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Abstract: The plastic pollution-induced global environmental crisis has prompted the creation of biodegradable options. 

Green nanocomposites, where biodegradable polymers and nanoscale reinforcements derived from renewable sources are 

used together, are a solution in sight. This work builds on previous efforts by proposing a simulation tool based on a 

modified Arrhenius degradation model that considers temperature, humidity, and UV exposure to analyze degradation 

behavior. Three nanocomposite systems (PLA-CNF, PHA-clay, and starch-nanocellulose) are modeled under different 

environmental conditions to assess their degradation kinetics. Findings demonstrate pronounced variation in degradation 

behavior with respect to material composition and environmental factors. Such a comparative framework facilitates 

identification of application-dependent materials for geographically and environmentally varying locations. The model 

demonstrates an innovative predictive method, thereby enabling the smart deployment of biodegradable materials into 

sustainable applications. 
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I.  INTRODUCTION 

 lastic pollution is a severe environmental issue arising from 

the long-term persistence of traditional plastics in 

ecosystems on land and in the ocean [1]. With the increased 

production of single-use plastics and poor waste management 

systems, severe ecological degradation as well as human health 

hazards to animals and humans has resulted [2]. In response, 

there has been tremendous momentum towards the production 

and use of biodegradable products that can under environmental 

conditions safely degrade without leaving behind toxic residues 

[3]. 

 

Green nanocomposites have proven to be a successful 

alternative, using biodegradable polymers and nanoscale 

reinforcements from renewable and non-toxic sources [4]. Such 

materials possess enhanced mechanical, barrier, and thermal 

properties while ensuring environmental compatibility [5]. 

Although promising, a complete picture of how such materials 

degrade in various environmental conditions is still in the 

process of being developed. Most studies are either based on 

experimental degradation rates under controlled environments 

or simulations involving few environmental variables [6]. 

 

This research fills these gaps with an improved simulation 

method based on a revised Arrhenius equation. This model 

takes into account temperature, humidity, and UV exposure—

three environmental variables most influential in determining 

degradation. The aim is to present a predictive tool that can 

inform the design and deployment of green nano composites for 

a given climate and application. 

II.  MATERIALS AND METHODS 

This theoretical study focuses on three biodegradable green 

nanocomposites—PLA-CNF, PHA-Clay, and Starch-NC-

selected for their commercial relevance, distinct degradation 

behaviors, and availability in the market. 
 

1. PLA-CNF (Polylactic Acid with Cellulose Nanofibers) 

 Commercial Availability: PLA resins, such as Ingeo™ by 

NatureWorks LLC, are widely available. Cellulose 

nanofibers (CNFs) are commercially produced by 

companies like CelluForce and Melodea. 
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 Rationale for Selection: PLA is a biodegradable 

thermoplastic derived from renewable resources, known 

for its good mechanical strength and transparency [7]. 

However, it exhibits brittleness and slow degradation under 

low-moisture conditions [8]. Incorporating CNFs enhances 

its structural integrity and reduces brittleness, making it 

suitable for applications like 3D printing and packaging. 

2. PHA-Clay (Polyhydroxyalkanoates with Clay 

Nanoparticles) 

 Commercial Availability: PHAs are produced by 

companies such as Danimer Scientific and TianAn 

Biologic Materials. Nanoclay additives are available from 

suppliers like Southern Clay Products.  

 Rationale for Selection: PHAs are bacterial polyesters that 

are highly biodegradable in various natural environments 

[9]. The addition of clay nanoparticles improves their 

barrier properties and heat resistance. PHA-Clay 

nanocomposites are particularly effective in degrading 

under wet and hot conditions, making them suitable for 

applications in packaging and agriculture. 

 

3. Starch-NC (Starch with Nanocellulose) 

 Commercial Availability: Starch is abundantly available 

from agricultural sources. Nanocellulose, including 

cellulose nanocrystals (CNCs), is produced by companies 

like CelluForce and American Process Inc. 

 Rationale for Selection: Starch is a low-cost, naturally 

occurring polymer that biodegrades rapidly. However, its 

sensitivity to moisture limits its applications. Reinforcing 

starch with nanocellulose enhances its water resistance and 

tensile strength [10]. Starch-NC composites are highly 

sensitive to moisture but do not degrade under non-

microbial or non-enzymatic conditions, making them 

suitable for short-term packaging applications. 

 

The selection of these nanocomposites is based on their 

commercial availability and distinct degradation 

characteristics, which are critical for modeling and simulating 

their behavior under various environmental conditions. 
 

Material constants like activation energy (Ea), pre-

exponential factor (A), and sensitivity coefficients (α for 

humidity and β for UV) are chosen according to reported 

literature data given in Table 1. 

TABLE 1 
 

Material-specific degradation constants used in the simulation model, including pre-exponential factor (A), activation energy 

(Ea), and empirical sensitivity coefficients (α for humidity and β for UV), derived from reported literature. 

 

Material 
Pre-exponential 

Factor (A) [s⁻¹] 

Activation Energy 

(Ea) [kJ/mol] 

α (Humidity 

Sensitivity) 

β (UV 

Sensitivity) 
Key Reference(s) 

PLA-CNF 1.2 × 10⁶ 75 0.3 0.1 
Singh & Sharma (2008) [11]; Lim et al. 

(2008)[12]; Mousavi et al. (2021)[13] 

PHA-Clay 2.5 × 10⁶ 60 0.5 0.2 
Sudesh et al. (2000) [14]; Zhang et al. 

(2019) [15] 

Starch-NC 1.0 × 10⁶ 50 0.7 0.05 
Shogren (1998)[16]; Kalambur & Rizvi 

(2006)[17]; Ifuku et al. (2007)[18] 

 

These constants constitute the input to the simulation model. 

 

Simulation Methodology 

 

The degradation kinetics of the selected biodegradable 

nanocomposites were modeled using a modified Arrhenius 

equation to account for environmental factors such as humidity 

and ultraviolet (UV) exposure. 

 

Classical Arrhenius Equation 

 

The traditional Arrhenius equation describes the temperature 

dependence of the reaction rate constant (k) as follows 

𝑘 = 𝐴 × 𝑒ቀ−
𝐸𝑎
𝑅𝑇

ቁ
 

Where: 

𝑘: Rate constant 

𝐴: Pre-exponential factor (material-specific) 

𝐸𝑎: Activation energy (J/mol) 

𝑅: Universal gas constant (8.314 J/mol·K) 

𝑇: Absolute Temperature in Kelvin 

This equation effectively captures the temperature 

dependence of reaction rates but does not consider other 

environmental factors that can significantly influence the 

degradation of polymeric materials. 
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Rationale for Modification 

 

Biodegradable polymers are susceptible to degradation 

mechanisms influenced not only by temperature but also by 

humidity and UV radiation. Humidity can accelerate hydrolytic 

degradation, while UV exposure can lead to photo-oxidative 

degradation. To model degradation behavior under realistic 

environmental conditions, a modified Arrhenius-based 

approach is employed. The degradation rate constant (k) is 

expressed as: 

 

𝑘ሺ𝑇, 𝐻, 𝑈𝑉ሻ = 𝐴 × 𝑒ቀ−
𝐸𝑎
𝑅𝑇

ቁ × ሺ1 + 𝛼𝐻ሻ × ሺ1 + 𝛽 × 𝑈𝑉ሻ 

Where: 

𝑇: Temperature in Kelvin 

𝐻: Relative humidity (0 to 1) 

𝑈𝑉: 𝑈𝑉 index (0 to 10) 

𝐴: Pre-exponential factor (material-specific) 

𝐸𝑎: Activation energy (J/mol) 

𝑅: Universal gas constant (8.314 J/mol·K) 

𝛼, 𝛽: Sensitivity coefficients for humidity and 𝑈𝑉 exposure 

 

This formulation extends the classical Arrhenius equation 

by introducing empirical correction terms to account for 

environmental humidity and UV exposure. Such multiplicative 

extensions have been adapted from prior works in polymer 

degradation modeling, where temperature alone is insufficient 

to describe environmental interactions (Singh & Sharma, 2008; 

Kalambur & Rizvi, 2006; Mousavi et al., 2021). 

The remaining mass of the material over time, 𝑀ሺ𝑡ሻ, is 

modeled as: 

 

𝑀ሺ𝑡ሻ = 𝑀0 × 𝑒−𝑘𝑡  

 

Where 𝑀0 is the initial mass and 𝑡 is time in months. The 

simulation spans a 12-month period, with monthly time steps. 

Environmental parameters are varied to simulate three typical 

climates: 

 

Tropical (high temperature, high humidity, high 𝑈𝑉) 

Temperate (moderate temperature and 𝑈𝑉, seasonal humidity) 

Arid (high temperature, low humidity, high 𝑈𝑉 ) 

 

This approach allows for the comparative analysis of 

materials under fluctuating conditions, closely mimicking real-

world environmental exposure. 

 

Environmental Conditions Used in Simulations 
 

The following Table 2 summarizes the environmental 

parameters incorporated into the simulations: 

 

 

 

 

 

TABLE 2 
 

Environmental conditions selected for simulation under different climatic scenarios, indicating temperature, relative humidity, 

and UV intensity based on standardized test protocols and climatological data. 

 

Condition 
Temperature 

(°C) 

Relative Humidity 

(%) 

UV Intensity  

(W/m² at 340 nm) 
Description 

High Temperature 70 50 0.76 
Simulates hot climates or accelerated 

aging conditions. 

Moderate Temperature 40 50 0.76 
Represents average ambient 

conditions in temperate regions. 

Low Humidity 40 20 0.76 
Reflects arid environments with low 

moisture content. 

High Humidity 40 95 0.76 
Emulates tropical or monsoon-like 

conditions with high moisture levels. 

Seasonal Humidity 40 60 0.76 
Represents transitional seasons with 

moderate humidity levels. 

High UV Exposure 40 50 0.76 
Models conditions with intense 

sunlight, such as equatorial regions. 

Moderate UV Exposure 40 50 0.38 

Reflects conditions with average 

sunlight exposure, typical of mid-

latitude regions. 
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III.  RESULTS AND DISCUSSION 

The degradation behavior of three biodegradable 

nanocomposites—PLA-CNF, PHA-clay, and Starch-NC—was 

simulated under tropical and arid environmental conditions 

over a 12-month period. 

 

Figure 1 shows the degradation curves under tropical 

climate conditions, characterized by high temperature, high 

humidity, and high UV exposure. PLA-CNF exhibited the least 

degradation, maintaining nearly 100% of its initial mass. PHA-

clay showed moderate degradation, while Starch-NC 

experienced the highest degradation among the three, indicating 

strong sensitivity to moisture and UV exposure. 

 

 
Figure 1. Simulated mass degradation over 12 months for PLA-

CNF, PHA-clay, and Starch-NC in a tropical climate showing 

faster mass loss in PHA-clay under high humidity and 

temperature. 

 

Figure 2 provides a detailed view of the tropical degradation 

trend. The mass loss of Starch-NC progressed steadily 

throughout the year, suggesting continuous hydrolytic and 

photo-oxidative breakdown. PHA-clay followed a milder 

decline, while PLA-CNF remained nearly stable, confirming its 

resistance to tropical environmental stresses. 

 

 
Figure 2: Degradation of PLA-CNF, PHA-clay, and Starch-NC 

under Temperate Climate over 12 months. Moderate UV and 

temperature cause gradual degradation, especially in PLA. 

 

 

Figure 3 illustrates degradation under arid climate 

conditions (high temperature, low humidity, high UV). Here 

too, Starch-NC demonstrated the most significant degradation, 

although slightly reduced compared to tropical conditions due 

to low moisture availability. PHA-clay continued to show 

moderate degradation. PLA-CNF again maintained high 

stability. 

 

 
Figure 3. Degradation behavior under Arid Climate. Despite 

high UV, low humidity slows degradation, especially for 

starch-based composites. 

 

These results demonstrate clear differences in environmental 

responsiveness among the materials: 

 Starch-NC is highly susceptible to both humidity and UV 

degradation, making it suitable for applications where rapid 

biodegradation is desired. 

 PHA-clay offers a balanced degradation rate and is optimal 

for conditions involving moderate moisture. 

 PLA-CNF is highly stable and ideal for applications 

requiring structural integrity over extended exposure. 

 

Comparative Discussion with Literature 
 

The simulation outcomes align with trends reported in 

experimental studies: 

 PLA-CNF: Experimental work by Bhiogade and 

Murugasamy (2021) [19] showed that cellulose-reinforced 

PLA degraded more slowly under dry and UV-intensive 

conditions due to PLA's inherent resistance and the 

protective barrier of CNFs. 

 PHA-clay: Sudesh et al. (2000) and Zhang et al. (2019) 

reported that clay-enhanced PHA composites degrade 

efficiently in humid environments due to microbial 

colonization promoted by clay particles. 

 Starch-NC: Lv et al. (2018) [20] observed rapid degradation 

of starch/PLA blends in soil due to moisture uptake and 

microbial activity, consistent with our model showing sharp 

mass decline for Starch-NC. 

 

These comparisons affirm that the proposed simulation model 

is capable of capturing material-specific degradation dynamics 

in response to environmental stressors. 
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IV.  CONCLUSION 

This study presents a simulation-based analysis of the 

environmental degradation behavior of three biodegradable 

green nanocomposites—PLA-CNF, PHA-clay, and Starch-

NC—using a modified Arrhenius model that incorporates 

temperature, humidity, and UV exposure. The simulation 

results revealed distinct degradation trends for each material 

across tropical and arid climates, highlighting their 

environmental sensitivities and potential application domains. 

Starch-NC demonstrated the fastest degradation due to its high 

sensitivity to moisture and UV, while PHA-clay exhibited 

moderate degradation and PLA-CNF showed the highest 

stability. 

 

Comparative evaluation with existing experimental data 

validated the simulation approach and confirmed its utility in 

predicting degradation performance. This work underscores the 

potential of simulation models as valuable tools for pre-

selecting biodegradable materials tailored to specific climatic 

conditions, thus facilitating material innovation for sustainable 

packaging, agriculture, and consumer products. 

 

Future work may include validation with experimental field 

data, expansion to other materials, and integration of microbial 

degradation factors to further refine the model's predictive 

capability. 
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