breakdown 

of biodegradable plastics in composting facilities 

and industrial waste treatment plants, thereby 

ensuring efficient waste disposal. Incorporation of 

microbial degradation into waste management is 

in line with the globe's efforts toward 

environmental sustainability, a reduction in plastic 

pollution, and the production of eco-friendly 

materials. Further research and advancements in 

microbial biotechnology are needed to efficiently 

improve the efficiency of biodegradation; thus, 

biodegradable plastics would pose a viable 

solution to the suffering from the current plastic 

waste crisis. 

2. OVERVIEW OF BIODEGRADABLE 

PLASTICS 

Biodegradable plastics are types of 

polymers whose breakdown in nature results in 

biodegradable products, such as water, carbon 

dioxide, and biomass, by the action of 

microorganisms, including bacteria and fungi. 

Biodegradable plastics do not stay around for 

thousands of years as they do with non-

biodegradable plastics. It decomposes within a 

short time frame, which can be as quick as when 

put through composting, soil, or aquatic 

conditions. These plastics are produced as an 

environmentally friendly alternative to 

conventional petroleum-based plastics with the 

hope of curbing plastic pollution and promoting 

environmental waste management[5]. 

Biodegradable plastics' degradation rates are 

dependent upon the chemical makeup of the 

bioplastics, the environmental condition in which 

it exists, and microbial activity; thus, these play a 

fundamental role in developing sustainable 

materials. There are basically two categories in 

biodegradable plastics: the bio-based 

biodegradable plastic and the petrochemical-based 

biodegradable plastic. The bio-based 

biodegradable plastics are derived from renewable 

sources including starch, corn, sugarcane, and 

vegetable oils. Examples include PLA and PHA, 

which are produced from the microbial 

fermentation of plant-derived sugars[6]. On the 

other hand, Petrochemical-based biodegradable 

plastics, including some types of PBS, as well as 

certain types of PCL, are derived from fossil 

sources but are engineered to degrade under 

microbiological conditions. Both categories 

provide some advantages in reducing 

environmental impact; however, their 

biodegradable ability depends on features such as 

polymer structure, presence of bacteria, and 

disposal conditions. 

Common Types of Biodegradable Plastics 

Biodegradable plastics were developed in 

the forms of a number of bioplastics depending on 

the particular industrial and environmental need. 

Probably the most frequently used is PLA, a 

bioplastic which is derived from fermented plant 
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starch and is very often used for packaging, 

disposable utensils, and biomedical purposes. PLA 

can be highly transparent and compostable. It 

finds many applications in food packaging; 

however, industrial composting conditions are 

required to effectively degrade the material[7].The 

most important type of biodegradable plastic is 

PHA, or Polyhydroxyalkanoates, a group of 

naturally occurring biopolymers produced by 

bacteria as storage molecules for energy. PHAs 

are completely biodegradable under a wide variety 

of conditions including soil and marine 

environments, for applications in agriculture, 

medical implants, and packaging. However, high 

production costs remain a limitation for large-

scale use. Another very common group of 

biodegradable plastics includes Starch-Based 

Plastics. These materials are a blend of starch with 

other biodegradable polymers that improve the 

mechanical properties[8]. They are normally used 

in agricultural films, compostable bags, and food 

containers. Petrochemical-based bioplastics, due 

to their hydrophilic property, degrade easier in 

natural environment and are attractive for short 

applications. Polybutylene Succinate (PBS) is a 

family of petrochemical-based biodegradable 

plastic with excellent mechanical properties and 

widely used in flexible packaging, agricultural 

films, disposable cutlery, etc. PBS is 

biodegradable, but such biodegradation occurs 

much faster than its traditional plastic counterpart. 

However, it only biodegrades through microbial 

action in composting or soil environments. The 

mentioned biodegradable plastics have varying 

properties, advantages, and disadvantages. That 

limits their utilization in diverse industries. 

Improvements in material science and microbial 

biotechnology enhance the performance and 

biodegradability of these plastics, which are thus 

considered one of the key solutions to solving the 

plastic waste problem, thereby supporting 

sustainability. 

 

Fig: Types Of Biodegradable Plastics 

• Physical, chemical, and mechanical 

properties influencing degradation 

The physical, chemical, and mechanical 

properties of biodegradable plastics create a 

combined influence that determines how effective 

the material will break down under environmental 

conditions. This property understanding is 

significant in optimizing the use of biodegradable 

plastics within different industries while ensuring 

their efficiency in decomposition[9].The 

molecular weight, crystallinity, and surface area of 

the plastics have a high influence on the 

biodegradation rate. Molecular weight determines 

the length of the polymer chain, where polymers 

with low molecular weights degrade fast. This 

happens because microorganisms can easily break 

down small fragments of lower molecular weight 

polymers. Crystallinity is defined as the degree of 

structural order in a polymer. Highly crystalline 

plastics, such as certain types of PLA, degrade 

more slowly because microbes are unable to 

access closely packed polymer chains. 

Conversely, amorphous or low-crystallinity 

plastics tend to degrade more readily. Surface area 

also has a great role, for greater microbial 

attachment and enzymatic action are facilitated in 

plastics that have high surface areas, which in turn 

accelerate degradation [10].The chemical structure 

and composition of biodegradable plastics play a 

significant role in determining the rate of 

degradation. Hydrophilic functional groups in 

polymers degrade faster because they absorb 
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moisture, which aids in microbial attack. For 

instance, starch-based plastics are highly 

hydrophilic and degrade fast when exposed to 

moisture and microbes. On the other hand, 

polymers that are hydrophobic in nature, like 

specific Polyhydroxyalkanoates, degrade slowly 

in dry environments but degrade very rapidly 

under aquatic or composting conditions. Ester, 

amide, or ether groups are also relevant linkages 

within polymer chains as they affect degradation; 

ester bonds are more susceptible to enzymatic 

hydrolysis, as observed in PLA and PBS. 

Environmental stresses determine the response of 

biodegradable plastics at tensile strength, 

flexibility, and elongation at break. Pure PLA 

presents rigid plastic features with high tensile 

strength, low flexibility and elongation under 

break. That is, as compared to very flexible 

polymers like PBS whose mechanical stress has a 

high capacity to break or degrade the latter. 

Brittleness and toughness also play a role in 

fragmentation, such that brittle materials break 

and fracture faster, enhancing access of the 

microbe to internal polymer chains. This is a very 

practical concept for outdoor applications such as 

agricultural films, in which the degradation of 

plastic is accelerated due to natural weathering. As 

such, microbial degradation is going to be further 

sensitive to these combined properties, and 

optimizing the physical, chemical, and mechanical 

properties through material engineering and 

additive modifications will allow biodegradable 

plastics to degrade efficiently under specific 

environmental conditions while supporting 

sustainable waste management efforts[11]. 

3. MECHANISMS OF MICROBIAL 

DEGRADATION 

3.1 General process of biodegradation 

Biodegradation is the process through 

which biodegradable plastics break down into 

simple, non-toxic substances, including water, 

carbon dioxide (CO₂), methane, and biomass, with 

the help of environmental factors and 

microorganisms. This process involves three 

major steps: hydrolysis, enzymatic action, and 

microbial assimilation. Factors influencing each of 

these stages include polymer composition, 

environmental conditions, and microbial presence. 

1. Hydrolysis: The Initial Breakdown of Polymer 

Chains 

Hydrolysis is the first step in the biodegradation 

of most biodegradable plastics, ester, amide, or 

carbonate bonding. During this stage, small 

molecules of water penetrate into the polymer 

matrix and chemically break down long polymer 

chains to oligomers and monomers. Such a 

process is highly important for Polylactic Acid 

(PLA) and Polybutylene Succinate (PBS), as ester 

bonds get hydrolysed to their respective acids. The 

rate of hydrolysis is influenced by the 

temperature, humidity, and pH level; the greater 

the level of both temperature and moisture, the 

faster will the reaction be. Hydrolysis is an 

essential step since it lowers the molecular weight 

of the plastic as it continues into secondary 

digestion stages by microorganisms [12]. 

2. Enzymatic Action: Breakdown by Microbial 

Enzymes 

Once the hydrolysis breaks down the plastic into 

smaller pieces, microorganisms like bacteria and 

fungi release enzymes to further break down these 

pieces into bioavailable compounds. These 

enzymes act as catalysts and target specific 

functional groups in the polymer structure. For 

example, amylases break down starch-based 

bioplastics, whereas lipases, esterases, and 

proteases break ester bonds in biodegradable 

polymers like PLA and PHA. It allows for the 

generation of simpler molecules, including lactic 

acid, hydroxyalkanoates, and glucose that 

microbes can utilize. Enzymatic degradation 

effectiveness also depends on various factors 

including crystallinity, surface area, and 

concentration of microorganisms-polymer films 

that have higher crystallinity degrades slowly due 

to tight packed molecules which limit enzyme 

accessibility. 
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Fig: Biodegradation Vs Time 

3. Microbial Assimilation: Conversion into 

Biomass, CO₂, and Water 

After enzymatic degradation, the microorganisms 

use the monomers produced as a carbon source for 

growth and metabolism. In this stage, the broken-

down plastic components are either fermented or 

respiration, depending on the environmental 

conditions. In aerobic conditions, that is, in the 

presence of oxygen, microbes metabolize the 

monomers into carbon dioxide (CO₂) and water 

(H₂O). In anaerobic conditions, that is, in the 

absence of oxygen, they produce methane (CH₄) 

and organic acids. As a byproduct of assimilation, 

microbes contribute to the carbon cycles in nature. 

All the plastic material gets converted to biomass 

that is prone to support microbial growth after 

some time. The biodegradation process differs 

according to environmental conditions, such as 

composting, which is characterized by high heat 

and moisture levels; soil; marine environments; 

and wastewater treatment plants. Scientists have 

improved the biodegradable efficiency of plastics 

through optimization of plastic formulations to 

improve hydrolysis, enzymatic susceptibility, and 

microbial digestibility, thus leading to faster and 

more complete degradation in natural and 

industrial environments. 

3.2 Breakdown pathways for different 

biodegradable plastics 

Biodegradable plastics break down through 

different pathways as a result of chemical 

structure and surrounding environmental 

conditions. Polymer breakdown, microbial 

enzymatic degradation, and full mineralization 

into CO₂, water, and biomass are the three steps 

that the process typically goes through[13]. Every 

form of biodegradable polymer, including 

polylactic acid (PLA), polyhydroxyalkanoates 

(PHA), starch-based plastics, and polybutylene 

succinate (PBS), has a unique breakdown 

pathway. In PLA, its primary degradation happens 

through hydrolytic degradation accompanied by 

microbial assimilation. Firstly, the action of water 

breaks the ester bonds in it and decreases PLA's 

molecular weight by producing oligomers and 

lactic acid monomers. Since PLA is less prone to 

microbial degradation in its native form, 

hydrolysis occurs only under high-temperature 

conditions that are typical for industrial 

composting, namely at temperatures above 50–

60°C. Following hydrolysis, lactic acid is 

biodegraded by bacteria, and it is mineralized to 

carbon dioxide (CO₂) and water in the presence of 

oxygen. Degradation of PHAs is predominantly 

enzymatic because many microorganisms can bio-

assimilate PHA due to their natural biological 

origin. The microbial PHA depolymerases 

degrades the PHA polymers including poly(3-

hydroxybutyrate) and poly(3-hydroxyvalerate). 

This breaks down the polymer chain to hydroxy 

fatty acids that can be broken down through the 

respiration in a microbial cellular by converting 

water, biomass, CO₂, and methane, if anaerobic. 

The degradation of PHA is also rapid in several 

environmental conditions which are soil, 

freshwater, and marine. Some of the plastics, 

which break down the most quickly, based on 

biodegradation, include starch-based plastics.  

This process begins with swelling and 

fragmentation as starch takes up water. The 

hydrolase enzymatic attack on starch occurs as a 

result of the accessibility through this medium. 

The microbial amylases further split it down into 

glucose units, which microorganisms easily 

respire using glycolysis, and in aerobic, it 

produces CO₂ and water; with anaerobic 

environments, it generally results in the 

production of organic acids and methane. Since 
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starch is an organic polysaccharide, its 

biodegradation process is fast; hence, it is suitable 

for short-term application like food packaging and 

agricultural films. PBS biodegrades via hydrolytic 

and enzymatic degradation, thereby making it 

highly versatile for varying environments[14]. 

Initially, water breaks the ester bonds in PBS by 

hydrolysis to form succinic acid, butanediol, and 

oligomers. However, under aerobic conditions, 

these degraded products are metabolized by 

microbes by using esterases and lipases, 

converting them into CO₂, water, and biomass. 

PBS degrades faster under composting conditions, 

but it also biodegrades in soil and aquatic 

environments; hence, the material has immense 

potential for future sustainable packaging and 

agricultural applications. Biodegradable plastics 

decompose through various routes depending on 

their polymer structure as well as on 

environmental factors. While PLA has to be 

exposed to high temperatures for it to degrade 

efficiently, PHA breaks down naturally within 

various microbial settings, starch-based plastics 

degrade fast because they are water-soluble, and 

PBS degrades through both hydrolysis and 

enzymatic activities for effective biodegradation. 

This knowledge can be used to design materials to 

meet specific end-use requirements yet degrade 

effectively within their intended environments of 

disposal [15]. 

3.3 Role of enzymes in polymer degradation 

The degradation process of biodegradable 

plastics generally takes place with the help of 

enzymatic action, which enhances the degradation 

process of complex polymer chains into the 

formation of more simple molecules. The specific 

kinds of enzymes in bacteria and fungi facilitate 

the action of microorganisms in the degrading 

process. Enzymatic degradation efficiency factors 

include polymer chain structure, the specificity of 

an enzyme, temperature, pH level, and 

environment conditions such as moisture and 

microbial availability. In contrast, conventional 

plastics remain in the environment for hundreds of 

years, whereas biodegradable plastics degrade 

naturally by enzymatic breakdown. Breaking 

down the polymer backbone of biodegradable 

plastics by hydrolysis releases small fragments 

that microbes can metabolize. Varieties of 

biodegradable plastics exist, and each type 

necessitates a specific kind of enzyme to break it 

down. For example, it is known that esterases and 

lipases may cleave ester bonds to break down 

aliphatic polyesters such polylactic acid (PLA), 

polyhydroxyalkanoates (PHA), and polybutylene 

succinate (PBS). Amylases have been identified to 

be important in the degradation of starch-based 

plastics by converting complex polysaccharides 

into glucose, which is further metabolized by the 

microbes. In a similar way, PHA depolymerases 

are known to target PHA-based plastics and break 

them down into monomers that microbial cells can 

absorb and utilize. Generally, three stages 

characterize enzymatic degradation of 

biodegradable plastics. At the first step, enzymes 

bind to specific polymer surface sites in a process 

of adsorption to the plastic material. In the second 

step, enzymatic hydrolysis decomposes long 

chains of polymers into smaller oligomers and 

then monomers; this step represents the critical 

breakdown rate at which the plastic will degrade. 

This last process, microbial assimilation, involves 

the consumption of broken-down molecules by 

microorganisms in order to further metabolize 

them into carbon dioxide, water, methane during 

anaerobic conditions, and biomass. This natural 

process allows biodegradable plastics to integrate 

into environmental cycles without leaving behind 

harmful residues. The developments of improved 

biodegradable materials depend on an 

understanding of the role of enzymes in polymer 

degradation. Researchers can engineer plastics 

with increased enzymatic accessibility or modify 

microbial communities to increase degradation 

efficiency, and thus, create biodegradable 

polymers that degrade faster and more effectively. 

Optimizing environmental conditions, such as 

temperature, humidity, and microbial diversity, 

can further enhance enzymatic activity, thus 

creating a possible solution for plastic waste and 

pollution. 
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4. MICROORGANISMS INVOLVED IN 

BIODEGRADATION 

4.1 Types of bacteria and fungi responsible for 

degradation 

The degradation of biodegradable plastics is 

primarily conducted by several different bacteria 

and fungi, which secreted the various enzymes 

responsible for breaking polymer chains into more 

primitive compounds. Those microorganisms help 

to significantly lower plastic waste found in nature 

by soil, compost, marine systems, and within 

wastewater treatment. The degradation rates 

depend on different factors: these include the 

nature of polymers, the specific environmental 

conditions prevailing, and their microbial 

activities. 

1. Bacteria Involved in Biodegradable Plastic 

Degradation 

Several bacterial species are isolated to serve as a 

chief degrader of biodegradable plastics. These 

produce an array of different extracellular 

depolymerases, esterases, and lipases involved in 

degrading complex polymers of plastic for further 

assimilation. Pseudomonas spp. is distinguished 

by especially characterizing its strains for 

producing strong lipases and depolymerases with 

effectiveness in PHA and PBS polymers' 

degradability. Pseudomonas species are 

extensively found in the soil and water 

environment, wherein they contribute to plastic 

degradation. Bacillus spp. Effective degraders of 

starch-based plastics and polylactic acid (PLA), 

which is mainly due to amylases, esterases, and 

proteases. Such bacteria are tolerant to 

composting and enhance biodegradation in 

agricultural plastics. Rhodococcus spp. Contribute 

in the degradation of polycaprolactone (PCL) and 

PLA through enzymatic hydrolysis. Species of 

Rhodococcus are quite commonly found in soil 

and other contaminated environments. 

Comamonas spp. Famous for its PHA-based 

plastics biodegradation activity through secreted 

specific depolymerases which hydrolyze polymer 

chains into monomers that can then be further 

biodegraded by the microbes themselves. 

Comamonas testosteroni is also well-studied with 

higher potential for degradation. Arthrobacter spp. 

Degrades aliphatic polyesters, adding up to plastic 

environmental decomposition. These bacteria are 

generally found in soil and water where they are 

involved in natural polymer degradation. Such 

bacterial species play an important role in the 

biodegradation of biodegradable plastics in 

different ecosystems, especially in controlled 

environments like industrial composting and 

microbial treatment facilities. 

2. Fungi Involved in Biodegradable Plastic 

Degradation 

Fungal species play a large role in degrading 

biodegradable plastics in soil, compost, and in 

humid environments. Fungi may adhere to the 

plastic surface and penetrate the polymer matrix, 

after which they may secrete hydrolytic enzymes 

that break plastics into smaller pieces for further 

assimilation by other microbes. Aspergillus spp. 

Breaks down esterases and lipases which degrade 

PLA, PBS, and PHA plastics. Aspergillus species 

frequently occur in soil and organic waste that 

degrades synthetic materials. Penicillium spp. 

They have been known to degrade starch-based 

plastics and catalyze the biodegradation process 

through enzymatic hydrolysis. Penicillium species 

generally thrive in moist, decaying plant matter, 

and compost piles. Fusarium spp. Break down 

different forms of biodegradable polymers that are 

commonly used in agriculture and food 

packaging. Fusarium fungi are often present in 

agricultural soils and organic waste. Trichoderma 

spp. Produces extracellular depolymerases and 

oxidases capable of degrading PHA-based 

plastics. As they possess high enzymatic activity, 

these fungi are highly mobile in applications 

related to biotechnology. Mucor spp. Degradation 

of PLA and PCL through enzymatic cleavage. 

Mucor fungi are also frequently isolated from 

composting environments, where they play a role 

in the decomposition of organic matter. 

3. Synergistic Action of Bacteria and Fungi 
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It has been proven in natural environments that 

bacteria and fungi synergistically promote the 

biodegradation of plastics. Bacteria begin the 

hydrolysis and oxidation reactions, whereas fungi 

fragment large plastic particles into smaller 

pieces, which can be metabolized. The synergistic 

microbial activity increases the rate of plastic 

degradation, making it more efficient in 

composting sites, wastewater treatment plants, and 

landfill environments. From such understanding, 

researchers are able to formulate methods in order 

to increase plastic waste management efficiency: 

for instance, engineering microbial strains with 

improved activity for specific enzymes, enhancing 

optimal conditions of environmental suitability for 

microbial growth, and incorporating microbial 

additives into biodegradable plastics. In this way, 

it offers environmentally friendly solutions 

towards the reduction of plastic waste and 

disposal. 

4.2 Specific microbial strains 

Biodegradable plastic degradation is, in large 

extent, performed by certain strains of microbes, 

capable of breaking up the complex structure of 

the polymers into a more readily absorbed and 

nontoxic composition within the environment. 

Such microorganisms are numerous varieties of 

bacteria and fungi and find suitable environments 

such as soil, compost, seawater, and wastewater 

treatment plant environments. Pseudomonas spp. 

They are highly known for degrading a large 

number of biodegradable plastics, such as 

polyhydroxyalkanoates (PHA) and polybutylene 

succinate (PBS). They produce depolymerases, 

which break down polymer chains through 

hydrolysis, thereby making them more susceptible 

to breakdown. Among those, the key strains that 

take part in plastic degradation, especially in soil 

and aquatic ecosystems, are Pseudomonas 

aeruginosa and Pseudomonas fluorescens. 

Bacillus spp. are most prominent in soils and 

compost and also can degrade starch-based 

plastics and polylactic acid. It has been found that 

secreted enzymes from Bacillus subtilis and 

Bacillus megaterium like amylases and cutinases 

helped speed up the degradation of biopolymers. 

These can be used in high-scale bioremediation as 

they survive even in harsh environments. 

Rhodococcus spp. are essential in degrading 

biodegradable plastics such as PLA and 

polycaprolactone, PCL. Rhodococcus ruber was 

seen settling on plastic substrates and developing 

as biofilms, and thus further breaking the polymer 

molecules into smaller monomers. Comamonas 

spp. are involved in the biodegradation of PHA-

based plastics. Coma-monas testosteroni is known 

to produce PHA depolymerases that can hydrolyze 

PHA to its monomeric units. This organism has 

been shown to be highly active in industrial 

composting environments. Arthrobacter spp. They 

include decomposition activities of aliphatic 

polyesters, PHA, and PLA, in soil as well as 

aquatic habitats. The microorganisms produce 

hydrolytic enzymes for efficient degradation of 

synthetic and natural polymers. Aspergillus spp. 

ranks among the fungi analyzed for plastic 

degradation. The species Aspergillus niger and 

Aspergillus flavus possess esterases and lipases 

which act to increase the biodegradation of 

plastics such as PLA, PBS, and PHA in 

composting as well as landfill conditions. These 

fungi work best in humid and organic rich 

environments. Penicillium spp. contributes to the 

biodegradation of starch-based plastics because 

they are amylases and proteases producers. Some 

species of Penicillium roqueforti and Penicillium 

chrysogenum have been reported to biodegrade 

bioplastics in soil and controlled biodegradation 

experiments. In agricultural applications such as 

mulch films and food packaging, the 

biodegradation of biodegradable plastics occurs 

due to the action of Fusarium spp. These species, 

Fusarium solani and Fusarium oxysporum, 

produce enzymes that can break complex 

polymers into biodegradable fragments. 

Trichoderma spp. depolymerases and oxidases 

allow them to degrade PLA and PBS plastics. 

Trichoderma harzianum has been widely 

highlighted in regard to the application in 

bioremediation and sustainable waste 

management. The specific microbial strains 
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responsible for the degradation of biodegradable 

plastics play a crucial role in sustainable waste 

management and environmental conservation. It 

ensures an effective decomposition process of 

biodegradable polymers by the enzymatic activity 

of different bacteria, including Pseudomonas, 

Bacillus, and Coma-monas and fungi such as 

Aspergillus and Penicillium, and there could be 

future research which makes the consortia 

optimize for large-scale degradation processes, 

making plastic waste management highly efficient 

all over the world. 

4.3 Enzymatic activity and its impact on 

degradation efficiency 

The enzymatic activity therefore has a great 

role in breaking down complex polymer structures 

into simpler ones, which can be assimilated by 

microorganisms. This degrades biodegradable 

plastics, hence it is pivotal in reducing waste in 

the plastic in the environment because it is 

enabled by microorganisms to bioconvert 

materials to harmless by-products like carbon-

dioxide, water, and biomass. Factors ruling the 

efficiency in enzymatic breakdown include 

chemical contents of plastic in terms of organic 

content, environments, and specific type of 

bacteria. The biocatalyst role played by enzymes 

enables these to catalyze the enzymatic 

breakdown of plastic polymers into smaller 

particles that may easily be utilized for further 

metabolism in bacteria and fungi. Generally, 

enzymatic biodegradation of biodegradable 

plastics follows a two-step mechanism. 

Hydrolysis of the polymer is done first, which 

involves the action of enzymes that cleave the 

long molecular chains to smaller monomers and 

oligomers. This is important since most microbes 

could not directly use large chains of polymers in 

the diet. Once hydrolysis is performed, the cell 

then absorbs these degraded fragments into the 

microbial cells. It is then further metabolized and 

converted into energy or cellular biomass. Rate 

again with respect to the structure of the plastic 

material and specificity of enzymes involved. 

Highly crystalline plastics like PLA are broken 

easier than amorphous because rigid molecular 

arrangement provides access for the enzymes that 

break down the polymer chains.Due to these and 

other factors, types of enzymes play a role in the 

degradation of biodegradable plastics. Hydrolases, 

such as esterases, lipases, and cutinases, break 

down ester bonds found in polyester-based 

biodegradable plastics: PLA and PHA. Some 

bacteria produce depolymerases, such as 

Pseudomonas spp. and Comamonas testosteroni, 

which break down microbial bioplastics: PHA and 

PBS into their respective monomers. Some 

species of fungi, for example Aspergillus niger 

and Trichoderma harzianum, release oxidases and 

peroxidases that aid in the degradation of starch-

based bioplastics and aliphatic polyesters. The 

activity of these enzymes varies with the binding 

affinity towards a particular plastic and the 

enzyme's ability to perform under various 

environmental conditions, including temperature, 

pH, and humidity. Some of the main variables that 

determine the efficiency of enzymatic 

degradation. Molecular weight will relate to the 

difficulty of a break down and tends to degrade 

high molecular weight materials over longer 

degradation times. Climate, like any other aspect 

regarding temperature and humid conditions, 

matters since enzymic degradation optimally 

occurs under temperate and moderately moist 

climates characteristic of facilities at composting 

establishments. Different microbial communities 

improve the efficiency of biodegradation, where 

different microorganisms add different enzymes 

that synergistically work in breaking down plastic 

materials. Enzyme engineering and microbial 

biotechnology further improved the degradation 

process of biodegradable plastics; enzyme 

formulations were developed to accelerate 

biodegradation in industrial and environmental 

settings. Its use in industrial and environmental 

contexts emphasizes the application of enzymatic 

degradation as a sustainable waste management 

method. Biodegradable plastics are used in 

packaging, agriculture, medicine, and consumer 

products; they can be broken down with efficiency 

by enzymatic action to reduce their impact on the 



 

Industrial Engineering Journal 

ISSN: 0970-2555   

Volume : 53, Issue 11, November : 2024 
 

UGC CARE Group-1                                                                                                          431 

environment. Scientists also seek ways to improve 

the efficiency of enzymes by genetic modification 

and bioengineering for faster and effective plastic 

degradation. Continuous advancements in 

enzymatic degradation technologies are expected 

to greatly contribute to mitigating the menace of 

global plastic pollution and a circular economy 

with effective recycling of biodegradable plastics 

into the environment without harming it in the 

long run. 

5. ENVIRONMENTAL FACTORS 

INFLUENCING BIODEGRADATION 

The environmental factors essentially 

govern the degradation rate and rate efficiency of 

a biodegradable plastic. It includes temperature, 

humidity, dissolved oxygen, pH, among several 

other factors responsible for the functioning of 

micro-organisms and consequently, enzymic 

hydrolysis processes. Thus, temperature mainly 

governs how rapidly the breakdown activity is 

accelerated in the decomposing microorganism, 

along with higher enzyme activities and 

multiplication. Most biodegradable plastics 

degrade best in temperatures between 30°C to 

60°C, which is also typical in many composting 

environments, though at very high or low 

temperatures, microbial activity may not be 

supported, and thus the degradation slowed down. 

Humidity also plays a significant role by 

promoting the growth of microbes and enzymatic 

hydrolysis for polymers. Dry conditions may 

decrease the rate of degradation because they will 

inhibit the activities of the microorganisms; wet 

conditions on the other hand promote anaerobic 

conditions and hence alter the degradation 

process. Availability of oxygen is also paramount; 

it ensures degradation occurs in aerobic or 

anaerobic environments. Aerobic degradation, 

taking place in an oxygen-rich environment, is 

always faster and leaves carbon dioxide, water, 

and biomass. In contrast, anaerobic degradation 

occurs in oxygen-limited environments, like 

landfills, and produces methane, a very potent 

greenhouse gas. The rate of microbial degradation 

is directly influenced by the environment 

surrounding it, including soil, water, and 

composting conditions. For instance, in soil 

environments, microbial diversity, nutrient 

availability, and organic matter content influence 

biodegradable plastic degradation. Aquatic 

degradation occurs in marine or freshwater 

environments where hydrolysis and microbial 

colonization expose the plastics to biodegradation. 

The degradation process is usually slower, 

however, due to low densities of microorganisms 

and variability in environmental conditions in 

aquatic systems. Composting presents an excellent 

environment for biodegradation as it maintains a 

temperature that is optimal, sufficient moisture, 

and high microbial density which leads to an 

efficient breakdown of plastics. Aerobic and 

anaerobic conditions also significantly vary in 

terms of degradation processes. Microorganisms 

in an oxygen environment degrade biodegradable 

plastics into carbon dioxide, water, and biomass 

by enzymatic activity. This degradation is usually 

seen in composting and soil environments with 

adequate supply of oxygen. Anaerobic degradation 

occurs when there is a shortage of oxygen, like in 

landfills or deep water sediments, and microbes 

depend upon alternative electron acceptors, 

producing methane and other by-products. 

Although anaerobic degradation is slower, it is 

part of the waste management strategy in biogas 

production. This knowledge is critical in 

optimizing the degradation of biodegradable 

plastics in real-world settings. Biodegradable 

materials should be designed to break down 

efficiently under certain environmental conditions, 

such as in composting facilities or marine 

environments, to minimize plastic pollution. 

Future research into microbial engineering and 

material science should focus on designing 

biodegradable plastics to break down more 

effectively under specific environmental 

conditions, for a more effective management of 

plastic waste. 

6. METHODS FOR ASSESSING 

MICROBIAL DEGRADATION 
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6.1 Biodegradability testing techniques (ASTM, 

ISO standards) 

There are standardized test methods for 

evaluating biodegradation rates of microbial-

degradable plastics, which may help in evaluating 

its breakdown in the presence of diverse 

environmental conditions. Different types of 

biodegradation testing methods were developed 

that align with the guidelines of ASTM (American 

Society for Testing and Materials) and ISO 

(International Organization for Standardization). It 

facilitates the measurement of the rate of 

degradation as well as its percentage by 

simulating real environmental conditions in soil, 

compost, water, and landfills. On of the most 

popular methods is ASTM D5338 standard, in 

which plastic is subjected to controlled 

composting conditions for the assessment of the 

aerobic biodegradation of plastics. The carbon 

dioxide produced during the test period actually 

calculates the microbial activity towards the 

biodegradation process. In the same context, ISO 

14855 determines the level of biodegradation 

under composting conditions, thereby justifying if 

the material can meet industrial composting 

specifications. The ASTM D5988 standard is the 

most widely used to assess degradation in soil 

environments. This test determines the 

biodegradation of plastic materials in soil by 

monitoring carbon dioxide evolution. It helps 

scientists understand how plastics degrade in 

natural environments and can provide a means of 

assessing the environmental impact of these 

materials. The biodegradation under soil 

conditions with the application of ISO 17556 for 

plastic materials in evaluating their long-term 

behavior within the agricultural and landfill 

environments. Meanwhile, aquatic tests include 

biodegradation assessment on marine and 

freshwater conditions of materials through the 

implementation of ASTM D6691 and ISO 14851, 

whereby the testing can be observed from the 

amount of oxygen uptake or carbon dioxide 

emitted as markers for microbial activities of 

degrading plastic in the aquatic environment. In 

the wake of growing concern over plastic 

pollution in oceans and rivers, these standards are 

used to evaluate the biodegradable plastics in 

reducing environmental impact. Another key area 

of evaluation is anaerobic biodegradation, 

particularly for plastics sent to landfills or 

wastewater treatment systems. ASTM D5511 

evaluates the anaerobic biodegradation of plastics 

in high-solids environments, such as those in 

landfills. This test evaluates the production of 

methane and carbon dioxide to determine the 

efficiency of breaking down biodegradable 

plastics in an oxygen-limited condition. ISO 

15985, however, evaluates anaerobic 

biodegradability of plastics in biogas digesters 

whereby methane formation forms the essential 

parameter. All in all, standardized biodegradability 

test methods give basic information on the 

behavior of biodegradable plastics in different 

types of environments. In this respect, researchers 

and industrial experts would be able to develop 

more eco-friendly materials specific to particular 

uses through controlled conditions in the 

laboratory. These evaluations are crucial for 

environmental impact assessments, regulatory 

compliance, and the development of next-

generation biodegradable polymers. 

6.2 Analytical techniques 

Fourier Transform Infrared Spectroscopy, 

Scanning Electron Microscopy, and Gas 

Chromatography-Mass Spectrometry are 

advanced analytical techniques to study the 

material changes due to decomposition processes 

such as structural, chemical, and morphological. 

They are generally applied in gaining more 

understanding on different aspects of degradation. 

FTIR was used as a powerful technique for 

analyzing chemical changes that occur in 

biodegradable plastics during microbial 

degradation. FTIR measures the absorption of 

infrared radiation at specific wavelengths, which 

enables it to detect functional groups that are 

present in polymer chains. As the process of 

degradation progresses, characteristic peaks in the 

FTIR spectrum for the polymer shift or vanish 

because of the breakage of molecular bonds. For 
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instance, in polyesters such as PLA and PHA, the 

effects of enzymatic activity of microbes are 

hydrolysis, which is indicated by changes in 

intensities of carbonyl and hydroxyl groups. It is 

useful in monitoring chemical changes, oxidation, 

and degradation due to depolymerization in 

biodegradable plastics. The scanning electron 

microscopy studies the surface morphology of 

biodegradable plastics before and after microbial 

degradation. SEM provides high-resolution 

images that reveal changes such as cracks, 

erosion, and microbial colonization on the 

polymer surface. In biodegradation studies, SEM 

analysis demonstrates how microbial 

communities, including bacteria and fungi, adhere 

to plastic surfaces and initiate the breakdown 

process. For example, in plastics based on PHA, 

surface roughness and biofilm formation are a 

common feature in the SEM images, reflecting 

active microbial degradation processes. This 

method enables scientists to study the actual 

physical changes of biodegradation, like 

fragmentation and pore formation, to affect the 

rate of degradation of the material. GC-MS is 

essential in the identification of degradation 

products and VOCs emitted during 

microbiological degradation. Such a tool separates 

and analyzes small molecular fragments produced 

through biodegradation of plastics, which explains 

the microbial breakdown pathways. The following 

are examples; for instance, when PLA undergoes 

degradation, lactic acid is detected as a primary 

product of degradation, and short-chain fatty acids 

become substrates that are used as a source by 

microbial metabolism while breaking down PHA. 

A researcher can also determine the percentage of 

biodegradation and identify the presence of 

environmentally benign or harmful by-products 

using GC-MS. Combined, FTIR, SEM, and GC-

MS provide complete understanding of 

biodegradable plastic degradation under action of 

microbes. FTIR detects alterations in chemical 

bonding, SEM depicts changes at the surface, and 

GC-MS identifies the breakdown products. 

Analytical techniques thus become a basis for the 

effectiveness of biodegradation processes; 

polymer formulations will be optimized so that 

they may degrade faster and break down the 

biodegradable plastics into environment-safe 

components. 

7. APPLICATIONS AND INDUSTRIAL 

IMPLICATIONS 

This is significant due to the role it plays in waste 

management and recycling, which also is 

environmentally friendly in that it has the 

alternative of not disposing of conventional 

plastics. These wastes in landfills and oceans have 

led to critical ecological consequences, thereby 

requiring the establishment of sustainable waste 

management strategies. Microbial degradation, 

facilitated by bacteria and fungi, enables plastics 

to break down into simpler, non-toxic components 

and reduce environmental pollution. In industrial 

composting and landfills, microorganisms break 

down biodegradable polymers by increasing their 

rates of decomposition to water, carbon dioxide, 

and biomass. This biotic process eliminates plastic 

waste after a long period and helps shape a 

circular economy by converting the plastic waste 

into valued organic matter that is used as compost 

or energy sources. In addition, microbial 

degradation favors the idea of biorefineries, which 

allow the production of useful monomers through 

the enzymatic breakdown of plastics, thus 

increasing plastic recycling efficiency. 

Biodegradable plastics have various industrial 

applications, including packaging, agriculture, and 

healthcare. Biodegradable plastics in the food 

packaging industry are used to make food 

containers, shopping bags, and disposable cutlery. 

Those are the materials; the single use plastics do 

not linger in nature, as decomposition takes place 

owing to microbial attack, which requires only 

months but in the century scenario. Researchers 

are actively targeting enhancing the product 

durability and functions with composability while 

being comparable to petroleum plastics. The 

applications of biodegradable plastic films in 

mulching control weed growth, retain soil 

moisture, and increase crop yield in agriculture. In 

contrast to the plastic films, biodegradable mulch 
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films, once applied for mulching purposes, are 

biodegradable, thereby avoiding problems with 

their removal after harvest time. Biodegradable 

seed coatings and plant pots provide other 

sustainable options that break down in the soil, 

enriching it with organic matter while at the same 

time reducing plastic accumulation in farming 

activities. The healthcare sector also stands to 

benefit considerably from biodegradable plastics, 

especially in medical devices and drug delivery 

systems. Biodegradable sutures, implants, and 

polymer-based wound dressings made of PLA and 

PHA dissolve over time in the body, and thus do 

not require surgical extraction. In drug delivery, 

microcapsules and nanoparticles made from 

biodegradable materials are designed to be subject 

to controlled microbial degradation that 

guarantees the slow and controlled release of 

therapeutic compounds. These applications 

therefore enhance patient care while minimizing 

waste in the health sector, creating a more 

sustainable health system. Overall, the industrial 

application of microbial degradation of 

biodegradable plastics for plastic pollution 

solutions in different sectors is immense. 

Industries can reduce their environmental 

footprint while maintaining functionality and 

efficiency by integrating biodegradable materials 

into everyday products and improving microbial 

degradation processes. These materials will 

become cornerstones of sustainable development 

as their applicability enhances with future 

advancement in microbial engineering and 

biodegradable polymer synthesis. 

8. FUTURE PROSPECTS AND 

INNOVATIONS 

The future for the microbial degradation of 

biodegradable plastics is highly promising, 

especially with genetic engineering. Scientists are 

actively seeking ways to boost the efficiency of 

microbial degradation through the modification of 

bacteria and fungi genes. By using genetic 

engineering techniques, scientists could produce 

more efficient microbial strains with high 

enzymatic activity levels that are capable of 

breaking down biodegradable plastics more 

efficiently and faster. For example, genetic 

manipulation in Pseudomonas and Ideonella 

sakaiensis has been seen to speed up the 

degradation of plastics, particularly polyester-

based biodegradable materials. Engineered 

enzymes, such as hydrolases and depolymerases, 

can be engineered to break down specific polymer 

bonds better, thus enhancing efficiency at different 

environmental conditions. This innovative 

approach would allow the creation of microbial 

consortia able to degrade complex polymer 

structures more rapidly, potentially making 

microbial degradation a more attractive alternative 

for the management of industrial wastes on large 

scales. Other areas of study with great potential 

are the formulation of bio-based additives that 

improve the degradation rates of bioplastics. 

Generally, traditional biodegradable plastics such 

as PLA and PBS usually need specific 

environmental conditions to facilitate efficient 

breakdown. This is done by introducing bio-based 

additives that include plant-derived enzymes, 

microbial catalysts, and natural plasticizers to 

enable microbial colonization and accelerate 

degradation. These additives will alter the 

structure of the polymer, allowing microbes to 

more readily access microbial enzymes, which 

may reduce the total time of decomposition. In 

addition, the incorporation of bio-based additives 

might also enhance the mechanical and thermal 

properties of biodegradable plastics to ensure 

functional efficiency while still being 

environmentally friendly. These studies have 

significant scope for application in packaging, 

agricultural, and biomedical fields where a rapid 

and controlled biodegradation process is vital. 

Despite the above advancements, several 

challenges hinder the large-scale application of 

microbial degradation for biodegradable plastics. 

The prime challenge is posed by the inconsistency 

of environmental parameters that affect the 

microbial activity; these include temperature, pH, 

and oxygen supply. While some microorganisms 

are efficient in controlled composting 

environments, their activity decreases 
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significantly under natural settings such as soil or 

marine environments. However, it is possible to 

develop microbial consortia-a community of 

microorganisms whose synergies can degrade 

plastics in various environments. Synthetic 

biology and artificial intelligence-driven 

approaches for the design of enzymes could also 

allow for tailoring microbial degradation 

pathways for operation at the highest efficiency in 

different real-world scenarios. The future lies in 

multidisciplinary approaches with microbiology, 

materials science, and environmental engineering 

to advance technologies for biodegradable plastic 

degradation. Some innovative ideas that might 

revolutionize this field include the development of 

bioreactors to achieve large-scale microbial 

degradation of plastics, smart self-degrading 

plastics, and AI-guided enzyme evolution. As 

research unfolds, successful implementations of 

microbial degradation strategies may substantially 

reduce the generation of plastic waste, 

contributing towards a more circular and 

sustainable economy. 

9. CONCLUSION 

Biodegradable plastics degradation 

through microbes may serve as an environmental 

solution for plastic waste-related issues. The main 

mechanisms whereby bacteria and fungi play a 

role in the breakdown of biodegradable plastics 

such as PLA, PHA, starch-based plastics, and PBS 

are discussed. Enzymes involved in the 

degradation process by microorganisms such as 

depolymerases and hydrolases have been 

pinpointed to contribute to plastic degradation. 

The other major environmental factors, including 

temperature, humidity, availability of oxygen, and 

pH, greatly affect the efficiency and rate of 

microbial degradation. With a combination of the 

strategies of microbial degradation and 

formulations of biodegradable plastics improved 

upon, the industries can opt for a much more 

sustainable, eco-friendly alternatives to the regular 

plastics. Thus, microbial degradation is a core 

component in sustainable management of 

biodegradable plastics. In future, further 

developments in the microbial engineering field, 

along with optimizing the environmental setting, 

are needed to solve existing problems and speed 

up the process of degradation. Interdisciplinary 

research and collaborations in industry could have 

a greater contribution in dealing with plastic waste 

in the future. 
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