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Abstract 

 

The thermal decomposition pathways, bond dissociation free energies, and product distributions of 

biodegradable poly(butylene adipate-co-terephthalate) (PBAT) copolymer under inert atmosphere have 

been investigated using density functional theory (DFT). Calculations at the B3LYP/6-311++G(d,p) level 

identified the most stable molecular geometries, and decomposition processes were thoroughly analyzed. 

Based on vibrational frequency analyses and bond dissociation energy calculations, three primary 

decomposition pathways (ptw1, ptw2, and ptw3) were characterized, and their Gibbs free energy changes 

were computed. The results indicated that pathway ptw1 (61.41 kcal/mol) has the lowest energy barrier and 

is the most thermodynamically favorable route for decomposition. Additionally, low molecular weight 

aliphatic compounds, CO₂, adipate, and terephthalate derivatives were determined as the primary 

decomposition products. These findings provide significant insights into the thermal stability of PBAT and 

the environmental impacts of its decomposition products, contributing to the development of sustainable 

polymer applications.  

 

Keywords: Degradation products, DFT, Poly(butylene adipate-co-terephthalate), Thermal degradation 

mechanism 

1. Introduction 

Recently, the production of petroleum‐based plastics has 

increased rapidly due to their low cost, versatility, and 

wide availability, making them indispensable in modern 

industry [1]. However, this growth has also created 

severe waste management challenges, leading to 

environmental pollution and negative ecological impacts 

[2]. In response, sustainable and biodegradable polymers 

have attracted growing attention as promising 

alternatives to conventional plastics [3]. Such materials 

can be derived from both bio-based sources (e.g., 

polylactic acid (PLA), polyhydroxyalkanoates (PHA), 

and starch-based polymers) and fossil resources (e.g., 

polycaprolactone (PCL) and poly(butylene adipate-co-

terephthalate) (PBAT)) [4–6]. Due to their improved 

biodegradability compared to traditional plastics, these 

polymers have the potential to reduce environmental 

persistence and mitigate waste accumulation [7].  

Poly(butylene adipate-co-terephthalate) (PBAT) is a 

synthetic aliphatic–aromatic copolyester valued for its 

flexibility, mechanical strength, and biodegradability [8]. 

Its properties vary depending on the ratio of adipate 

(aliphatic) and terephthalate (aromatic) segments, which 

makes it suitable for applications such as compostable 

packaging, agricultural films, and biomedical devices [9–

12]. PBAT is further regarded as an environmentally 

friendly material due to its susceptibility to microbial 

degradation and relatively high thermal stability [13–15]. 

Polymer degradation is a complex, multi-step process 

that typically begins with bond cleavage, followed by 

molecular rearrangements leading to smaller fragments 

[16–18]. Thermal degradation is of particular 

importance, as exposure to high temperatures can 

generate volatile compounds and residues with potential 

risks to human health and the environment. For instance, 

while polyolefins release hydrocarbons upon 

degradation, PVC produces chlorine-based hazardous 

by-products. Experimental techniques such as 

thermogravimetric analysis (TGA) and gas 

chromatography–mass spectrometry (GC–MS) are 

widely used to identify these products. Recent pyrolysis–

GC/MS studies on PBAT have reported a variety of 

degradation compounds including tetrahydrofuran, 

cyclopentanone, benzoic acid, 3-butenyl 4-hydroxybutyl 

adipate, and but-3-enyl hydrogen terephthalate [19]. 

Other studies have confirmed the presence of benzoic, 
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adipic, and terephthalic acids as well as volatile species 

such as 1,3-butadiene, benzene, diphenyl, and 

benzophenone [20,21]. 

Complementary to experimental studies, quantum 

chemical methods such as density functional theory 

(DFT) provide powerful tools for investigating 

degradation mechanisms at the molecular level. DFT can 

predict reaction pathways, energy barriers, and transition 

states with high accuracy, thereby offering valuable 

insights into processes that are experimentally 

challenging to capture [22–26]. For example, Didovets 

and Brela applied DFT to examine the effects of solvent 

and temperature on the degradation thermodynamics of 

nylon 6 and polyhydroxybutyrate (PHB) [16]. Similarly, 

DFT-based studies have clarified catalytic degradation 

pathways of polystyrene, highlighting the role of acidic 

and basic catalysts on activation energies and product 

distributions [27]. Martínez and co-workers further 

explored the potential toxicity of PBAT and its 

degradation products through quantum chemical 

calculations of electron transfer capacity [28]. Despite 

these contributions, detailed theoretical studies directly 

addressing PBAT degradation pathways, energy barriers, 

and product formation remain scarce. 

In this study, density functional theory (DFT) methods 

were employed to investigate the thermal degradation 

mechanism of PBAT under inert atmospheric conditions. 

The work aims to identify possible intermediate and final 

products, providing a theoretical framework that 

complements experimental findings and supports the 

development of new evaluation and management 

strategies for PBAT degradation products. 

 

2. Computational methodology 

 

Computational chemistry methods were employed to 

elucidate the initial bond-breaking events that trigger the 

thermal degradation mechanism and identify the 

degradation products of biodegradable poly(butylene 

adipate-co-terephthalate) (PBAT) copolymer under an 

inert (N₂) atmosphere. To do this efficiently, a simplified 

"model oligomer" was created instead of simulating the 

entire complex polymer chain. A representative PBAT 

copolymer model was constructed by combining one 

monomer unit (n = 1) from the poly(butylene adipate) 

(PBA) segment with one monomer unit (m = 1) from the 

poly(butylene terephthalate) (PBT) segment. This 

common and reliable approach is justified because bond 

cleavage is a local phenomenon, primarily influenced by 

the immediate atoms surrounding the bond, not by distant 

parts of the chain. This method effectively balances 

computational feasibility with chemical accuracy, 

allowing for a precise mapping of the bond energies to 

determine which ones are most likely to break first, a 

technique proven to align with experimental results for 

similar polymers [29,30]. The conformational analysis of 

this model was initially performed using the SPARTAN 

14 [31] computational chemistry program at the semi-

empirical PM6 level. Subsequently, all conformers 

within a 5 kcal/mol energy window relative to the lowest-

energy PM6 conformer were re-optimized using the 

DFT-B3LYP [32,33] method to determine the most 

stable geometry and its corresponding electronic 

structure. To further investigate the thermal degradation 

mechanism and resultant degradation products, potential 

bond cleavage pathways were predicted through 

vibrational frequency analysis of the most stable 

copolymer structure. The optimized geometries and 

electronic properties of the molecular and radical species 

involved in each step of the proposed degradation 

pathways were then computed at the DFT-B3LYP/6-

311++G(d,p) level. Additionally, Gibbs free energies 

were calculated individually for all steps of the proposed 

mechanisms at the DFT-B3LYP/6-311++G(d,p) level. 

All thermodynamic calculations were performed using 

the Gaussian 16 [34] program at 298 K and 1 atm. In the 

figures illustrating the degradation steps, the numbers 

shown on the arrows denote the indices of the atoms 

between which bond cleavage occurs. 

 

3. Results and Discussion 

 

Figure 1 presents the most stable conformer of the 

poly(butylene adipate-co-terephthalate) (PBAT) 

copolymer, which was determined by optimizing all 

conformers identified using the semi-empirical PM6 

method in the SPARTAN 14 program, at the B3LYP/6-

311G++(d,p) level. The depicted structure clearly 

illustrates the interactions between the aliphatic segments 

(butylene and adipate) and the aromatic segment 

(terephthalate), as well as the positioning of the ester 

bonds. Literature reports indicate that the ratio and 

conformational arrangement of these aromatic and 

aliphatic segments are crucial in defining the thermal and 

mechanical properties of PBAT [35,36]. In particular, the 

bond lengths and angles of the carbonyl (C=O) groups 

play a critical role in predicting the initial steps of the 

thermal degradation mechanism. Consequently, the 

detailed electronic structure information obtained at the 

B3LYP level provides a solid foundation for elucidating 

the thermal degradation pathways, the formation of 

harmful intermediates, and the overall molecular stability 

of PBAT. 

 

 
 

Figure 1. The most stable geometry of the PBAT 

copolymer, obtained at the B3LYP/6-311G++(d,p) level. 

Hydrogen atoms have been omitted for clarity, while red 

and gray colors represent oxygen and carbon atoms, 

respectively. 
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To elucidate the thermal degradation mechanism of the 

PBAT copolymer under an inert atmosphere, potential 

bond cleavage pathways during degradation were 

determined by analyzing the harmonic vibrational 

frequencies of the model copolymer calculated at the 

DFT-B3LYP/6-311++G(d,p) level. Harmonic 

vibrational frequencies provide critical insights into the 

dynamic properties of molecular structures and the nature 

of interatomic bonds. In particular, the stretching mode 

frequencies serve as key parameters that reflect the 

strength of a bond between two atoms. These frequencies 

are typically interpreted within the framework of 

Hooke’s law, expressed as ω = √(k/μ), where ω is the 

vibrational frequency, k is the bond force constant, and μ 

is the reduced mass of the bonded atoms. High stretching 

frequencies indicate a high bond force constant, 

suggesting that the bond is more robust and resistant to 

degradation. Consequently, the vibrational data obtained 

at the DFT-B3LYP/6-311++G(d,p) level enable 

predictions about which bonds in the PBAT copolymer 

are most susceptible to cleavage during thermal 

degradation. This detailed harmonic frequency analysis 

facilitates an in-depth modeling and interpretation of the 

degradation mechanism [37]. As illustrated in Figure 2, 

three distinct degradation pathways (ptw1, ptw2, and 

ptw3) were evaluated, and potential radical intermediates 

were identified for each route. The initial degradation 

step is initiated by the cleavage of the weakest bonds in 

the PBAT chain. Specifically, the bond between the ester 

carbonyl carbon and oxygen (ROC–OR′) exhibits partial 

double-bond character due to resonance effects, which 

render the carbonyl carbon more electron deficient and, 

hence, increase the bond energy. In contrast, the alkyl–

oxygen bond (ROCO–R′) in the aliphatic portion, being 

further removed from the carbonyl group and lacking 

resonance stabilization, displays a typical single-bond 

character with a more freely distributed electron density 

and lower bond energy. Therefore, the initial degradation 

step proceeds via the cleavage of the alkyl–oxygen 

(ROCO–R′) bond in the aliphatic segment of the ester 

linkage. Thermodynamic feasibility for the three 

identified pathways was assessed by calculating the free 

energy changes (ΔG), which were found to be 61.41- 

63.11 and 72.32 kcal/mol for the ptw1, ptw2, and ptw3 

pathways, respectively. These results indicate that the 

ptw1 pathway has the lowest energy barrier, suggesting 

it to be thermodynamically the most favorable process. 

The Boltzmann distribution, which describes the 

probability of molecules occupying different energy 

levels, can be used to express the likelihood that a 

molecule will overcome a specific energy barrier (such 

as the activation energy for bond cleavage) via the 

expression exp(–ΔG/(RT)), where ΔG is the free energy 

change for bond cleavage, R is the universal gas constant, 

and T is the absolute temperature [38]. Given that the 

ptw1 pathway exhibits the lowest ΔG (61.41 kcal/mol), a 

greater proportion of molecules is expected to surmount 

this barrier and react. Although the ptw2 pathway has a 

slightly higher energy barrier (63.11 kcal/mol), 

increasing the temperature elevates the average kinetic 

energy of the molecules, thereby enhancing the 

probability of this pathway occurring. Conversely, the 

high ΔG of the ptw3 pathway (72.32 kcal/mol) results in 

a markedly lower fraction of molecules being able to 

overcome this barrier—even at elevated temperatures—

rendering the ptw3 pathway negligible. However, in 

contrast to thermodynamic preference, the temperature 

dependence of the degradation kinetics can be described 

by the Arrhenius equation, k = A exp(-Ea/RT). This 

relation indicates that the rate constant increases 

exponentially with temperature. At elevated 

temperatures, in addition to the pathway with the lower 

activation free energy (ptw1), higher-barrier routes such 

as ptw2 can also become kinetically accessible. This 

behavior provides a theoretical basis for the 

experimentally observed, temperature-dependent shifts 

in product distributions. Overall, our findings indicate 

that polymer degradation is governed by both 

thermodynamics and kinetics, and that these two factors 

compete with one another at high temperatures.  

Moreover, an evaluation of the radical intermediates 

formed along each degradation pathway revealed that 

oxygen-containing groups, due to their high 

electronegativity, significantly contribute to radical 

stabilization, a finding that is further corroborated during 

the second degradation step. 

 

 
 

Figure 2. The most stable geometries of the initial 

thermal degradation mechanism steps of the PBAT 

copolymer and its resulting products, as obtained at the 

B3LYP/6-311G++(d,p) level. For clarity, hydrogen 

atoms have been omitted, while red and gray colors 

denote oxygen and carbon atoms, respectively.  

 

The second degradation step aims to further elucidate the 

thermal degradation process of the PBAT copolymer by 

examining the transformation of intermediate radicals—

formed in the initial cleavage—into lower molecular 

weight species through intrachain rearrangements and 

additional bond breakages (Figure 3). Computational 

results reveal that during this stage, the cleavage of ester 
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groups and the stabilization mechanisms of radicals in the 

aliphatic segments become more pronounced. 

Specifically, factors influencing the stability of the 

degradation products closely correlate with the 

weakening of carbonyl (C=O) and ester (C–O) bonds. 

The calculated Gibbs free energy values indicate that the 

energy requirements for these second-step reactions are 

lower than those for the initial degradation steps, 

suggesting that the radicals produced early on may 

propagate more rapidly along the polymer chain and 

thereby accelerate the overall degradation process. 

Furthermore, the stability of the generated radical species 

is significantly enhanced by the electron-withdrawing 

effects of oxygen-containing functional groups, which 

play a decisive role in determining the selectivity of the 

degradation mechanism. As depicted in Figure 3, the 

second degradation pathways exhibit distinct behaviors 

in the aliphatic and aromatic segments: degradation of the 

aliphatic regions yields volatile, low molecular weight 

compounds, whereas the aromatic segments tend to 

produce more stable intermediates. This divergence is a 

critical factor in the thermodynamic control of the 

degradation mechanism, directly affecting the product 

distribution in an inert atmosphere. In particular, the 

analysis of gas-phase products generated via high-

temperature radical reactions offers vital details about 

both the degradation kinetics and the environmental 

impact of PBAT. A detailed investigation of the ptw1 

pathway during the second degradation step shows that 

the formation of radical intermediates leads to the 

generation of CO₂, small aliphatic fragments, and 

aromatic ring compounds. As the degradation progresses, 

increasingly stable and volatile products emerge, 

suggesting an enhanced transition of products into the gas 

phase in the later stages of thermal degradation. 

Conversely, in the ptw2 pathway, the dissociation of an 

aliphatic chain segment results in the formation of two 

ethylene molecules and an aliphatic radical, with a 

calculated free energy change (ΔG = +14.62 kcal/mol) 

indicating that this process is thermodynamically less 

favorable. In the case of the aromatic segment, the 

formation of CO₂ and a benzaldehyde radical is observed, 

with a ΔG value of –11.77 kcal/mol, suggesting that this 

pathway favors the release of volatile compounds such as 

CO₂ into the gas phase. Moreover, as noted earlier, 

carbon-centered radicals generated in this stage are 

kinetically unstable due to their relatively low 

electronegativity compared to oxygen and tend to rapidly 

rearrange into more stable molecules (with a ΔG of 

+17.89 kcal/mol for the ptw1_B pathway). In contrast, 

the strong electronegative effect of oxygen stabilizes 

oxygen-centered radicals by balancing the electron 

distribution, thereby favoring the formation of more 

stable intermediates. These findings collectively 

demonstrate that oxygen-containing structures play a 

pivotal role in radical stabilization during the degradation 

process, critically influencing the final product 

distribution. Overall, the results elucidate the 

thermodynamic favorability of various degradation 

pathways in the thermal decomposition of the PBAT 

copolymer and highlight the significant impact of volatile 

product formation on the mechanism's progression. 

In the third decomposition stage, the pathways through 

which intermediate radicals and stable molecules formed 

in the preceding steps rearrange into final decomposition 

products have been examined in detail, and the 

theoretical results obtained are illustrated in Figure 4. As 

shown in Figure 4(a), during the third step of the ptw1 

decomposition pathway, previously formed intermediate 

radical species (ptw1_A_01 and ptw1_B_01) undergo 

extensive fragmentation under increasing thermal 

effects. It has been determined that the formation of 

methyl pentanoate and propanol radicals is 

thermodynamically unfavorable (ΔG = +99.53 kcal/mol). 

Additionally, lower molecular weight structures such as 

benzene derivatives and carbon dioxide (CO₂) were 

calculated to form in this step. The third decomposition 

stage of the ptw2 pathway, depicted in Figure 4(b), yields 

different products. The intermediate radical formed in the 

previous step of this pathway (ptw2_A_01) leads to the 

formation of molecules such as adipic acid and butanol 

radical, which is also thermodynamically unfavorable 

(ΔG = +61.03 kcal/mol). Finally, the third decomposition 

stage of the ptw3 pathway, shown in Figure 4(c), 

indicates the formation of more complex fragmentation 

products resulting from radical reactions. This pathway 

exhibits significantly higher bond dissociation free 

energies compared to the other two pathways, 

suggesting, as expected, that the ptw3 pathway is less 

probable and can only occur at higher temperatures. 

Products formed via this pathway include aromatic 

radicals, carbon dioxide, and butanol radicals. The results 

obtained are largely consistent with literature studies 

concerning the pyrolytic decomposition mechanism of 

PBAT. According to the literature, the fundamental 

structural units of PBAT, namely butylene adipate and 

butylene terephthalate, decompose through alpha 

cleavage of ester bonds and hydrogen transfer, followed 

by decarboxylation resulting in CO₂ release during 

thermal degradation. Additionally, previous studies 

observing adipic acid derivatives and radical 

decomposition products support the products identified 

in the present study. In particular, the presence of methyl 

pentanoate and propanol radicals can be considered 

potential intermediates in the PBAT decomposition 

mechanism and aligns well with previously reported 

esterified and hydroxylated derivatives [19,39]. 

 

 

 

 

 

 

 

 

 

 

 



 

Celal Bayar University Journal of Science  
Volume 22, Issue 1, 2026, p 113-120 

Doi: 10.18466/cbayarfbe.1673557                                                                                           S. Gümüştaş 

 

117 

 

 
 

 

 
 

Figure 3. The second thermal degradation mechanism 

steps of the PBAT copolymer along with the most stable 

geometries of the resulting products, as obtained at the 

B3LYP/6-311G++(d,p) level. For clarity, hydrogen 

atoms have been omitted, and red and gray colors 

represent oxygen and carbon atoms, respectively.  
 

Considering these findings, molecular reorganization 

particularly around ester and carbonyl groups not only 

accelerates bond cleavage in aliphatic chains but also 

enhances resonance stabilization effects in aromatic 

segments, thus determining the thermodynamic stability 

of the final products. Furthermore, the formation of 

radical species in later stages of PBAT degradation 

reduces the thermal stability of the polymeric chain, 

consequently increasing the rate of thermal degradation. 

During this transformation process, the formation of 

volatile compounds and persistent aromatic residues 

plays a critical role in maintaining the thermodynamic 

and kinetic balance of the reaction. 

 

 
 

 

  
 

Figure 4.  The third thermal degradation mechanism 

steps of PBAT copolymer along with the most stable 

geometries of the resulting products, as obtained at the 

B3LYP/6-311G++(d,p) level. For clarity, hydrogen 

atoms have been omitted, and red and gray colors 

represent oxygen and carbon atoms, respectively. 
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Table 1. Degradation products of PBAT: comparison between this study and literature

Degradation product In this study Literature data  

CO₂ CO₂ (main product of all pathways) CO₂ evolution [40] 

Aliphatic compounds Ethylene, butanol, methyl pentanoate, 

propanol radical 

Ethylene, 1,4-Butanediol, short-chain alcohols 

[28,41] 

Adipic acid derivatives Adipic acid,  and its ester derivatives Adipic acid, 3-butenyl4-hydroxybutyl adipate 

[19,20]  

Terephthalate derivatives Butenyl terephthalate isomers, 

terephthalic acid 

dimethyl terephthalate, di(3-butenyl) 

terephthalate, terephthalic acid 

[19,28,39,41] 

Aromatic compounds Benzoic acid, benzaldehyde radical Tetrahydrofuran, cyclopentanone, benzoic 

acid [19,28,41] 

Radical intermediates Oxygen-centered and carbon-centered 

radicals 

Not directly reported 

To further strengthen the discussion, the degradation 

products identified in this study were systematically 

compared with those reported in the literature, as 

summarized in Table 1. The comparison clearly 

demonstrates that our theoretical predictions are in good 

agreement with experimentally observed pyrolysis and 

degradation products of PBAT. For example, CO₂ was 

consistently found as a major product across all pathways 

in both this study and experimental reports. Similarly, 

aliphatic compounds such as ethylene and butanol 

identified in our calculations correspond well with 

experimentally detected species, including ethylene, 1,4-

butanediol, and other short-chain alcohols. Adipic acid 

and its ester derivatives, as well as terephthalate-related 

compounds, were also found in both the present work and 

prior studies, supporting the validity of the proposed 

pathways. In addition, aromatic compounds (benzoic 

acid, benzaldehyde radicals) and radical intermediates 

predicted by our calculations align closely with 

experimental findings of benzoic acid and other aromatic 

by-products. Taken together, this side-by-side 

comparison highlights that the computationally derived 

degradation pathways not only reproduce experimentally 

reported products but also provide molecular-level 

insights into radical intermediates that are challenging to 

detect experimentally. This consistency reinforces the 

reliability of our mechanistic interpretations and 

underscores the complementary role of DFT in 

elucidating the thermal decomposition behavior of 

PBAT.  

 

4. Conclusion 
           
The present study provides computational insights into 

the thermal degradation mechanism of PBAT, 

highlighting three primary decomposition pathways. 

Among these, ptw1 was identified as the most favorable 

due to its lowest Gibbs free energy barrier. Radical 

intermediates formed in the early stages were shown to 

propagate degradation through lower-energy processes, 

with oxygen-containing groups playing a critical role in 

stabilizing these species and shaping the overall product 

distribution. The release of low molecular weight 

aliphatic fragments, CO₂, adipate, and terephthalate 

derivatives aligns well with previously reported 

experimental findings. 

Beyond confirming degradation routes, these results 

carry broader implications for the rational design of 

PBAT and related biodegradable polyesters. By 

understanding the thermodynamically preferred 

pathways, structural modifications—such as altering the 

ratio of aliphatic and aromatic segments or introducing 

stabilizing side groups—may be considered to enhance 

thermal stability while minimizing the release of 

environmentally concerning by-products such as CO₂. 

Furthermore, the identification of key radical 

intermediates opens opportunities for targeted 

experimental studies, for example, through pyrolysis–

GC/MS or in situ spectroscopic monitoring, to validate 

the predicted intermediates and products. 

Overall, this work establishes a theoretical framework 

that can guide both experimental investigations and 

material design strategies aimed at developing safer and 

more durable PBAT-based materials. Future studies 

combining computational and experimental approaches 

will be essential to optimize the balance between 

biodegradability, thermal stability, and environmental 

impact in next-generation sustainable polymers. 

 

Acknowledgement 

 

This work was supported by the TUBITAK (Program for 

the University Students at undergraduate level Program 

Number TUBITAK 2209-A). The DFT calculations 

reported in this paper were fully performed at TUBITAK 

ULAKBIM, High Performance and Grid Computing 

Center (TRUBA resources).  

 

Author’s Contributions  

 

Sıla Gümüştaş: Drafted the manuscript, performed the 

calculations, analyzed the results, and prepared the 

figures. 



 

Celal Bayar University Journal of Science  
Volume 22, Issue 1, 2026, p 113-120 

Doi: 10.18466/cbayarfbe.1673557                                                                                           S. Gümüştaş 

 

119 

Kardelen Şener: Contributed to the writing of the 

introduction section and performed some of the 

calculations.  

 

Armağan Kınal: Supervised the calculations, 

contributed to result interpretation, and assisted in 

manuscript preparation. 

 

Ethics  

 

There are no ethical issues after the publication of this 

manuscript. 

 

References 
                   
 [1]. Ye, H, Li, Q, Li, J, Li, D, Ao, Z. 2025. Review on the abiotic 

degradation of biodegradable plastic poly(butylene adipate-

terephthalate): Mechanisms and main factors of the degradation. 

Chinese Chemical Letters; 36(1): 109861. 
https://doi.org/10.1016/j.cclet.2024.109861 

 

[2]. Tilsted, JP, Bauer, F, Birkbeck, CD, Skovgaard, J, Rootzén, J. 2023. 
Ending fossil-based growth: Confronting the political economy of 

petrochemical plastics. One Eart; 6(6): 607-619. 

https://doi.org/10.1016/j.oneear.2023.05.018 
 

[3]. Singh, N, Ogunseitan, OA, Wong, MH, Tang, Y. 2022. Sustainable 

materials alternative to petrochemical plastics pollution: A review 
analysis. Sustainable Horizons; 2: 100016. 

https://doi.org/10.1016/j.horiz.2022.100016 
 

[4]. Tan, L-c, Qu, J-p. 2019. Characterization of poly(butylene 

succinate)/poly(lactic acid) blends with in-situ sub-micron fibers and 
intercalation structure manufacturing by volumetric pulsating 

elongation flow. Polymer testing; 77: 105889. 

https://doi.org/10.1016/j.polymertesting.2019.05.005 
 

[5]. Fojt, J, David, J, Přikryl, R, Řezáčová, V, Kučerík, JA. 2020. A 

critical review of the overlooked challenge of determining micro-
bioplastics in soil. Science of The Total Environment; 745: 140975. 

https://doi.org/10.1016/j.scitotenv.2020.140975 

 
[6]. Burrows, SD, Ribeiro, F, O’Brien, S, Okoffo, E, Toapanta, T, 

Charlton, N, Kaserzon, S, Lin, C-Y, Tang, C, Rauert, C, Wang, X, 

Shimko, K, O’Brien, J, Townsend, PA, Grayson, MN, Galloway, T, 
Thomas, KV. 2022. The message on the bottle: Rethinking plastic 

labelling to better encourage sustainable use. Environmental Science & 

Policy; 132: 109-118. https://doi.org/10.1016/j.envsci.2022.02.015 
 

[7]. Napper, IE, Thompson, RC. 2019. Environmental deterioration of 

biodegradable, oxo-biodegradable, compostable, and conventional 
plastic carrier bags in the sea, soil, and open-air over a 3-year period. 

Environmental Science & Technology; 53(9): 4775-4783. 

https://doi.org/10.1021/acs.est.8b06984 

 

[8]. Chen, M, Cai, C, Bao, J, Du, Y, Gao, H, Liu, X. 2022. Effect of 

aliphatic segment length and content on crystallization and 
biodegradation properties of aliphatic-aromatic co-polyesters. Polymer 

Degradation and Stability; 203: 110080. 

https://doi.org/10.1016/j.polymdegradstab.2022.110080 
 

[9]. Arslan, A, Çakmak, S, Cengiz, A, Gümüşderelioğlu, M. 2016. 

Poly(butylene adipate-co-terephthalate) scaffolds: processing, 
structural characteristics and cellular responses. Journal of Biomaterials 

Science, Polymer Edition; 27(18): 1841-1859. 

https://doi.org/10.1080/09205063.2016.1239945 
 

[10]. Chiangga, S, Suwannasopon, S, Trivijitkasem, N. (Supreya). 

2012. Thermal Degradation of Biodegradable Poly(butylene adipate-
co-terephthalate)/Starch Blends. Agriculture and Natural Resources; 

46(4): 653–661. https://li01.tci-

thaijo.org/index.php/anres/article/view/242919. 

 
[11]. Van De Velde, K, Kiekens, P. 2002. Biopolymers: overview of 

several properties and consequences on their applications. Polymer 

Testing; 21(4): 433−442. http://hdl.handle.net/1854/LU-161309 
 

[12]. Moustafa, H, Guizani, C, Dupont, C, Martin, V, Jeguirim, M, 

Dufresne, A. 2076. Utilization of Torrefied Coffee Grounds as 
Reinforcing Agent To Produce High-Quality Biodegradable PBAT 

Composites for Food Packaging Applications. ACS Sustainable 

Chemistry & Engineering; 5(2): 1906–1916. 
https://doi.org/10.1021/acssuschemeng.6b02633 

 

[13]. Wang, X, Mo, W, Zeng, Y, Wang, J. 2024. Preparation and 
mechanical properties of PBAT/silanized cellulose composites. 

Processes; 12(4): 722. https://doi.org/10.3390/pr12040722 

 
[14]. Muroi, F, Tachibana, Y, Soulenthone, P, Yamamoto, K, Mizuno, 

T, Sakurai, T, Kobayashi, Y, Kasuya, K. 2017. Characterization of a 

poly(butylene adipate-co- terephthalate) hydrolase from the aerobic 
mesophilic bacterium, Bacillus pumilus. Polymer Degradation and 

Stability; 137: 11–22. https://doi.org/10.1016/j. 

polymdegradstab.2017.01.006 
 

[15]. Zhang, M, Jia, H, Weng, YX, Li, CT. 2019. Biodegradable 

PLA/PBAT mulch on microbial community structure in different soils. 
International Biodeterioration & Biodegradation; 145: 104817 

https://doi.org/10.1016/j.ibiod.2019.104817 

 
[16]. Didovets, Y, Brela, MZ. 2022. Theoretical study on the thermal 

degradation process of nylon 6 and polyhydroxybutyrate. Physchem; 

2(4): 334-346. https://doi.org/10.3390/physchem2040024 
 

[17]. Vohlídal, J. 2021. Polymer degradation: a short review. Chemistry 
Teacher International; 3(2): 213-220. https://doi.org/10.1515/cti-2020-

0015 

 
[18]. Van Krevelen, DW, Te Nijenhuis, K. Properties of Polymers. In: 

Van Krevelen DW,  Te Nijenhuis K (ed) Thermal Decomposition, 4rd 

edn. Elsevier, 2009, pp 763-777. https://doi.org/10.1016/B978-0-08-
054819-7.00021-2 

 

[19]. Okoffo, ED, Chan, CM, Rauert, C, Kaserzon, S, Thomas, KV. 
2022. Identification and Quantification of Micro-Bioplastics in 

Environmental Samples by Pyrolysis–Gas Chromatography–Mass 

Spectrometry. Environmental Science & Technology; 56(19): 13774-
13785. https://doi.org/10.1021/acs.est.2c04091 

 

[20]. Falco, F. De, Nacci, T, Durndell, L, Thompson, RC, Degano, I, 
Modugno, F. 2023. A thermoanalytical insight into the composition of 

biodegradable polymers and commercial products by EGA-MS and Py-

GC-MS. Journal of Analytical and Applied Pyrolysis; 171: 105937. 
https://doi.org/10.1016/j.jaap.2023.105937 

 

[21]. Rizzarelli, P, Rapisarda, M, Perna, S, Mirabella, EF, Carta, S. La, 
Puglisi, C, Valenti, G. 2016. Determination of polyethylene in 

biodegradable polymer blends and in compostable carrier bags by Py-

GC/MS and TGA. Journal of Analytical and Applied Pyrolysis; 117: 
72–81. https://doi.org/10.1016/j.jaap.2015.12.014. 

 

[22]. Huang, J, He, C, Wu, L, Tong, H. 2017. Theoretical studies on 
thermal decomposition mechanism of arabinofuranose. Journal of the 

Energy Institute; 90(3): 372–381. 

https://doi.org/10.1016/j.joei.2016.04.005 
[23]. Huang, J, He, C, Wu, L, Tong, H. 2016. Thermal degradation 

reaction mechanism of xylose: A DFT study. Chemical Physics Letters; 

658: 114–124. https://doi.org/10.1016/j.cplett.2016.06.025 
 

[24]. Huang, J, Li, X, Zeng, G, Cheng, X, Tong, H, Wang, D. 2018. 

Thermal decomposition mechanisms of poly(vinyl chloride): A 
computational study. Waste Management; 76: 483–496. 

https://doi.org/10.1016/j.wasman.2018.03.033 

 

https://doi.org/10.1016/j.cclet.2024.109861
https://doi.org/10.1016/j.oneear.2023.05.018
https://doi.org/10.1016/j.horiz.2022.100016
https://doi.org/10.1016/j.polymertesting.2019.05.005
https://doi.org/10.1016/j.scitotenv.2020.140975
https://doi.org/10.1016/j.envsci.2022.02.015
https://doi.org/10.1021/acs.est.8b06984
https://doi.org/10.1016/j.polymdegradstab.2022.110080
https://doi.org/10.1080/09205063.2016.1239945
https://li01.tci-thaijo.org/index.php/anres/article/view/242919
https://li01.tci-thaijo.org/index.php/anres/article/view/242919
http://hdl.handle.net/1854/LU-161309
https://doi.org/10.1021/acssuschemeng.6b02633
https://doi.org/10.3390/pr12040722
https://doi.org/10.1016/j.%20polymdegradstab.2017.01.006
https://doi.org/10.1016/j.%20polymdegradstab.2017.01.006
https://doi.org/10.1016/j.ibiod.2019.104817
https://doi.org/10.3390/physchem2040024
https://doi.org/10.1515/cti-2020-0015
https://doi.org/10.1515/cti-2020-0015
https://doi.org/10.1016/B978-0-08-054819-7.00021-2
https://doi.org/10.1016/B978-0-08-054819-7.00021-2
https://doi.org/10.1021/acs.est.2c04091
https://doi.org/10.1016/j.jaap.2023.105937
https://doi.org/10.1016/j.jaap.2015.12.014
https://doi.org/10.1016/j.joei.2016.04.005
https://doi.org/10.1016/j.cplett.2016.06.025
https://doi.org/10.1016/j.wasman.2018.03.033


 

Celal Bayar University Journal of Science  
Volume 22, Issue 1, 2026, p 113-120 

Doi: 10.18466/cbayarfbe.1673557                                                                                           S. Gümüştaş 

 

120 

[25]. Younker, JM, Beste, A, Buchanan, AC. 2012. Computational 

study of bond dissociation enthalpies for lignin model compounds: β-5 

Arylcoumaran. Chemical Physics Letters; 545: 100–106. 
https://doi.org/10.1016/j.cplett.2012.07.017 

 

[26]. Zhang, Y, Liu, C, Chen, X. 2015. Unveiling the initial pyrolytic 
mechanisms of cellulose by DFT study. Journal of Analytical and 

Applied Pyrolysis, 113: 621–629. 

https://doi.org/10.1016/j.jaap.2015.04.010 
 

[27]. Huang, J, Cheng, X, Meng, H, Pan, G, Wang, S, Wang, D. 2020. 

Density functional theory study on the catalytic degradation mechanism 
of polystyrene. AIP Advances; 10(8): 085004. 

https://doi.org/10.1063/5.0013211 

 
[28]. Martínez, A, Perez-Sanchez, E, Caballero, A, Ramírez, R, 

Quevedo, U, Salvador-García, D. 2024. PBAT is biodegradable but 

what about the toxicity of its biodegradation products?. Journal of 
Molecular Modeling; 30: 273. https://doi.org/10.1007/s00894-024-

06066-0 

 
[29]. Ma, T, Wang, R, Wang, W, Gu, W, Yuan, Y, Zhang, A, Wei, J. 

2022. Studies on the thermal degradation mechanism of polyethylene 

terephthalate and its 2-carboxy ethyl (phenyl) phosphinic acid 
copolymers. Polymer Degradation and Stability; 206:110185. 

https://doi.org/10.1016/j.polymdegradstab.2022.110185 

 
[30]. Huang, J, Meng, H, Luo, X, Mu, X, Xu, W, Jin, L, Lai, B. 2022. 

Insights into the thermal degradation mechanisms of polyethylene 

terephthalate dimer using DFT method. Chemosphere, 291(2):133112. 
https://doi.org/10.1016/j.chemosphere.2021.133112 

 

[31]. Shao, Y, Molnar, LF, Jung, Y, Kussmann, J, Ochsenfeld, C, 
Brown, ST, Gilbert, ATB, Slipchenko, LV, Levchenko, SV, O’Neill, 

DP, DiStasio Jr, RA, Lochan, RC, Wang, T, Beran, GJO, Besley, NA, 
Herbert, JM, Yeh Lin, C, Van Voorhis, T, Hung Chien, S, Sodt, A, 

Steele, RP, Rassolov, VA, Maslen, PE, Korambath, PP, Adamson, RD, 

Austin, B, Baker, J, Byrd, EFC, Dachsel, H, Doerksen, RJ, Dreuw, A, 
Dunietz, BD, Dutoi, AD, Furlani, TR, Gwaltney, SR, Heyden, A, 

Hirata, S, Hsu, C-P, Kedziora, G, Khalliulin, RZ, Klunzinger, P, Lee, 

AM, Lee, MS, Liang, W, Lotan, I, Nair, N, Peters, B, Proynov, EI, 
Pieniazek, PA, Min Rhee, Y, Ritchie, J, Rosta, E, David Sherrill, C, 

Simmonett, AC, Subotnik, JE, Lee Woodcock III, H,. Zhang, W, Bell, 

AT, Chakraborty, AK, Chipman, DM, Keil, FJ, Warshel, A, Hehre, WJ, 
Schaefer III, HF, Kong, J, Krylov, AI, Gill, PMW, Head-Gordon, M. 

2006. Advances in methods and algorithms in a modern quantum 

chemistry program package, Physical Chemistry Chemical Physics; 8: 
3172-3191. https://doi.org/10.1039/B517914A 

 

[32]. Becke, AD. 1993. Density-functional thermochemistry. III. The 
role of exact Exchange. The Journal of Chemical Physics; 98: 5648–

5652. https://doi.org/10.1063/1.464913 

 
[33]. Lee, C, Yang, W, Parr, RG. 1988. Development of the Colle-

Salvetti correlation-energy formula into a functional of the electron 

density. Physical review. B; 37: 785–789. 
https://doi.org/10.1103/PhysRevB.37.785 

 

[34]. Gaussian 16, Revision C.01, 2016. Frisch, MJ, Trucks, GW, 
Schlegel, HB, Scuseria, GE, Robb, MA, Cheeseman, JR, Scalmani, G, 

Barone, V, Petersson, GA, Nakatsuji, H, Li, X, Caricato, M, Marenich, 

AV, Bloino, J, Janesko, BG, Gomperts, R, Mennucci, B, Hratchian, HP, 
Ortiz, JV, Izmaylov, AF, Sonnenberg, JL, Williams-Young, D, Ding, 

F, Lipparini, F, Egidi, F, Goings, J, Peng, B, Petrone, A, Henderson, T, 

Ranasinghe, D, Zakrzewski, VG, Gao, J, Rega, N, Zheng, G, Liang, W, 
Hada, M, Ehara, M, Toyota, K, Fukuda, R, Hasegawa, J, Ishida, M, 

Nakajima, T, Honda, Y, Kitao, O, Nakai, H, Vreven, T, Throssell, K, 

Montgomery, JA Jr, Peralta, JE, Ogliaro, F, Bearpark, MJ, Heyd, JJ, 
Brothers, EN, Kudin, KN, Staroverov, VN, Keith, TA, Kobayashi, R, 

Normand, J, Raghavachari, K, Rendell, AP, Burant, JC, Iyengar, SS, 

Tomasi, J, Cossi, M, Millam, JM, Klene, M, Adamo, C, Cammi, R, 
Ochterski, JW, Martin, RL, Morokuma, K, Farkas, O, Foresman, JB, 

Fox, DJ. Gaussian, Inc., Wallingford CT.  

 

[35]. Herrera, R, Franco, L, Rodríguez-Galán, A, Puiggalí, J.2002. 

Characterization and degradation behavior of poly(butylene adipate-co-

terephthalate)s. J. Polym. Sci. Part A Polym. Chem; 40(23): 4141–
4157. https://doi.org/10.1002/pola.10501 

 

[36]. Jian, J, Xiangbin, Z, Xianbo, H. 2020. An overview on synthesis, 
properties and applications of poly(butylene-adipate-co-terephthalate)–

PBAT, Advanced Industrial and Engineering Polymer Research; 3(1): 

19-26. https://doi.org/10.1016/j.aiepr.2020.01.001 
 

[37]. Jensen, F. Introduction to Computational Chemistry; 2nd ed. 

Press: Wiley, 2007.  
 

[38]. Atkins, P, de Paula, J. Atkins’ Physical Chemistry; 10th Edition, 

Press: Oxford University, Oxford, 2014. 
 

[39]. Coralli, I, Rombol`a, AG, Fabbri, D. 2024. Analytical pyrolysis of 

the bioplastic PBAT poly(butylene adipate-co-terephthalate). Journal 
of Analytical and Applied Pyrolysis;181: 106577. 

https://doi.org/10.1016/j.jaap.2024.106577 

 
[40]. Chen, H, Chen, F, Chen, H, Liu, H, Chen, L, Yu, L. 2023. Thermal 

degradation and combustion properties of most popular synthetic 

biodegradable polymers. Waste Management & Research; 41(2): 431–
441, https://doi.org/10.1177/0734242X221129054 

 

[41]. Yang, Y, Min, J, Xue, T, Jiang, P, Liu, X, Peng, R, Huang, J-W, 
Qu, Y, Li, X, Ma, N, Tsai, F-C, Dai, L, Zhang, Q, Liu, Y, Chen, C-C, 

Guo, R-T. 2023. Complete bio-degradation of poly(butylene adipate-

co-terephthalate) via engineered cutinases. Nature communications; 14: 
1645 https://doi.org/10.1038/s41467-023-37374-3 

 

 
 

https://doi.org/10.1016/j.cplett.2012.07.017
https://doi.org/10.1016/j.jaap.2015.04.010
https://doi.org/10.1063/5.0013211
https://doi.org/10.1007/s00894-024-06066-0
https://doi.org/10.1007/s00894-024-06066-0
https://doi.org/10.1016/j.polymdegradstab.2022.110185
https://doi.org/10.1016/j.chemosphere.2021.133112
https://doi.org/10.1039/B517914A
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1002/pola.10501
https://doi.org/10.1016/j.aiepr.2020.01.001
https://doi.org/10.1016/j.jaap.2024.106577
https://doi.org/10.1177/0734242X221129054
https://doi.org/10.1038/s41467-023-37374-3

