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1. Introduction

One essential component of successful environmental sustainability is the use of biodegradable
materials. They are an eco-friendly substitute for conventional non-biodegradable materials, which
take decades to break down in the environment, and they help to reduce pollution from both solid
and liquid waste [1]. Globally, there is a growing movement to create goods and industrial
processes that relieve the environment of the burdens caused by waste accumulation, particularly
those materials that build up in non-biodegradable forms and pollute the air, water, and soil,
endangering the sustainability of ecosystems and the health of living things [2].
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The absence of theoretical knowledge and reliable scientific references that specify the
properties and behavior of biodegradable materials under varied environmental conditions is a
glaring research gap, despite the topic's broad interest [3]. The theoretical difficulties in evaluating
the degradation process, identifying the chemical characteristics required to render a material
degradable under controlled conditions, and creating accurate prediction models to gauge the long-
term sustainability of chemicals are the main causes of this gap [4].

The development of a strong theoretical framework that can accurately describe the design
parameters for biodegradable chemicals, define conceptual limits for reaction and degradation
processes, and create theoretical and mathematical models that aid in assessing and forecasting the
performance of these materials over time and in various environmental settings is therefore critically
needed [5]. This will assist in overcoming obstacles and achieving the methodical advancement of
sustainable design concepts [6].

Therefore, the main goal of this study is to investigate the theoretical underpinnings of the
process of creating sustainable and biodegradable chemical materials. This is accomplished by
examining the fundamental ideas and theories of reactivity and degradation and creating theoretical
and mathematical models to assess these materials' characteristics in various environmental settings.
In order to help academics and decision-makers comprehend the mechanisms and tactics for
sustainable chemical design, the research attempts to close the existing knowledge gap and offer
conceptual and theoretical frameworks. Additionally, it highlights how crucial it is to apply these
ideas in subsequent studies in order to create safer and greener materials that lessen the adverse
effects of non-biodegradable trash.

2.1. The ldea of Natural Degradation and Natural Degradation Mechanisms

The phrase "natural degradation” describes the environmental chemical and biological
processes that break down organic and inorganic materials into simpler compounds and occasionally
into naturally occurring components that are compatible with their surroundings. Polymerization,
hydrolysis, and biodegradation are examples of natural degradation processes that are crucial for
minimizing waste buildup and establishing a closed life cycle for materials. The material's
characteristics and environmental factors, including temperature, oxygen content, humidity, and the
capacity of bacteria and fungi to catalyze reactions, all affect how quickly a material degrades [7].

2.2. Fundamentals of Green Chemistry and Sustainable Materials

Adopting green chemistry concepts, which offer an ethical and ecological foundation for
materials design and development, is essential to material sustainability. Reducing the use of non-
renewable resources, avoiding or eliminating toxic compounds, increasing reaction efficiency, and
minimizing hazardous byproducts are some of the fundamental ideas. The idea of sustainable
materials is adaptable and centers on creating materials that are efficient and useful yet have a short
lifespan and decompose in an environmentally beneficial manner [8].

2.3. The Sustainable Chemicals Management Theoretical Framework

The management of the ongoing flow of chemicals in a way that avoids adverse effects on the
environment and human health while permitting recycling or reuse and reducing waste is known as
sustainable chemical materials management. From a conceptual standpoint, it is a comprehensive
framework for the “circular economy,"” which combines responsible material degradation or
deterioration with sustainable production, use, and recycling to prevent the buildup of hazardous
waste and promote resource sustainability, thereby supporting social, economic, and environmental
objectives [9].
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3.1. Chemical Material Characteristics That Affect Their Biodegradability

Depending on their physical and chemical characteristics, materials have different capacities for
biodegradation. These characteristics center on the material's composition, including interactions
between unsaturated organic molecules, hydrogen bonds, and sensitive functional groups like
hydroxyl, carboxyl, and amine. These characteristics also influence their solubility, interaction with
the environment, and capacity to break down in the environment. Furthermore, the rate of
degradation is influenced by elements including hydrogen bonding, molecular mass, and crystal
structure.  In order to create materials with particular qualities that guarantee effective
decomposition without sacrificing their useful performance, these factors are modeled and
theoretically assessed [10].

3.2. Fundamental Chemical Processes in Degradation

A substance experiences a number of chemical reactions in the environment, most of which are
connected to hydrolysis, biodegradation, and photodegradation. The following is a summary of the
fundamental reactions [11, 12]:

- Hydrolysis: Organic substances break down as a result of water breaking chemical bonds.

- Biodegradation is the process by which microorganisms break down a substance into simpler
or innocuous components using certain enzymes.

- When a material is exposed to sunlight, reactions take place that cause the material to
decompose or break chemical bonds. This process is known as photodegradation.

Theoretical models that estimate the pace of deterioration and evaluate the influence of
environmental conditions on the processes are based on these reactions.

3.3. Theoretical and Mathematical Frameworks for Assessing the Rate and Effectiveness of
Decomposition

The creation of biodegradable materials necessitates the use of mathematical theories and
models that forecast the rate of decomposition processes depending on environmental factors and
material characteristics. Among these models, the most popular are [13, 14]:

- The analysis of reaction and bond dissociation probabilities in relation to the interplay of
variables including temperature, humidity, and oxygen content is the foundation of probabilistic
mechanical models.

- Kinetic equation-based models: These use first- or second-order chemical kinetic models,
using Scorrod's law, to build laws characterizing the rate of reaction.

- Computer models: By examining reactions at the molecular level and using molecular
dynamics simulations, these models allow for the prediction of decomposition behavior within a
theoretical framework derived from the rules of chemical equilibrium and thermodynamics.

3.4. Standards and Theoretical Measures for Evaluating Material Sustainability

A theoretical evaluation based on organized measurements and standards is necessary to
achieve material sustainability. These metrics and criteria include [15, 16]:

- the capacity to completely breakdown without releasing toxic compounds within a given time
frame.

- lowering the amount of trash and its effects on the environment using measures of thermal and
biochemical reactivity.
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- Quantitative indicators and qualitative and quantitative evaluation criteria are used to
determine the degree of structural complexity of materials and their appropriateness for recycling or
disassembly based on established criteria.

- sustainability metrics derived from Life Cycle Assessment (LCA) models, which, in theory,
consider a material's whole life cycle—from manufacturing to eventual disposal—to make sure it
complies with the circular economy's tenets.

3.5. Creating Theoretical Material Design and Mathematical Models

In order to create safe and efficient biodegradable materials, the theoretical research process
include building mathematical models based on scientific data on physical and chemical properties.
These models incorporate structure-function compatibility models, chemical reaction studies, and
three-dimensional compound designs while accounting for environmental factors. Advanced
computer programs, such computer simulation and molecular modeling, are used to forecast how
materials will behave in different scenarios and pinpoint areas that need improvement to speed up
biodegradation or lessen its effects on the environment [17].

3.6. Utilizing Chemical and Environmental Theories to Reach Sustainability

The theoretical underpinnings support green chemistry theories, which seek to lessen or
eliminate hazardous components in a material, and environmental theories, which concentrate on
evaluating the environmental impact of a substance from its creation to its disposal. By considering
recyclability, biodegradability, and waste minimization, this method seeks to design materials with
longer life cycles while maintaining functional performance. In accordance with the Sustainable
Development Goals, methods to improve biodegradation and lessen adverse effects can be created
based on these theories [18].

4.1. Stability and Degradability in Balance

Finding a dynamic equilibrium between a material's stability during its operational life and its
ease of degradability after its useful life is one of the most significant theoretical issues. In addition
to being naturally and quickly degradable after use to reduce the amount of trash that accumulates in
the environment, the material must be stable enough to carry out its intended purpose (such as
protection, transportation, or packing) without prematurely degrading. Understanding and defining
the theoretical and quantitative standards that explain the connection between the material structure's
chemical makeup, degradability, and the amount of time needed for safe and efficient degradability
constitutes a theoretical difficulty [19].

4.2. Conformity to Quality and Performance Standards

The compliance of biodegradable materials' characteristics with quality and performance
standards is another difficulty. The creation of mathematical theories and models that describe how
the chemical composition can satisfy the physical and chemical requirements for performance
attributes like strength, stiffness, or lightness while preserving biodegradability is necessary for the
theoretical design of these materials. Theoretical changes to the composition of the material could
result in better or worse performance, therefore precise predictive models that can make trustworthy
predictions about how changes will affect biodegradability are necessary [20].

4.3. Analysis and Management of Chemical Waste

One of the main theoretical challenges is managing the chemical waste that comes from
biodegradation processes. Even when creating a biodegradable material, it's important to consider
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the potential environmental impact of the biodegradation process as well as if the final products are
safe or need further processing. According to theory, this calls for the creation of analytical models
and forecasts regarding the biodegradation process and the chemistry of the byproducts, as well as
analyses to evaluate the risks to the environment and human health that arise from them, taking into
consideration variations in environmental factors like temperature, humidity, and the presence of
living things [21].

4.4. Establishing Theoretical Assessment Standards for Biodegradable Materials'
Sustainability

Developing precise and trustworthy standards and indicators to evaluate the sustainability of
biodegradable compounds presents a theoretical problem. In order to provide a unified evaluation
framework that provides the theoretical underpinnings for choosing suitable materials and
technologies, it is necessary to build theories and standard models based on a variety of scientific
facts, including degradation rates, energy consumption, and by-product pollutants. These criteria are
important because they enhance the conceptual foundation for sustainable design models and offer
mathematical and computational tools that inform research and development choices [22].

5.1. Theoretical Frameworks and Computational Models for Forecasting the Behavior of
Sustainable Materials

In the theoretical study of forecasting how chemical materials will behave when exposed to
different environmental variables, computational models are crucial tools. This is due to the fact
that they make it possible to accurately and methodically simulate reactions and degradation
processes without requiring actual tests. Changes in chemical composition are described using
mathematical dynamic models, which also forecast the rate and effectiveness of degradation by
concentrating on mechanical and chemical degradation mechanisms. The following is a full
explanation of the ideas of chemical equilibrium, kinetic reactions, and oxidative reactions that form
the basis of theoretical models [23, 24]:

- Kinetic models: These use differential equations to explain how quickly a compound's
concentration changes over time while accounting for variables like temperature, humidity, and the
presence of microbes.

- Dynamic models: These employ equilibrium and transport theories to approximate findings at
a wider scale while integrating degradation processes within the framework of microscopic or
microscopic systems.

5.2. Tools for Theoretical Analysis and Sustainability Evaluation

As part of modeling, a variety of theoretical instruments and methodologies are employed to
examine and evaluate the sustainability of materials, such as [25]:

- Life Cycle Assessment (LCA): This type of analysis uses accounting models for material
duplication and waste creation, as well as sensory and real-time risk assessment, to evaluate every
stage of a material's life cycle, from manufacture to final disposal.

- Using data analysis and mathematical models, algorithmic and machine learning models are
used to find patterns in the behavior of materials and forecast their degradability based on their
chemical and structural characteristics. This includes enhancing prediction models through the
application of machine learning algorithms.
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5.3. Tools for Molecular Modeling and Analytical Spectroscopy

Molecular dynamics and computational chemistry are two examples of computational
molecular modeling methods that are used to model processes and identify molecular mechanisms
of degradation. These methods aid in comprehending the fundamental chemical reactions that
underlie analytical procedures and pinpoint areas that could be optimized to improve degradability
[26].

5.4. A theoretical method for forecasting a material's chemical and physical characteristics

To explain the behavior of qualities like thermal conductivity, permeability, and chemical and
hydrological stability that have a direct impact on breakdown processes, the method adapts physics
and chemistry laws like the Boltzmann law and diffusion equations. The way these features vary
throughout time is described by mathematical models [27].

5.5. Thorough Assessment of Materials Development Theories and Methodologies

By contrasting the models’ outcomes with basic theories, assessing their advantages and
disadvantages, and suggesting enhancements or more intricate models in light of emerging
theoretical trends, the models' suitability and efficacy are assessed. The goal of this strategy is to
improve forecast accuracy when designing biodegradable materials.

Building a strong theoretical framework for the investigation and creation of biodegradable
chemical compounds requires these methodological underpinnings. In order to create materials with
high sustainability features that satisfy environmental and public health standards, this framework
helps to provide a thorough understanding of their behavioral dynamics based on mathematical
models and scientific theories [28].

The findings from the theoretical underpinnings that were examined and developed can be
summed up in a list of fundamental standards that biodegradable chemicals must fulfill in order to
be considered sustainable:

A. Materials with unstable chemical bonds, particularly those with biodegradable organic
bonds, can decompose more rapidly in the environment while yet retaining adequate stability when
in use, according to theoretical models. For instance, ester and amide bond-based reactions show
that by carefully altering the chemical structure while keeping stability and intended performance in
mind, degradation speed can be increased.

B. Physical characteristics: According to theoretical findings, materials with high permeability
and the capacity to interact with heat and light in the environment promote natural deterioration
processes. As a result, adjustments that permit external elements to permeate materials without
causing immediate degradation during usage must be incorporated into their design.

C. Bio-properties: The models agree with results showing how important it is for materials to
be broken down by microorganisms, especially bacteria and fungi, as this is a key element of the
idea of sustainable natural decomposition. As a result, materials must theoretically be designed with
components that enable them to interact with degrading microbes in a way that is acceptable for the
environment.

Theoretical results emphasize the significance of striking a careful balance between the ability
to breakdown after use and achieving enough stability during use to guarantee performance and
quality. Predictive models that consider decomposition rates and different environmental impacts
are necessary for this. According to theoretical research, using mathematical analytical tools—Ilike

Conceptual underpinnings for creating sustainable and biodegradable chemicals


https://international-journal-of-applied-sciences.jo/

The International Journal of Applied Sciences

APPLIE D https://international-journal-of-applied-sciences.jo
SCIENCE Vol. 2, No. 1, 2025, pp. 1-8

kinetic models—allows for accurate material property tuning before final design by estimating the
material's lifetime and ideal breakdown circumstances [29].

Metrics based on material life, environmental consequences, and carbon emissions must be an
essential component of the modeling framework, as indicated by sustainability assessment theory.
The best method for evaluating a material's sustainability is life cycle assessment, which is backed
by theoretical models and allows for the comparison of various material designs using unbiased
guantitative metrics.

In order to increase the accuracy of material behavioral predictions, particularly in a variety of
complex environmental conditions, more precise models that make use of contemporary methods
like machine learning and artificial intelligence must be developed in light of the difficulties
indicated by theoretical studies. In order to improve their prediction potential and offer more
thorough insights into sustainability drivers, it is also advised to incorporate multidisciplinary
dynamic models that make use of both phenotypic and experimental data [30].

By outlining the fundamental requirements that biodegradable chemicals must meet in order to
be compatible with environmental sustainability principles, the theoretical findings provide a strong
basis for directing the design and development of these materials. In order to assist the production
of sustainable chemicals that adhere to environmental and public health regulations, future methods
should also rely on more sophisticated computational and intelligent models.

It should be noted that the results of this study are a significant step in developing a solid
theoretical foundation for creating biodegradable compounds that consider sustainability. A key
component of guaranteeing a material's efficacy and long-term sustainability is striking a balance
between its stability while use and its ease of breakdown after its end of life, as demonstrated by the
analytical research and mathematical models we studied. Furthermore, defining theoretical
standards for evaluating the sustainability and rate of decomposition of materials offers trustworthy
scientific reference materials for creating applied research in the future.

The research findings are crucial for directing the theoretical design of chemical materials since
they reveal the ideal characteristics needed to meet both financial and environmental objectives at
the same time. Researchers can better predict and design materials based on their various
environments and usage conditions by utilizing sophisticated computational models and theories in
the framework of materials sustainability assessment. This reduces the need for practical
experiments and speeds up development processes.

Linking basic scientific ideas to the theoretical difficulties involved in creating biodegradable
materials is another way that this research is valuable. This gives future suggestions for creating
intelligent and sophisticated models based on contemporary technology and moves the scientific
discussion from a narrow theoretical framework to a precise, useful technique. By doing this, we
advance scientific initiatives to create high-performance chemicals, provide sustainable
environmental solutions, and make it easier to handle these materials sustainably while also
safeguarding human health and the environment.

In light of the current demands of attaining global sustainable development, it is evident that
this research is essential in establishing the scientific underpinnings for a theoretical model that will
be used to direct future research and industrial policies in order to build a more environmentally
conscious and sustainable future.
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