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Preface 
 

This thesis presents a comprehensive exploration of biocomposites derived from brewerôs 

spent grain (BSG) and a commercially available bioplastic (Polybutylene succinate), 

situated within the framework of a circular economy. The thesis is structured into six 

chapters, each contributing uniquely to the overarching narrative. 

The first chapter, "From Plastics to Bioplastics: A Path Toward Sustainability" sets the 

stage by examining the transition from traditional plastics to sustainable bioplastics. This 

foundational chapter provides essential background on key concepts related to plastics, 

bioplastics, and sustainability principles. 

The second chapter, "Brewerôs Spent Grain as a Feedstock for Bioplastics" delves into 

the potential of BSG as a renewable resource in bioplastic production. It explores how 

integrating agricultural waste can enhance sustainability in industrial processes. 

Chapter three focuses on "Enhancing Bioplastic Performance: The Role of Additives." 

This section investigates how additives can improve the properties of bioplastics, offering 

insights into optimizing their performance for various applications. 

In Chapter four, "Materials and Experimental Techniques" detailed methodologies used 

throughout this research are outlined. This includes descriptions of materials selection 

and experimental procedures employed in characterizing biocomposites. 

Chapter five presents "Results and Discussion" Here, comprehensive results are analyzed 

regarding the mechanical, physical, thermal, chemical, and microstructural properties of 

BSG-based biocomposites. These findings provide valuable insights into their potential 

applications. 

Finally, Chapter six offers "Conclusions and Perspectives". This concluding chapter 

synthesizes key findings from previous sections while discussing future directions for 

both industrial implementation and fundamental research. It emphasizes the significance 

of integrating agricultural waste into sustainable material production pathways. 
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This thesis presents research that I have conducted with careful attention to originality 

and academic integrity. I have ensured that any contributions from other works are 

properly cited within the text according to academic standards. The experimentation has 

been carried out using original laboratory data obtained through materials and 

technologies available at the 'Polymer, Biopolymers, and Composites' laboratory and the 

'MTP-Mechanical Treatment Prototype' laboratory of the Department of Engineering at 

the University of Messina. The experimental results shown in this PhD thesis have been 

developed with the LIFE RESTART project1 co-founded by the European community in 

which Fondazione Comunità di Messina, the University of Messina, and 'Crossing' a spin-

off of the Department of Molecular Sciences and Nanosystems at Ca' Forscari University 

of Venice, collaborate. This version maintains clarity while emphasizing both the 

structure and significance of my research on promoting sustainability through innovative 

uses of agribusiness waste in bioplastic development. 
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Abstract 

 
Title:                                                     Bioplastics for a circular economy 

Author:                                                 Salim BRAHIMI 

Supervisor:                                           Prof. Annamaria VISCO 

Date and place of defense:                   10th July 2025, Messina 

 

This study systematically investigates the effects of brewerôs spent grain (BSG) particle 

size and filler loading on the mechanical, thermal, morphological, and degradation 

behavior on polybutylene succinate (PBS) based composites. Optimized formulations 

with BSG particles below 100 µm and loadings of 25ï30 wt.% demonstrate enhanced 

stiffness while maintaining processability, without using any chemical treatments due to 

synergistic interfacial interactions. Biodegradation tests in soil reveal that higher BSG 

content accelerates degradation rates by up to 2.4 times compared to neat PBS, driven by 

the hydrophilic, amorphous lignocellulosic structures in BSG that promote water 

absorption, microbial colonization, and matrix erosion evidenced by reduced surface 

hardness, lower contact angles, and increased roughness. 

Tensile tests show that PBS-BSG30 demonstrates strong mechanical properties, with 

tensile strength (32.91 MPa) and stiffness (Youngôs modulus: 264.10 MPa) surpassing 

recycled HDPE and approaching PP. However, its elongation at break (21.76%) is lower 

than both PP and HDPE, reflecting reduced flexibility. This makes PBS-BSG30 suitable 

for applications like underground planters, where high tolerance to deformation stress is 

more critical than flexibility. 

Under accelerated UV-B/humidity weathering, PBS-BSG30 composites exhibit 

improved resistance to degradation compared to neat PBS, leveraging BSGôs inherent 

UV-absorbing and moisture-buffering properties. Thermal analysis uncovers a 

crystallinity increase over time due to chain scission and molecular rearrangement, a 
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process delayed by antioxidant additives for up to 600 hours. Complementary UVC 

exposure tests further highlight the stabilizing role of carbon black (CB) in mitigating 

rapid surface and bulk degradation observed in unfilled PBS. 

This work advances bio-based materials by establishing critical structure-property-

degradation relationships and offering resource-efficient design strategies for circular 

economy integration. 
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Introduction  
 

Plastics, with their intrinsic versatility and potential for innovation, have become 

indispensable in modern life, finding applications across diverse sectors including 

packaging, construction, electronics, automotive, medicine, and aeronautics. The global 

production of plastic has risen dramatically, surpassing the total output of the previous 

half-century since 2000 and is projected to double again by 2040 2. This exponential 

growth in consumption has alarming consequences for the environment, with estimates 

indicating that between 9 and 14 million tons of plastic waste are deposited annually into 

landfills and oceans 3,4. Such waste accumulation disrupts ecosystems, endangers marine 

life, and poses risks to human health through microplastic contamination in food chains. 

Conventional plastics, derived predominantly from non-renewable fossil resources, 

exacerbate these environmental concerns due to their long degradation timelines often 

spanning centuries 5. Their persistence leads to severe pollution, resource depletion, and 

significant contributions to greenhouse gas emissions, intensifying the urgency to 

transition towards more sustainable materials 6. In response to these challenges, the 

development of bioplastics, derived from renewable resources, has gained traction as a 

sustainable alternative. Bioplastics not only offer reduced environmental footprints but 

also align with the principles of the circular economy by emphasizing material reuse and 

recycling 7. 

To optimize the performance and processability of both conventional plastics and 

bioplastics, a variety of additives are commonly incorporated into polymer 

formulations. Compatibilizers are used to enhance the interfacial adhesion between 

polymer matrices and fillers or different polymer phases, especially important in 

composite materials to improve mechanical properties and durability8.  

Plasticizers increase polymer flexibility and reduce brittleness by lowering the glass 
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transition temperature, facilitating easier processing and expanding application 

potential9. Surfactants act at interfaces to improve dispersion of fillers and additives 

within the polymer matrix, ensuring uniformity and stability of the composite 

material10. Stabilizers protect polymers from degradation caused by heat, UV light, or 

oxidation during processing and in-service life, thereby extending the materialôs 

functional lifespan11. Additionally, other biopolymer additives, such as nucleating agents 

and crosslinkers, are employed to tailor crystallinity, mechanical strength, and 

biodegradability of bioplastics. The strategic use of these additives is critical to 

overcoming inherent limitations of biopolymers, enabling the development of materials 

that meet specific performance criteria while maintaining environmental sustainability. 

Among bioplastics, Polybutylene succinate (PBS) has emerged as a promising material, 

valued for its biodegradability and mechanical properties that rival conventional plastics. 

PBS is synthesized from succinic acid, which can be derived from renewable agricultural 

feedstocks. This polymer exhibits attributes such as low glass transition temperature and 

high elongation at break (>500%), making it suitable for diverse applications where 

biodegradability is desired 12. However, improving the mechanical performance of PBS 

to broaden its application scope remains a focus of ongoing research. 

The incorporation of agricultural waste into bioplastic matrices presents an innovative 

pathway for enhancing mechanical properties while promoting sustainability 13. 

Brewersôs spent grain (BSG) are the predominant by-product of the brewing process, 

accounting for approximately 85% of total brewing waste. Originating primarily from 

malted barley, these spent grains undergo a significant transformation from essential 

brewing components to a nutrient-rich, fibrous residue that has diverse applications across 

multiple industries 14,15. In 2023, global beer production is projected to surpass 1.9 billion 

hectoliters, resulting in an estimated 38 million tons of BSG generated worldwide, with 
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over 3.5 million tons produced in Europe alone 16. This substantial volume highlights the 

potential for BSG to be repurposed in various sectors, including food, animal feed, energy 

production, biotechnological processes, etc. 15. BSG is rich in cellulose and lignin, 

making it an effective natural filler  for bioplastic composites. Using BSG in bioplastics 

like PBS helps address waste management challenges by transforming low-value by-

products into high-value materials. While BSG incorporation influences mechanical and 

thermal properties, its effects depend on factors such as particle size, filler content, and 

polymer compatibility. Recent studies have demonstrated that BSG incorporation 

enhances tensile strength and thermal stability in bioplastics such as polycaprolactone 

(PCL) and Mater-Bi composites while maintaining biodegradability 17ï19. This is 

achieved through improved interfacial adhesion between the biopolymer matrix and 

natural fibers, enabling efficient load transfer and superior composite performance. For 

instance, melt mixing techniques have been utilized to disperse BSG uniformly within 

PBS matrices, ensuring compatibility and processing efficiency 17,19. These advancements 

align with broader sustainability goals by reducing agricultural waste, mitigating plastic 

pollution, and fostering a circular bioeconomy. The valorization of BSG in PBS matrices 

represents a paradigm shift in sustainable material development. By integrating agrifood 

waste into bioplastics, researchers can address pressing environmental challenges while 

creating economic opportunities within the agricultural sector. This strategy not only 

reduces reliance on fossil-based plastics but also underscores the potential of renewable 

resources to drive innovation in material science. Continued research in this area will  be 

critical to unlock the full  potential of biocomposites, ensuring they meet the demands of 

diverse applications while advancing environmental stewardship. 
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Problem Statement 

Despite the potential benefits of bioplastics, several challenges hinder their widespread 

adoption. These include high production costs, limited scalability, and competition with 

food resources for biomass. The incorporation of agricultural waste like BSG into 

bioplastic matrices could address these issues by reducing production costs and 

environmental impact while promoting a circular economy. 

Objectives of the Research 

This research endeavors to explore the feasibility and potential benefits of valorizing BSG 

as a sustainable feedstock for bioplastics within a circular economy framework. The 

specific objectives are: 

ü Environmental Valorization: To assess the potential for recovering and reusing at 

least 30-35 wt.% of BSG in bioplastic production, thereby reducing waste disposal 

issues associated with brewing industries. 

ü Material Characterization: To comprehensively evaluate the mechanical, physical, 

structural, and thermal properties of biocomposites derived from BSG. 

ü Sustainability Impact: To investigate how integrating BSG into bioplastic 

production can lead to significant reductions in virgin biopolymer consumption and 

demand for pure natural resources targeting a decrease of up to 30-35 wt.%. 

These objectives collectively aim to transform waste BSG into opportunities, from a 

low/zero value product to a production factor for quality, green, biodegradable, recyclable 

and industrially interesting biopolymers. 

Research Questions 

This study seeks to address the following key research questions: 

¶ What are the physical, mechanical, thermal, and structural properties of bioplastics 

incorporating BSG as a feedstock? How do these properties compare to those of 

conventional bioplastics? 
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¶ How does the integration of BSG into bioplastic production influence its 

biodegradation rate compared to traditional bioplastics? Specifically, what factors 

contribute to the acceleration or deceleration of biodegradability, and what 

implications does this have for environmental impact and end-of-life management? 

¶ To what extent can BSG-based bioplastics contribute to reducing environmental 

impacts by decreasing waste disposal issues from breweries and lowering demand 

for non-renewable resources in plastic production? 

¶ How do PBS-BSG biocomposites degrade under soil burial conditions or accelerated 

weathering conditions, and what structural changes occur over time? What role do 

additives play in delaying degradation, and how does this affect material longevity 

and performance? 

The Significance and Contribution of This Study 

This research significantly contributes to the field of sustainable materials by exploring 

the potential of BSG in bioplastic production. It addresses critical objectives such as 

reducing waste disposal issues from breweries, enhancing economic feasibility by 

potentially decreasing reliance on fossil-based polymers and virgin biopolymers, and 

improving sustainability by using renewable resources. By advancing knowledge in these 

areas, this study supports broader efforts towards a circular economy and sustainable 

development, providing valuable insights for both industrial applications and future 

academic investigations into innovative uses for agribusiness waste. 

Structure of the Thesis 

The thesis is structured as follows: 

¶ Chapter 1: From Plastics to Bioplastics ï A Path Toward Sustainability: Overview 

of plastics, bioplastics, and circular economy principles. 

¶ Chapter 2: Brewerôs Spent Grain as a Feedstock for Bioplastics: Exploration of BSG 

as a renewable resource for bioplastic production. 
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¶ Chapter 3: Enhancing Bioplastic Performance ï The Role of Additives: 

Examination of additives in improving bioplastic properties. 

¶ Chapter 4: Materials and Experimental Techniques: Details on research design and 

methodologies used. 

¶ Chapter 5: Results and Discussion: Presentation and analysis of experimental 

findings on BSG-based biocomposites. 

¶ Chapter 6: Conclusions and Perspectives: Synthesis of key findings with implications 

for sustainability. 
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Chapter 1: From Plastics to Bioplastics: A Path Toward Sustainability 
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1.1. Plastics overview  

Plastics are versatile, synthetic materials that have become indispensable in modern life 

due to their wide range of applications, cost-effectiveness, and unique properties like 

lightweight, durability, and flexibility  20,21. Plastics are made from polymers, which are 

large molecules composed of repeating subunits. These polymers are derived primarily 

from petrochemicals, though they can also come from renewable resources 21. The history 

of plastics can be traced back to the 19th century when early forms were developed by 

modifying natural materials 22. In 1868, the invention of celluloid, the first thermoplastic, 

marked a significant milestone as it replaced more expensive and less sustainable 

materials like ivory. The success of celluloid led to further innovations, but it was the rise 

of the petrochemical industry in the 20th century that transformed plastics into a global 

commodity. The production of plastics has seen exponential growth since the mid-20th 

century, making them a fundamental part of industries such as packaging, construction, 

electronics, automotive, and more 21,23. Materials like polyethylene (PE), polypropylene 

(PP), polyvinyl chloride (PVC), and polystyrene (PS) became ubiquitous due to their 

ability to be easily molded, durable nature, and low production costs 21. Plastics are 

typically divided into two major categories based on how they respond to heat 24: 

Thermoplastics: Polymers which soften when heated and can be reshaped, which allows 

them to be recycled more easily (Figure 1.1.a). Thermoplastics are mainly of four types  

PP, PE, PVC, and PS together with some more specialized engineering polymers 25. 

Thermosetting plastics: These polymers are liquids in initial stages but transform into 

solid forms upon heating, resulting in materials with significant cross-linking (Figure 

1.1.b). Once cured, these polymers cannot be softened or reshaped through heat and 

pressure. Once they are formed, they cannot be reprocessed. Notable examples of 

thermosetting polymers include unsaturated polyesters, alkyd resins, phenolic resins, 
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amine resins, epoxies, and polyurethanes 25. 

 

 

 

 

 

 

 

 

 

Figure 1. 1: (a) Thermoplastics, (b) Thermoset plastic 16. 

 

One of the most notable features of plastics is their durability, which also creates one of 

their greatest challenges: environmental persistence. Plastics take centuries to degrade, 

leading to massive accumulation of plastic waste in the environment. Globally, more than 

460 million metric tons of plastics are produced each year, with a significant portion used 

for single-use applications like packaging. These products, designed for short-term use, 

contribute heavily to the waste stream, exacerbating pollution issues 26. 

Over the past seven decades, global plastic production has witnessed a nearly exponential 

surge. As of recent estimates, cumulative plastic production has reached approximately 

11.3 billion metric tons worldwide. This trend is projected to continue, with annual 

production expected to increase significantly over the coming years. By 2050, global 

plastic output could reach nearly 900 million metric tons annually (Figure.1.2a). Despite 

these increases in production, recycling rates remain low. Historically, only about 10% 

of all plastics produced globally have been recycled, while around 14% have been 

incinerated. The majority, approximately 76%, have accumulated in landfills or oceans, 

posing substantial environmental risks due to mismanagement and pollution (Figure.1.2b 
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b). This highlights the urgent need for improved waste management strategies and a shift 

towards more sustainable practices within the plastics industry 27. 

Figure 1. 2: (a) Annual Global Plastic Production Trends; (b) Cumulative Global Plastic Production Distribution 
28,29. 

 

Plastic pollution is a growing global concern, particularly in marine environments. An 

estimated 8 million tons of plastic enter the ocean annually, yet only about 1% of this 

waste remains floating on the surface 26. The majority originates from land-based sources, 

such as poorly managed landfills and urban runoff, while a smaller fraction comes from 

marine activities, including fishing and shipping 30. Once in the ocean, plastics degrade 

into microplastics, particles smaller than 5 mm, which pose severe risks to marine life, 

ecosystems, and potentially human health through the food chain 28. 

The problem is especially alarming in European seas, where plastic ingestion by marine 

species is widespread. Studies show that 93% of fulmar birds in the North-East Atlantic 

and 85% of sea turtles in the Mediterranean have ingested plastic waste 17,18. Additionally, 

8% of Europe's microplastic pollution originates from synthetic textiles, while the global 

contribution of this source is estimated at 16ï35%. The durability of plastics means they 
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persist in the environment for generations, leading to severe consequences such as litter 

accumulation, toxic chemical leaching, and microplastic contamination in ecosystems 

and the food chain, with unknown health effects on humans 13. 

Addressing these issues requires a shift toward a circular economy, which promotes reuse, 

recycling, and biodegradability as key strategies to mitigate plastic pollution 33. However, 

current plastic waste management remains insufficient. In the European Union, only 30% 

of plastic waste is recycled, and on a global scale, recycling rates remain low. 

Furthermore, an estimated 95% of the value of plastic packaging materials is lost after a 

single use, highlighting both an environmental and economic inefficiency 29. 

To combat plastic pollution, some countries have implemented bans on single-use 

plastics, while industries are investing in biodegradable materials and plastic substitutes 

derived from renewable sources 30. However, these alternatives face challenges related to 

scalability, cost, and performance before they can effectively replace conventional 

plastics. Despite the essential role of plastics in modern economies, their environmental 

and health impacts remain serious concerns. Moving forward, the challenge lies in 

balancing their benefits with the urgent need to reduce their ecological footprint through 

improved waste management, policy reforms, and innovation in sustainable materials 

31,14. 

1.2. Current  Landscape of Plastic Production 

The global plastics industry is dominated by fossil-based polymers, with annual 

production exceeding 360 million tons (Figure 1.3). This vast output primarily consists 

of PE, PP, polyethylene terephthalate (PET), PS, PVC. These materials find widespread 

application across various sectors, with packaging being the largest consumer at 39.9%, 

followed by construction (19.8%), automotive (9.9%), and electronics (6.2%) 31,32.  
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 Figure 1. 3: Plastic production trends for both (a) the World and (b) Europe (EU) from 2018 to 2021, measured in 

megatons (Mt). The data represent plastic production resulting from polymerization processes and the output of 

mechanically recycled plastics. These figures exclude polymers utilized in non-plastic applications such as textiles, 

adhesives, sealants, and coatings 32. 

 

In recent years, there has been a growing interest in biobased plastics as sustainable 

alternatives to their fossil-based counterparts. Notable examples include polylactic acid 

(PLA), PBS, polyhydroxyalkanoate (PHA), and polyethylene furanoate (PEF). These 

materials are gaining traction in industrial applications due to their renewable origins and 

potentially reduced environmental impact 33,34. However, the transition to biobased 

plastics faces significant challenges, primarily related to availability and cost-

effectiveness. The European bioplastics report projects that the total production capacity 

for biopolymers in the EU will  reach 6.3 million tons by 2027. While this represents 

substantial growth, it remains insufficient to meet current market demands 35. 

Consequently, despite the promising attributes of biopolymers, fossil-based plastics 

continue to dominate the market, accounting for over 99% of plastic products 

manufactured today. This underscores the need for continued research, development, and 

investment in biobased alternatives to facilitate a more sustainable future for the plastics 

industry 36. 

The evolution of synthetic polymers has profoundly transformed material science and 

industrial applications since the early 20th century. The creation of Bakelite in 1907 

marked the dawn of the synthetic polymer era, followed by groundbreaking 

(a) (b) 
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advancements such as the development of stereospecific polymerization for isotactic 

polypropylene synthesis. This innovation, commercialized as Moplen, earned Giulio 

Natta and Karl Ziegler the nobel prize in chemistry in 1963. These discoveries catalyzed 

a paradigm shift, with polymers and plastic materials rapidly supplanting traditional 

materials like steel, wood, cardboard, and leather, while simultaneously opening new 

frontiers in material science and manufacturing 32. 

However, the initial enthusiasm for these versatile materials overshadowed critical 

considerations regarding their environmental persistence. The low biodegradability of 

synthetic polymers was not fully  appreciated at the time, leading to unforeseen 

consequences as plastics began accumulating in landfills and natural ecosystems. This 

accumulation has resulted in widespread pollution of marine waters, freshwater systems, 

and terrestrial environments 36,37. 

Figure 1.4 presents a chronological overview of landmark events that have shaped the 

global response to plastic production and pollution over the past few decades. This 

timeline is not merely a historical record but serves as a framework to understand how 

scientific awareness, policy intervention, and international cooperation have evolved in 

response to the environmental challenges posed by plastics. 

The timeline begins with the 1997 discovery of the Great Pacific Garbage Patch by 

Charles Moore, a pivotal moment that brought the issue of oceanic plastic accumulation 

to the forefront of public and scientific discourse 38. This discovery served as a wake-up 

call, highlighting the durability and long-term persistence of plastic waste in marine 

ecosystems. In 2004, the first research paper addressing the presence and ecological 

implications of microplastics was published 39. This marked a scientific turning point, 

shifting the focus from visible macroplastic debris to invisible yet pervasive microplastic 

pollutants. It expanded the conversation from waste management to chemical and 
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biological impacts, revealing new layers of complexity in plastic pollution. 

The establishment of the Ellen MacArthur Foundation in 2011 signaled a strategic pivot 

toward circular economy models 40. This foundation became a key thought leader in 

promoting sustainable materials management and redesigning systems to reduce plastic 

leakage into the environment. Their work has been instrumental in advocating systemic 

change at the industrial and policy level. A broader international framework was 

introduced in 2015 through the adoption of the 2030 Agenda for Sustainable 

Development (Agenda 17 SDGs), which included specific goals relevant to responsible 

consumption and production (SDG 12), life below water (SDG 14), and climate action 

(SDG 13). The integration of plastic waste issues into this global policy framework 

indicated a maturation of the problem into a cross-sectoral challenge41. 

The 2016 Paris Agreement, although primarily climate-focused, reinforced the 

importance of sustainable material use and lifecycle emissions management. The 

production and incineration of plastic are significant contributors to greenhouse gas 

emissions, thus linking plastic policy with broader climate commitments42. In 2017, the 

introduction of Chinaôs Green Fence Policy marked a major shift in global plastic waste 

dynamics. By restricting imports of contaminated and low-quality plastic waste, China 

catalyzed a global re-evaluation of recycling systems and forced many countries to 

reconsider their dependence on foreign waste processing43. 

Finally, the launch of the New Plastics Economy initiative in 2018 by the Ellen 

MacArthur Foundation and UNEP reflected a culmination of prior efforts. This program 

emphasized innovation, upstream redesign, and the need for a unified vision to transform 

the plastic system across its lifecycle from production and use to reuse and recycling44. 

Collectively, these milestones illustrate how the issue of plastic pollution has moved from 

discovery and documentation to policy formation and system-wide transformation. This 



SALIM BRAHIMI                                                                                                                                      CHAPTER 1 

   

 
31 

historical progression also highlights the increasing interdependence between scientific 

research, political commitment, industry engagement, and societal behavior in addressing 

complex environmental challenges like plastic pollution. The events in Figure 1.4 serve 

as both a timeline and a trajectory, indicating a clear shift toward more integrated, 

collaborative, and sustainable solutions. 

 

 

Figure 1. 4 : Timeline of Key Events in Plastic Production History 38. 

 

Despite improvements in waste management, approximately 32% of plastic packaging 

still ends up polluting oceans, land, and affecting wildlife  and human health. Since 2010, 

an estimated 12.7 million tons of plastics have been leaking into the oceans annually 4. 

This paradigm shift requires radical changes in production methods, embracing eco-

design principles and implementing adequate waste management strategies to achieve 

zero waste production and environmentally sustainable management cycles 33,45. 

To effectively reduce plastic pollution, strategies should prioritize plastic recovery and 

recycling over energy production or landfilling 46. Additionally, there is a growing 

emphasis on the production of biodegradable biobased plastics 47, and the eco-design of 

easily recyclable products 48. These approaches aim to create a more sustainable and 

circular plastic economy, minimizing environmental impact while maximizing resource 

efficiency. 
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1.2.1.  Plastics Facing the Challenge of a Circular  Economy 

The transition of plastics towards a circular economy model presents both significant 

challenges and opportunities for industry, policy makers, and consumers alike 

(Figure.1.5). While plastics have become ubiquitous in modern life due to their versatility 

and cost-effectiveness, their environmental impact has raised serious concerns, 

particularly regarding waste management and pollution 47,48. The circular economy 

approach aims to address these issues by redesigning the entire plastics value chain, from 

production to end-of-life management (Figure.1.5). Key strategies include eliminating 

unnecessary plastic use, promoting reusable alternatives, improving recycling 

technologies and infrastructure, and developing innovative materials that are more easily 

recyclable or biodegradable 49. However, implementing these strategies requires 

overcoming technical, economic, and behavioral barriers. For instance, the complexity of 

plastic types and additives complicates recycling efforts, while weak economic incentives 

and inadequate waste management systems hinder progress in many regions. Despite 

these challenges, the shift towards circularity in plastics offers potential benefits such as 

reduced environmental impact, resource conservation, and new economic opportunities 

in recycling and innovative product design 47. As governments, particularly in the EU, 

implement more stringent regulations and targets for plastic waste reduction and 

recycling, the pressure on the plastics industry to adapt and innovate continues to grow, 

driving the sector towards more sustainable practices and circular solutions. 
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Figure 1. 5: Circular economy model in plastic management, highlighting stages from production and purchasing to 

recycling and reuse 47. 

 

1.2.2. Environmental Impact of Conventional Plastics 

The environmental footprint of conventional plastics spans their entire lifecycle, from 

production to disposal, affecting ecosystems, climate, and human health. Production of 

plastics, particularly PVC, is associated with the emission of harmful substances. As 

noted by environmental scientists, PVC is considered one of the most environmentally 

damaging plastics due to the release of dioxins during its production and incineration. 

Furthermore, plasticizers like phthalates, used to soften PVC, are suspected carcinogens 

that can leach into the environment during the product's use and disposal phases 50. The 

inefficient management of plastic waste exacerbates its environmental impact. In the 

European Union, despite advanced waste management systems, only about 30% of plastic 

waste is collected for recycling. This inefficiency results in a substantial economic loss, 

estimated at between ú70 and ú105 billion annually, representing 95% of the value of 

plastic packaging material after a brief first-use cycle 51. The remaining plastic waste 

often ends up in landfills or incineration plants, contributing to soil and air pollution. The 
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United Nations Environment Program (UNEP, 2014) has quantified the environmental 

cost of plastic use in the consumer goods sector at ú74 billion annually 21. Figure.1.6 

accounts for various environmental impacts, including marine pollution, air pollution 

from plastic incineration, and greenhouse gas emissions from raw material extraction and 

processing. Notably, marine pollution represents the largest downstream cost, estimated 

at ú13 billion. Ocean pollution is a particularly visible and alarming consequence of 

plastic waste mismanagement 52. Approximately 8 million tons of plastic, representing 

about 2% of all plastic produced, enter the oceans annually 53. This pollution stems from 

various sources, including poor waste management practices, inadequately managed 

landfills, tourist activities, fisheries, and even road runoff. The majority of this waste 

enters the oceans via rivers, with a smaller portion coming directly from ships 54. While 

large plastic debris in oceans is visually striking, recent research suggests that 

microplastics pose an even greater concern 55. These particles originate from both the 

direct manufacture of microplastics (commonly used in cosmetics) and the degradation 

of larger plastic items. The durability of plastic, once considered an advantage, now 

contributes to its persistent presence in the environment 56. Even materials like PVC, 

which can maintain their integrity for decades under ideal conditions, eventually fragment 

into microplastics. The pervasiveness of microplastics in marine and freshwater 

ecosystems worldwide is alarming. These tiny particles have been detected in various 

aquatic environments, raising concerns about their potential impact on ecosystem health 

and biodiversity. Moreover, the ingestion of microplastics by marine life introduces these 

particles into the food chain, potentially affecting human health through seafood 

consumption. The environmental persistence of plastics is further compounded by their 

slow degradation rates. Complete breakdown of plastic materials can take decades or even 

centuries, leading to long-term accumulation in the environment. This persistence not 
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only affects current ecosystems but also poses a legacy issue for future generations.  

 

 

Figure 1. 6: Life Cycle of Plastics: This graphic shows how conventional plastic production, from oil extraction to 

disposal, contributes to greenhouse gas emissions, pollution, and environmental harm. Only 9% is recycled, while 79% 

ends up in landfills 57. 

 

Unfortunately, the environmental impact of plastics extends beyond their production 

phase. As the long carbon chains in plastic products break down, they emit greenhouse 

gases like methane and ethylene, which have a significantly higher warming potential 

than carbon dioxide. Although the rate of gas emission varies, the sheer volume of plastic 

waste mounting to 4,900 million metric tons raises concerns among researchers about its 

contribution to global emissions 58. 

The hazards associated with decomposing plastics are not limited to greenhouse gas 

emissions. Plastics contain more than just oil; they are infused with various chemicals 

such as phthalates, bisphenol A (BPA), and per- and polyfluoroalkyl substances (PFAs) 

to enhance properties like strength, flexibility,  and color. As plastics degrade into 

microplastics, these chemicals leach into the surrounding air, soil, and water, leading to 
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a gradual contamination of ecosystems worldwide. Researchers have identified over 

1,500 chemicals in plastics that pose such risks 59. 

Even when plastics are not disposed of in landfills, they still pose environmental 

challenges. Incineration and "chemical recycling" processes that convert plastic back into 

raw petrochemicals for fuel or new products also release substantial amounts of 

greenhouse gases 60. A 2019 report indicated that plastic incineration in the United States 

alone generates 5.9 million metric tons of carbon dioxide emissions, equivalent to the 

emissions from more than 1.2 million cars 61. On a global scale, incinerating plastic 

packaging contributes approximately 16 million metric tons of carbon dioxide annually. 

Although chemical recycling claims to mitigate some emissions by capturing energy from 

incineration, it remains environmentally detrimental due to the high energy demands of 

converting plastic waste into fuel 52. While these disposal methods offer ways to manage 

plastic waste, they ultimately contribute to greenhouse gas emissions and rely on energy-

intensive processes that do not provide a truly sustainable solution. Given these 

challenges, there is an increasing need for innovative materials that minimize 

environmental impact, such as bioplastics, which aim to reduce dependence on fossil-

based plastics while offering improved end-of-life options. 

 

1.3.  Introduction  to Bioplastics  

1.3.1.  Definition and Classification 

The definition of bioplastics is multifaceted and often misunderstood due to its broad 

usage in describing various materials. Bioplastics are generally categorized based on two 

main criteria: the source of the raw materials and their biodegradability. They can be bio-

based, meaning derived from renewable biological sources (such as plants, 

microorganisms, or marine resources), or fossil-based but engineered to be 
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biodegradable. Bioplastics are divided into different categories, which can be classified 

as bio-based, biodegradable, or compostable materials. The term is somewhat ambiguous 

because it does not guarantee that the material is both bio-based and biodegradable 

(Figure.1.7). For instance, plastic may be called "bio-based" even if  only 30% of its 

composition is derived from biomass, while the rest comes from fossil-based materials. 

Moreover, biodegradability is highly dependent on environmental conditions, such as 

temperature and microbial activity, which affect how long it takes for the material to 

decompose. This complexity creates challenges in fully  defining bioplastics based on a 

single criterion, necessitating a clearer distinction between bio-based and biodegradable 

plastics 46,62. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. 7: Classification of bio-based and fossil-based polymers into biodegradable and non-biodegradable categories 
46.  

 

 

Bioplastics currently account for roughly 0.5% of the over 400 million tons of plastic 

produced each year. Production capacity for bioplastics is expected to expand 

significantly, growing from about 2.18 million tons in 2023 to approximately 7.43 million 

tons by 2028 (Figure 1.8). With advancements in materials like PLA, PHA, and 

polyamides (PAs), bioplastic alternatives are now available for nearly every conventional 
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plastic application. This growth underscores a shift toward sustainable materials that can 

help mitigate environmental impacts and support a circular economy 63. 

 

Figure 1. 8: global production capacities of bioplastics in 1000 tons (source : European Bioplastics, nova-institute) 35.  

 

1.3.2. Properties and Applications 

Bioplastics are often characterized by their biodegradability and, in some cases, 

compostability. Biodegradability refers to the ability of materials to break down into 

smaller compounds through biological processes, while compostability is a more specific 

property that requires bioplastics to decompose under defined conditions within a certain 

timeframe, resulting in non-toxic compost. For a bioplastic to be labelled as compostable, 

it must meet strict standards such as EN 13432 or ASTM D 6400, which stipulate criteria 

for decomposition rates and ecotoxicity. However, the degradation of bioplastics can 

produce byproducts like carbon dioxide and methane, which may have environmental 

implications. While many bioplastics are designed to be biodegradable or compostable, 

not all bio-based plastics possess these properties; some, like bio-PE or bio-PET, are 

intended for durability rather than environmental degradation. Thus, understanding the 

distinctions between biodegradability and compostability, along with the effects of 

degradation byproducts on ecosystems, is essential as the bioplastics industry continues 
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to evolve 16,52,53. Table.1.1 delineates the key distinctions between biodegradable and 

compostable materials. It highlights that compostability certification demands adherence 

to more rigorous standards, rendering it a more precisely defined attribute compared to 

biodegradability. Notably, while all compostable materials are inherently biodegradable, 

not all biodegradable materials meet the criteria for compostability. This nuance is crucial 

for understanding the environmental implications and proper disposal methods for 

various eco-friendly materials. 

Table 1. 1: key distinctions between biodegradable and compostable materials 64. 

 Biodegradable Compostable 

Standards 

followed 

EN17033 acts as the standard for 

biodegradable mulch films while ISO17556 is 

used to determine aerobic biodegradation of 

plastics 

Must meet the 

ASTM D6400 or 

EN 13432 standard 

Duration  
>90% should be converted to CO2 within two 

years 

Less than or equal 

to three months 

Byproducts 
No requirement regarding the absence of 

remnants 

No physical 

remnants should be 

found, and no toxic 

byproducts should 

be produced 

Interrelation  
All  biodegradable materials are not 

compostable 

All  compostable 

materials are 

biodegradable 

Logo 

 

 
  

 

In the contemporary landscape, bioplastics have permeated diverse market segments, with 

notable prominence in packaging, food services, agriculture, automotive applications, 

textiles, and healthcare sectors (Figure.1.9) 35,46,65. The packaging industry, in particular, 

has witnessed significant adoption of bioplastics, accounting for 48% (1.07 million tons) 

http://www.astm.org/Standards/D6400
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of the total bioplastics market in 2022 66. This surge is driven by the increasing demand 

for sustainable packaging solutions, especially in food containers, bottles, and bags 67. 

 

Figure 1. 9: Global production capacities of bioplastics (by market segment) 28. 

  

The agricultural sector has emerged as a key adopter of bioplastics, utilizing these 

materials in mulching films and planting pots to mitigate plastic waste in farming 

practices 67. Notably, the global consumption of plastic mulch films in agriculture is 

estimated at approximately 1 million tons annually, with a growing shift towards 

biodegradable alternatives due to stringent regulations on fossil-based plastics 68. In the 

automotive industry, major manufacturers are increasingly incorporating bio-based 

polymers like polybutyleneadipate terephthalate (PBAT), PBS, PLA, PHA, and others to 

reduce vehicle weight, thereby decreasing emissions and fuel consumption. European 

associations project that production volumes of these polymers will  reach over 170 KT 

by 2024, signifying substantial growth in their technical applications within the 

automotive sector 69. 

The bioplastics market is experiencing rapid expansion, with projections indicating 

growth from $9.22 billion in 2023 to $20.48 billion by 2028, at a compound annual 

growth rate (CAGR) of 17.1%1 66 (Figure 1.10). This growth trajectory is attributed to 
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rising environmental concerns, evolving consumer preferences for eco-friendly products, 

and the implementation of supportive government regulations. 

 

Figure 1. 10: Bioplastics global market report 2024 66. 

 

1.3.3. Bioplastics: benefits and innovative properties 

a. Environmental Impact Mitigation  

Bioplastics derived from renewable sources offer a groundbreaking alternative to 

traditional petroleum-based polymers. By harnessing plant-based materials, these 

innovative substances significantly diminish reliance on finite fossil resources, 

simultaneously curtailing greenhouse gas emissions 6. Comprehensive lifecycle 

assessments reveal that certain bio-derived plastics can achieve substantial carbon dioxide 

reductions compared to their conventional counterparts, with variations depending on raw 

materials, product specifications, and intended applications 64. These remarkable 

characteristics make eco-plastics a key tool in the European Union's arsenal to combat 

climate change and achieve its ambitious carbon neutrality goals by 2030.  

b. Increased resource efficiency 

 The implementation of bioplastics fosters a paradigm shift towards circular economy 

principles. By facilitating closed-loop resource cycles and cascading use strategies, these 
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materials maximize efficiency throughout their lifecycle. This approach is particularly 

effective when bioplastics products are designed for reuse, recycling, or ultimate 

conversion into renewable energy, thereby minimizing waste and maximizing value 

extraction 6. 

1.3.4. Challenges Facing Widespread Adoption of Bioplastics 

Despite their potential benefits, bioplastics face several challenges that hinder their 

widespread adoption, making their integration into mainstream markets a complex 

endeavor. One of the primary obstacles is the higher production cost of bioplastics 

compared to conventional petroleum-based plastics. This price disparity arises from 

factors such as the sourcing of raw materials, the smaller scale of bioplastic 

manufacturing, and the intricate production processes involved. These higher production 

costs inevitably lead to elevated prices for consumers, which can discourage both 

businesses and individuals from choosing bioplastics over cheaper, traditional 

alternatives. Another significant challenge lies in the limitations of existing infrastructure. 

Current recycling and waste management systems are primarily designed to handle 

conventional plastics and often lack the capacity to process bioplastics efficiently. Many 

bioplastics require specific composting conditions to biodegrade properly, but such 

specialized facilities are not universally available. As a result, bioplastics may end up in 

landfills, where they might not decompose as intended. Worse yet, they can contaminate 

traditional plastic recycling streams, compromising the quality of recycled materials. This 

issue is further compounded by the fact that different types of bioplastics demand distinct 

end-of-life management approaches, adding another layer of complexity to waste 

management 62,70. 
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1.3.5 Future Directions for Overcoming Challenges facing bioplastics 

To overcome the challenges facing bioplastics, several innovative strategies are being 

actively explored. On the technological front, advancements in materials such as PLA 

and PHA are significantly improving both the biodegradability and durability of 

bioplastics. These materials are being engineered to enhance their performance, ensuring 

that they meet the demands of various applications while also breaking down more 

effectively in the environment. Simultaneously, efforts to refine production processes are 

aimed at boosting efficiency and scalability, which would help bring down production 

costs and make bioplastics more competitive with conventional plastics 71. 

In addition, the diversification of feedstocks is another promising avenue for addressing 

the challenges associated with bioplastics. By incorporating non-food biomass sources 

like algae, agricultural waste, or even industrial by-products, the industry can reduce the 

pressure on food crops and minimize concerns about land use competition. This approach 

also creates opportunities to tap into waste streams that would otherwise go unused, 

further promoting sustainability 72. Governments have a critical role to play in supporting 

the bioplastics industry. Policy interventions such as tax incentives, subsidies, and 

legislative frameworks that encourage sustainable technology adoption can significantly 

accelerate innovation and market penetration. By fostering an environment where 

businesses are motivated to invest in greener alternatives, governments can help 

overcome some of the economic barriers to bioplastic production 73. Public awareness 

and education are also integral to the widespread adoption of bioplastics. Clear labeling 

standards that inform consumers about the proper disposal and end-of-life options for 

bioplastics can prevent contamination in recycling streams and ensure that bioplastics are 

disposed of correctly. Educating the public about the environmental benefits and proper 

handling of bioplastics will help shift consumer behaviors and increase demand for 
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sustainable products 74. Moreover, integrating bioplastics into a circular economy 

framework is an important step toward maximizing resource efficiency and reducing 

waste. Through these combined efforts advancements in technology, innovative 

feedstock sources, supportive policies, public education, and circular economy 

integration the challenges facing bioplastics can be effectively addressed, paving the way 

for a more sustainable future 75. 
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Chapter 2: Brewerôs Spent Grain  as a Feedstock for  Biobased Composites 
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2.1. Introduction  to Brewerôs Spent Grain 

2.1.1 Overview and Significance 

The beer brewing industry has long been considered somewhat bio-circular since a major 

part of its organic side-stream, spent grain, returns to the biological system in the form of 

animal feed. In many places, spent grain has historically been given away free to farmers 

as livestock feed, especially for cattle. In terms of environmental sustainability, this can 

be a good management choice for the bioeconomy, placing it between órecycleô and 

óreuseô in the waste pyramid (Figure.2.1). BSG is a significant by-product of the brewing 

industry, accounting for approximately 85% of the total solid waste generated during beer 

production. For every hectoliter (hL) of beer produced, around 20 kilograms of BSG are 

generated, illustrating the substantial volume of this resource 15. 

 

 

 

 

 

 

Figure 2. 1: waste hierarchy 76. 

 

 

According to Eurostatôs 2020 report, the European Union produced nearly 39.5 million 

hectoliters of beer in 2017, with projections indicating an increase in production and 

revenue, expected to reach ú159.687 million by 2025 77 (Figure 2.2). This translates to an 

annual generation of over 6.4 million tons of BSG waste, presenting a significant 

management challenge from both ecological and economic perspectives.  
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Figure 2. 2: European Beer Producers and Breweries geographical distribution 78. 

 

BSG is primarily composed of lignocellulosic materials, including cellulose, 

hemicellulose, and lignin, which constitute about 70% of its weight. The remaining 

composition is largely protein, which can range from 18% to 32% on a dry matter basis 

79ï81. Despite its high nutritional value, BSG is often underutilized when disposed of 

through composting or landfilling. The high moisture content of BSG typically between 

60% and 80% can lead to microbial degradation if  not properly managed 82. Therefore, 

drying and other preservation methods are essential to extend its shelf life and enhance 

its usability. Currently, the primary use of BSG is as animal feed due to its rich protein 

and fiber content. Approximately 70% of BSG produced is utilized for livestock feed 83. 

However, there is a growing interest in exploring alternative applications for this by-

product. Beyond animal nutrition, BSG can be converted into energy through direct 

combustion or fermentation processes to produce biogas. It has also been identified as a 
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potential base material for charcoal production due to its calorific value 84. Furthermore, 

recent innovations have led to the exploration of BSG in various applications such as 

biodegradable packaging materials, paper products, and adsorbents for Volatile Organic 

Compounds (VOCs) 85. Similarly, the EU beer industry demonstrates resilience and 

economic significance, as evidenced by production reaching 401 K hectolitres in 2019, 

slightly below the 405 K hectolitres peak in 2018, while beer consumption remained 

steady at 368 K hectolitres. Trade trends indicate a growing international presence, with 

exports rising from 76 K hectolitres in 2013 to 89 K hectolitres in 2019, while imports 

also grew from 44 K hectolitres in 2013 to 60 K hectolitres in 2019, reflecting increased 

demand for foreign beer brands. Consumption trends reveal a relatively balanced market, 

with on-trade (bars, restaurants) and off-trade (retail stores) consumption at 34% and 

36%, respectively, and per capita beer consumption at 72 liters per year. In conclusion, 

while the beer industry remains strong with stable production, expanding international 

trade, and significant employment contributions, the slight decline in production and 

consumption from 2018 levels may suggest market saturation or shifting consumer 

preferences. The balance between imports and exports highlights a competitive market 

where both local and foreign brands thrive, ensuring continued industry dynamism and 

economic contribution (Figure.2.3) 46. 
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Figure 2. 3: Economic data of EU beer production, consumption, import/export, and direct employment for the year 

2019 46. 

 

The brewing process generates a variety of by-products, each with distinct characteristics 

and potential for reuse. As illustrated in Figure 2.4, these by-products emerge at different 

stages of beer production, contributing to a significant portion of the industry's waste. The 

process begins with ground barley malt, which is mixed with water to initiate the mashing 

phase, a critical step where starches undergo hydrolysis, converting into fermentable 

sugars essential for fermentation. Once mashing is complete, the wort is separated from 

the solid grain residues in a process known as lautering. This stage results in the 

production of BSG, which account for approximately 85% of the total brewing by-

products. Due to its high volume and nutrient-rich composition, BSG presents 

considerable opportunities for valorization in diverse applications, including animal feed, 

biofuel production, and biodegradable material development. Additionally, other brewing 

by-products such as spent yeast and trub, composed of hop residues and protein 

precipitates, can also be repurposed for various industrial and environmental uses. As 
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sustainability becomes an increasing priority, breweries are exploring innovative methods 

to minimize waste and maximize resource efficiency, making by-product utilization a key 

aspect of the industry's future development. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4: Overview of beer production and the associated generation of by-products at each stage, based on data from 

Mathias et al. 86 . The percentages indicated represent the proportion of total by-products generated throughout the 

entire brewing process 89. 

 

2.1.2 Composition and Properties 

BSG is a heterogeneous by-product primarily composed of the outer layers of barley 

grains, including the husk, pericarp, and seed coat. These components encapsulate 

residual amounts of endosperm, which may contain traces of un-digested starch 

depending on the efficiency of the mashing process (Figure.2.5).  

 

 

 

 

 

 

 

Figure 2. 5: Fresh Brewer's Spent Grain (BSG) alongside its dehydrated form, (b) Barley structure82. 

(b) 

(a) 
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The composition of BSG is influenced by various factors, such as the barley variety, 

malting and mashing conditions, and the specific brewing techniques employed, leading 

to variability across different breweries 81. Generally, BSG is rich in lignocellulosic 

materials, with fiber (cellulose, hemicellulose, and lignin) constituting a significant 

portion often around 70% of its composition. Hemicellulose is particularly abundant, 

primarily in the form of arabinoxylans, while cellulose provides structural integrity. The 

protein content typically ranges from 15% to 25%, comprising essential amino acids and 

contributing to its nutritional value 79. Additionally, BSG contains notable levels of 

minerals such as calcium, magnesium, and phosphorus, as well as vitamins and phenolic 

compounds that enhance its antioxidant properties 84. This diverse composition not only 

underscores the potential of BSG as a valuable resource for animal feed and bioenergy 

but also highlights its applicability in developing sustainable bioplastics and other 

innovative materials. Table.2.1 illustrates the variations in the chemical composition of 

BSG sourced from various breweries and analyzed by multiple laboratories. 

 

Table 2. 1: Chemical Composition of Brewer's Spent Grains Analyzed by Various Research Teams, Presented in Grams 

per 100 Grams of Dry  Matter; n.d. Indicates Not Determined 87. 

Components 

Kanauchi 

et al. 
88 

Carvalheir
o 

et al. 
89 

Mussatto 

and 

Roberto 
85 

Xiros 

et al. 
90 

Water
s 

et al. 
91 

Meneses 

et al. 
92 

Hemicellulose 21.8 29.6 28.4 40 22.2 19.2 

Cellulose 25.4 21.9 16.8 12 26.0 21.7 

Starch n.d. n.d. n.d. 2.7 n.d. n.d. 

Protein 24 24.6 15.2 14.2 22.1 24.7 

Lignin 11.9 21.7 27.8 11.5 n.d. 19.4 

Lipids 10.6 n.d. n.d. 13 n.d. n.d. 

Ash 2.4 1.2 4.6 3.3 1.1 4.2 

 

As shown in this table, BSG is a lignocellulosic material, composed of cellulose, 

hemicellulose, and lignin. Lignocellulose is a key structural component of plant cell 

walls, plays a vital role in providing rigidity and mechanical strength, making it an 
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important factor in material reinforcement applications. The main components of 

lignocellulosic materials are cellulose, hemicellulose, and lignin, each play a distinct role 

in providing strength and stability. Cellulose serves as the primary reinforcing fiber, 

offering high tensile strength. Hemicellulose acts as a flexible matrix, helping to bind the 

fibers together, while lignin adds rigidity and water resistance, ensuring structural 

integrity 93. 

 

BSG are essentially made up of the various layers of the grain husk used in the first stages 

of the beer-making process. In fact, when observed under a microscope, it is possible to 

see these many layers of fibers. (Figure.2.6.a) shows an observation of a spelt particle 

under a scanning electron microscope at magnification of 100 times, while (Figure 2.6.b) 

shows the same particle at a magnification 300 times magnification. The bright spots on 

the outer part of the grain shell are silicates. These make up around 25% of the minerals 

present in spent grain.  
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Figure 2. 6: Scanning electron microscopy of BSG particles, (A) 100X; (B) 300X magnification 81. 

 

It should be noted that the grains used to make beer can vary greatly, and their choice 

affects the taste of the final product. Barley is generally used, but it can be blended with 

other types of grain, such as wheat, corn, rice, oats and rye. In all cases, spent grains 

consist of the insoluble parts of these different grains 81. 

The moisture content of spent grain ranges from 77% to 85% on a mass basis 81,94. This 

high-water content, together with its polysaccharide and protein content, make spent grain 

a material that favors microbiological growth. It takes just 7 to 10 days for it to deteriorate 

94. This raises issues concerning its storage sand use in wet form. Drying spent grain is an 

alternative way of prolonging its preservation and extending its shelf life while reducing 

the volume and mass associated with this product. For example, when spent grain 

contains nearly 76% water, its density is 450 kg/m3 81 and 257 kg/m3 at 58% water content 

(b) 

(a) 
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95. In this way, the costs of storing and transporting this material are also reduced 81. As 

mentioned earlier, the grains used in beer production can vary depending on the types of 

products sought. This aspect influences the elemental composition of the spent grains and 

their chemical properties. Additionally, the conditions under which the grains are grown 

and those used for malting can also influence the composition of the spent grains, 

alongside certain process parameters 15.  

In general, spent grains are primarily composed of fibers such as cellulose, hemicellulose, 

and lignin, as well as proteins. Cellulose and hemicellulose are made up of sugars, 

including xylose, arabinose, and glucose. In total, sugars account for nearly half of the 

spent grains on a dry weight basis. Furthermore, spent grains contain several minerals in 

varying amounts. Typically, silicon, phosphorus, and calcium are the three most abundant 

15. 

2.1.2  Most common use  

BSG is a highly versatile by-product generated during beer production, finding 

applications across multiple industries due to its rich lignocellulosic composition and 

availability (Figure 2.7). Primarily, BSG is used in animal feed, particularly for cattle, as 

its high fiber and protein content supports digestibility and milk production, though its 

high fiber poses challenges for poultry feed 96. It is also incorporated into cow and lamb 

feed, enhancing weight gain and meat quality. Additionally, BSG contains prebiotics such 

as arabinoxylans and ɓ-glucans, which improve gut health and promote beneficial 

bacterial activity in livestock 97. 

In the food industry, BSG is increasingly utilized as an ingredient in bread, cookies, 

muffins, pasta, cereal bars, and yogurt, among other products. Its dietary fiber aids 

cholesterol and fat elimination while its phenolic compounds act as antioxidants, offering 

potential protection against chronic diseases. Furthermore, BSG supports the growth of 
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microorganisms, fungi, and bacteria, making it a valuable raw material for 

biotechnological applications 15. 

As a bioenergy resource, BSG serves in biorefinery processes to produce biomethane, 

electricity, thermal energy, and fertilizers. These integrated processes align with the 

principles of the circular bioeconomy, reducing waste and transforming BSG into 

valuable energy sources. Vermicomposting further extends its use in agriculture as a soil 

improver, enhancing mineralization and stabilization when processed with earthworms 

and microorganisms 15. BSG's low cost, year-round availability, and valuable 

composition make it a promising raw material for biotechnological innovations, including 

enzyme production, fermentation processes, and bio-based product development 15,82,97. 

Figure 2.7 highlights the advantages of BSG where substantial quantities of BSG can be 

utilized to produce higher-value products, including polymers and composite materials. 

 

Figure 2. 7: Key Components of !2&ɀÚ Lignocellulosic Biomass and Their Diverse Applications 98. 

 

2.2 From Agri -Food Waste to Biopolymers 

According to the Food and Agriculture Organization (FAO) 2019 annual report, agri-food 

production worldwide was around 1.3 billion tons 99. The global challenge of unutilized 

food resources and discarded edible materials poses significant economic and ecological 
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concerns 13,100. These underutilized or rejected foodstuffs, often rich in essential nutrients 

such as vitamins, minerals, dietary fiber, and proteins, fail to meet stringent food industry 

standards, precluding their direct reintegration into the human food supply chain 101. 

Consequently, these valuable agricultural and food processing residues frequently end up 

classified as waste, destined for disposal methods like landfilling, which further 

exacerbates environmental issues 102. The magnitude of this problem underscores the 

urgent need for innovative solutions to mitigate the negative impacts associated with the 

improper management of these nutrient-dense, yet commercially unsuitable, food-derived 

materials 103. Alternatively, organic food waste can also be converted into materials with 

substantial added value, sparking growing interest in its use for bioplastic production. 

Rich in proteins and polysaccharides, renewable sources such as casein 104, pear pomace, 

ricotta whey 105, watermelon 106, starch, sugarcane bagasse pulp 107, banana peels 108, 

lignocellulosic crop residues 109, soybean oil 110, grass pea 111, and algae offer sustainable 

alternatives for creating eco-friendly bioplastics 112. Table.2.2 summarizes the primary 

polymers derived from these food losses and waste (FLWs), highlighting the potential for 

environmentally conscious materials. 
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Table 2. 2: Key polymer classes derived from FLW sources 72. 

  Polymer class 

Waste Source 
 Polyesters Polyurethan

es 

Polyamides Polyolefin

s 

Cuticle of 

fruits and 

vegetables  

X 

   

Roots e tubers 

 

X X 

  

Nutshell 

liquids 
 

X 
   

Citrus fruits 

 

X X 
  

Vegetable oils 

 

X X X 

 

Baked goods 

Cooked/dried 

sugary foods 
 

X X X 

 

Starchy 

biomass  
X X X X 

(Ligno) 

Cellulosic 
 

X X X X 

 

The production of biobased polymers from renewable sources and microbial synthesis 

has the advantage of being cheap, scalable and having minimal environmental impact 

compared with the chemical synthesis of plastics from fossil source 113. The most 

common applications for bioplastics derived from agri-food waste include food 

packaging, hygiene products, coatings, scaffolding, absorbent and superabsorbent 

materials, as well as agriculture, automotive, construction and medical materials 114. PLA, 

derived from renewable resources like cornstarch and sugarcane, has shown potential in 

food packaging and disposable tableware applications 115. PBS, produced from bio-based 

succinic acid and 1,4-butanediol, demonstrates excellent biodegradability and mechanical 
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properties suitable for agricultural films 116. PCL, known for its low melting point and 

high elongation at break, has been explored for medical applications 117. PHA, 

synthesized by microorganisms, have garnered attention for their versatility and complete 

biodegradability 118. Various agri-food wastes have been investigated as substrates for 

these bioplastics, including olive pomace, BSG, and sugarcane bagasse 119ï121. However, 

many of these residues require pretreatment to yield simple sugars and fats more readily 

used by microorganisms or chemical processes. For instance, lignocellulosic biomass 

often undergoes enzymatic hydrolysis or chemical pretreatment before use in PLA or PBS 

production 122. The diversity of agri-food wastes available for bioplastic production 

highlights the potential for creating a more sustainable and circular economy in the 

plastics industry. Nonetheless, optimizing pretreatment methods and conversion 

processes for each specific waste stream and polymer type remains a key challenge in 

making these approaches economically viable on a large scale. 

2.3 Use of Agri -Food Waste as Filler  

Beyond using agri-food waste to generate building blocks for biopolymer synthesis (as 

outlined in Section 2.2), food losses and waste can also serve as fillers in plastics or 

bioplastics. Common bioproducts used as fillers include lignocellulosic materials, starch, 

and fats extracted from food waste, with the protein content often directed toward lower 

value uses, such as animal feed. Increasing interest in this area is driving researchers to 

explore innovative methods for incorporating agri-food waste-based fillers in varying 

proportions into both thermoplastic and thermoset polymers 46,123. 

Numerous studies have explored the biodegradability of biocomposites derived from 

agricultural waste, aiming to encourage large-scale industrial adoption of these 

sustainable materials. Researchers have investigated blending petroleum-based 

thermoplastics such as high-density HDPE, PP, and PVC with fillers obtained from a 
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wide variety of agricultural by-products. These include residues from grain processing, 

rice cultivation, nut production, and fiber crops like hemp, jute, and sisal 114,124. 

Additionally, petroleum-based thermoset polymeric matrices, including epoxy resin, 

polyester, and biodegradable polymers like PBAT and PBS 115,125, have been combined 

with natural fibers to create biocomposites 126. These materials show promise for 

lightweight structural applications in the construction industry, such as insulation boards, 

roofing sheets, and tiles 127. 
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Chapter 3: Enhancing Biobased Composites Performance: The Role of 

Green Additives 
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3.1 Plasticizers  

Plasticizers are additives that mitigate brittleness and crystallinity in polymers while 

enhancing durability and hardness. However, they concurrently lower the glass transition 

temperature (Tg) and elastic modulus, influencing material flexibility and thermal 

behavior 128. Common plasticizers in bioplastics include polyols such as glycerol, 

sorbitol, and sugars like fructose and sucrose 129. For instance, glycerol and sorbitol 

improve tensile strength and elongation at break in starch-based films but may reduce 

biodegradability, as observed in potato starch bioplastics (Figure.3.1) 130. 

Recent studies highlight innovative applications of plasticizers. Polyethylene glycol 600 

(PEG600) in cellulose acetate bioplastics derived from Parthenium hysterophorus 

demonstrated 69% biodegradation in soil over 45 days, with 70% and 84% degradation 

in composting and lab conditions, respectively 131,132. Similarly, chitosan-based films 

plasticized with glycerol and cross-linked with citric acid exhibited increased thickness 

and weight, degrading fully in soil within 98 days without specialized conditions 133. 

 

Figure 3. 1: Impact of Plasticizer Addition on the Mechanical and Physical Properties of Bioplastic Materials 134. 
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3.1.1 Shift Toward Bio-Derived Plasticizers 

Despite the efficacy of conventional plasticizers, industry trends favor biomass-derived 

alternatives due to environmental and health concerns. Bio-based plasticizers are 

prioritized for their low toxicity, resistance to leaching, cost-effectiveness, and 

compatibility with various polymer matrices 135. The transition to bio-derived options not 

only aligns with sustainability goals but also addresses consumer demand for safer and 

more environmentally friendly products. Among the notable bio-derived plasticizers, 

Pedalium murex (PM) extract has been shown to significantly enhance the mechanical 

properties of PLA films. Specifically, PLA films containing 1.0% PM exhibited a tensile 

strength of 32 MPa and an increased modulus, although this was accompanied by a 

reduction in elongation at break 136. Similarly, epoxidized soybean oil methyl ester 

(ESOM) has demonstrated effectiveness as a plasticizer for PVC. When blended in a 1:2 

ratio with PVC, ESOM improved elongation at break by 350.8% while maintaining good 

thermal stability, although it resulted in a lower tensile strength of 14.21 MPa 137. In 

addition to PM and ESOM, several other bio-derived plasticizers are emerging in the 

market. For instance, epoxidized vegetable oils, such as epoxidized palm oil and 

epoxidized castor oil, are being explored for their potential to replace traditional 

plasticizers due to their excellent plasticizing effects and biodegradability. These oils can 

effectively enhance the flexibility and durability of bioplastics while maintaining 

environmental safety 138. Moreover, citric acid esters are gaining attention as bio-based 

plasticizers due to their multifunctional properties. They not only act as plasticizers but 

also provide cross-linking capabilities that can enhance the mechanical strength of 

bioplastics (Figure 3.2). This dual functionality makes citric acid esters particularly 

valuable in applications requiring both flexibility and structural integrity 139. Glycerol and 

sorbitol remain popular choices among bio-based plasticizers due to their availability and 
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effectiveness in enhancing the mechanical properties of starch-based bioplastics. 

Research indicates that incorporating glycerol can significantly increase elongation at 

break while improving moisture absorption characteristics 130. However, excessive use 

may compromise tensile strength, highlighting the need for careful formulation to balance 

performance attributes. Recent advancements have also led to the development of 

hyperbranched poly(glycerol) and hyperbranched PCL as innovative bio-based 

plasticizers 138,140. These materials exhibit enhanced transparency and thermal stability 

compared to conventional plasticizers while being biologically safe and demonstrating 

lower migration rates in leaching tests 138. The continued exploration of bio-derived 

plasticizers is essential for advancing the field of bioplastics. As industry moves towards 

more sustainable practices, these innovative materials offer promising alternatives that 

not only improve the performance of bioplastics but also contribute to reducing 

environmental impact. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2: Design and Mechanisms of Bio-Based Plasticizers: Sources and Structure-Function Insights 138. 
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3.2 Surfactants  

Surfactants, or surface-active agents, are compounds that possess both hydrophilic 

(water-attracting) and hydrophobic (water-repelling) groups. This unique structure 

enables them to enhance the compatibility between polar and non-polar polymers, which 

is crucial in the formulation of bioplastics. By facilitating the mixing of different polymer 

phases, surfactants improve the processing and performance characteristics of bioplastics. 

Their primary role is to increase the incorporation of water molecules within the bioplastic 

matrix, promoting various degradation mechanisms and ultimately enhancing 

biodegradability 141. 

3.2.1 Types of Surfactants and Their Functions 

Among the innovative surfactants being explored are ionic liquid-based surfactants 

(ILBSs), which have low melting points that can significantly enhance compatibilization 

efficiency in bioplastic formulations 142. These surfactants have shown promise in 

improving the physicochemical properties of bioplastics, making them more suitable for 

various applications 143. For instance, studies have demonstrated that ILBSs can 

effectively improve the mechanical properties of blends made from polybutylene 

succinate (PBS) and rice starch (RS) when processed via extrusion, resulting in materials 

with enhanced flexibility and strength 144. 

Lipid-based surfactants such as Mannosyl Erythritol B (MEL) and sodium dodecyl sulfate 

(SDS) have also been extensively studied for their effects on biodegradable films 

produced from cassava starch and glycerol 145. MEL has been found to produce flexible, 

hydrophilic films with good water vapor permeability, while SDS tends to increase 

rigidity and reduce flexibility, leading to films that are more resistant to breakage but less 

permeable to moisture 146. This highlights the importance of selecting appropriate 

surfactants based on the desired properties of the final bioplastic product. 
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3.2.2 Mechanisms of Action 

Surfactants play a multifaceted role in enhancing the properties and performance of 

bioplastics. To better understand their impact, it is important to examine the specific 

mechanisms through which surfactants operate at the molecular and interfacial levels. 

These mechanisms include the reduction of surface and interfacial tension, micelle 

formation, disruption of adhesion forces, and other dynamic and biological effects, each 

contributing uniquely to the overall functionality of bioplastics147. 

a. Reduction of Surface and Interfacial Tension 

Surfactants accumulate at interfaces, aligning their hydrophilic heads toward the aqueous 

phase and their hydrophobic tails away from it. This arrangement disrupts the cohesive 

forces between water molecules, thereby reducing surface tension. Lower surface tension 

facilitates processes like wetting, spreading, and emulsification. 

b. Formation of Micelles and Aggregates 

Above a critical concentration, surfactants self-assemble into micelles, where 

hydrophobic tails cluster inward away from water, and hydrophilic heads face outward. 

Micelles can encapsulate hydrophobic substances such as oils and dirt, effectively 

solubilizing and suspending them in water, which aids in cleaning and removal. 

c. Disruption of Adhesion Forces 

Surfactants weaken the physical-chemical adherence forces that bind impurities, oils, and 

residues to surfaces (e.g., hair, fabrics, or alveolar surfaces). By dissolving or suspending 

these impurities, surfactants facilitate their removal or mobilization. 

d. Biological Functions in Pulmonary Surfactants 

In the lungs, endogenous surfactants reduce surface tension in alveoli, preventing collapse 

during respiration and stabilizing alveolar structures. They also modulate immune 

responses by suppressing lymphocyte activation, acting primarily on resting lymphocytes 
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rather than antigen-presenting cells258. 

c. Kinetic and Dynamic Aspects 

The adsorption of surfactants to interfaces is influenced by diffusion rates and possible 

energy barriers such as steric or electrostatic repulsions. This affects the dynamics of 

foam and emulsion stability, which is critical in industrial and biological applications. 

d. Additional Effects of Surfactant Types 

Different classes of surfactants (anionic, cationic, zwitterionic, nonionic) have distinct 

mechanisms related to their charge and molecular structure. For example, cationic 

surfactants can enhance the packing of anionic surfactants at interfaces, improving dirt 

removal and providing antimicrobial and antistatic properties 

3.2.3 Advantages of Using Surfactants 

Utilizing surfactants in bioplastic production not only improves mechanical properties 

but also enhances biodegradation rates by increasing water absorption within the polymer 

matrix. This is essential for developing sustainable materials that can decompose more 

readily in natural environments. The incorporation of surfactants can lead to improved 

processing characteristics such as lower viscosity during extrusion or molding, making it 

easier to fabricate complex shapes and structures 147. 

3.3 Cross-Linkers and Coupling Agents 

The use of cross-linkers and coupling agents in bioplastics has garnered significant 

attention due to their ability to enhance the mechanical properties, biodegradability, and 

overall performance of these materials 147. Recent studies have highlighted the 

effectiveness of natural cross-linking agents, such as cinnamaldehyde, which has been 

shown to improve the structural integrity of gliadin-based films by increasing cross-

linking density, thereby reducing water absorption and weight loss during degradation; 

https://www.ncbi.nlm.nih.gov/books/NBK546600/
https://pubmed.ncbi.nlm.nih.gov/2321174/
https://www.pediatriconcall.com/drugs/surfactants/970
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however, this modification can hinder biodegradation, as demonstrated in studies where 

complete degradation was not achieved within five months 148. Conversely, research by 

Mihai et al. indicates that maleic anhydride serves as a coupling agent in mixtures of PLA 

and starch during reactive extrusion, significantly enhancing interfacial adhesion and 

biodegradability 149. Furthermore, the exploration of double cross-linking networks 

involving cellulose nanofibers and zinc oxide (ZnO) nanoparticles has revealed that these 

formulations exhibit remarkable improvements in tensile strength and water resistance 

compared to pure starch-based bioplastics 150. The application of silane coupling agents, 

such as 3-aminopropyl trimethoxysilane, has also been investigated; Yang et al. reported 

enhanced mechanical properties and stability in starch-epoxidized soybean oil composites 

due to improved compatibility 151. The overarching goal of these advancements is to 

develop strong and sustainable bioplastics derived from renewable biomass sources while 

addressing the environmental challenges posed by conventional plastics. This necessitates 

a comprehensive understanding of how different additives affect the processing and final 

properties of bioplastics, ultimately contributing to a more sustainable circular economy 

152. 

3.4 Compatibilizers 

Achieving compatibility between polymeric species, additives, and other components is 

essential for developing high-performance bioplastics. However, research has shown that 

polymer blends often exhibit poor compatibility, leading to diminished mechanical, 

thermal, and rheological properties. This incompatibility mainly arises from differences 

in polarity where one component is hydrophobic and the other hydrophilic necessitating 

the use of compatibilizers to enhance molecular interactions 153. Compatibilizers function 

similarly to surfactants by facilitating interactions between immiscible phases 154. The 

term also applies to polymeric materials that possess intermediate affinity between the 
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matrix polymer and reinforcing particles 155. For instance, A bioplastic was developed 

using Spirulina platensis, a type of microalgae, as the primary bio-based raw material. In 

this formulation, polyvinyl alcohol (PVA) served as the main polymer matrix, while 

glycerol was added as a plasticizer to enhance the flexibility and workability of the 

resulting material. To improve the compatibility and adhesion between the hydrophilic 

Spirulina biomass and the synthetic polymer matrix, maleic anhydride was incorporated 

as a compatibilizer. This combination not only leverages renewable resources but also 

aims to produce a biodegradable and environmentally friendly plastic alternative with 

improved mechanical properties and stability156. Similarly, Gug et al. studied an 

immiscible blend of  PLA and polyamide 11, where a compatibilization strategy 

involving an esterïamide exchange reaction during extrusion led to improved tensile 

strength and elongation 157. Another study demonstrated that incorporating methylene 

diphenyl diisocyanate into a blend of granulated tapioca and PLA significantly enhanced 

tensile strength, reduced brittleness, and improved elongation at break 158. These findings 

underscore the critical role of compatibilizers in optimizing the structural integrity and 

performance of biopolymer-based materials. 

3.5 Antioxidants 

Antioxidants are essential additives used in organic polymers to safeguard against the 

detrimental effects of oxidation. These compounds work by slowing down or preventing 

oxidative degradation reactions, which are primarily triggered by molecular oxygen and 

can affect various materials, including food, lipids, oils, paints, and polymers. The 

susceptibility of hydrocarbon polymers to oxidation varies significantly based on their 

chemical structure, architecture, and physical properties. Several factors influence the 

oxidative degradation of polymers, including temperature, exposure to electromagnetic 

radiation (such as UV light and gamma rays), mechanical stress, environmental 
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pollutants, and the presence of trace metal ions (Figure.3.3) 159. To counteract the harmful 

effects of oxidation, small quantities of antioxidants are typically incorporated into the 

polymer matrix. The specific amount required depends on the polymer's vulnerability to 

oxidation; for instance, elastomers, which are highly oxidizable, necessitate higher 

concentrations of antioxidants. When selecting antioxidants for a particular application, 

it is crucial to consider their chemical properties (such as intrinsic reactivity) and physical 

characteristics (such as retention within the polymer). Additionally, these additives 

should be user-friendly, economically viable, and compliant with safety and 

environmental regulations. Due to stringent toxicity and migration standards imposed by 

health authorities, many synthetic antioxidants are unsuitable for applications that involve 

direct human contact, such as in medical devices or food packaging. Consequently, there 

has been a growing interest in natural antioxidants and non-migratory alternatives that 

meet health, and consumer demands while ensuring safety in polymer applications. 

 

 

 

Figure 3. 3: Key Factors Influencing Oxidative Degradation Mechanisms in Polymers 159.
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Chapter 4: Materials and experimental techniques
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4.1 Introduction  

This chapter provides the technical data pertaining to the material investigated in this 

study, the protocol for processing Brewer's spent grain, as well as the procedures 

employed in the development of the biocomposites. Additionally, the nomenclature of 

the formulations studied in this research is outlined. The experimental characterization 

techniques used to analyze and evaluate the properties of the materials produced are also 

presented. 

4.2 Materials 

4.2.1 Polymer matrix  

The PBS used in this work is branded as TH803S, a biodegradable and compostable 

polybutylene succinate produced by Xinjiang Blue Ridge Tunhe Chemical Industry. This 

grade features a density of 1.26 g/cm³ and is characterized by its natural white color and 

other properties shown in the Table 4.1 below. The molecular formula for PBS is shown 

in the scheme below: 

 

 

 

 

 

 

Figure 4. 1: (a) PBS (TH803S) granules, (b) its molecular formula. 

 

The raw materials used in the production of PBS include 1,4-butanediol (BDO) and 

succinic acid, which contribute to its biodegradable properties. This resin is primarily 

utilized in various applications such as injection molding for tableware and cutlery, 

(a) 

(b) 
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textiles, fishing nets, engineering components, and medical applications. PBS meets 

several international standards for biodegradability, including EN 13432 and ASTM 

6400, ensuring that it can decompose into carbon dioxide, water, and biomass under 

composting conditions. In addition to its environmental benefits, PBS offers excellent 

mechanical performance comparable to traditional plastics like PP and Acrylonitrile 

Butadiene Styrene (ABS), making it a versatile choice in the market for biodegradable 

plastics. 

Table 4. 1: Typical Physical and Mechanical Properties of PBS (TH803S) 160. 

Property Unit 
Typical 

Value 
Test Method 

MFR (190 °C, 2160g) g/10min 25-30 ISO 1133 

Density g/cm³ 1.27 ISO 1183 

Moisture % Ò0.05 GB/T14190 

Melting Point °C 114 ISO 11357 

Shore Hardness D/15 68 ISO868 

Tensile Strength MPa 41 ISO527 

Elongation % 290 ISO527 

HDT B/Tf0.45 °C 87 ISO75-1:2013 & ISO75-2:2 

Flexural Strength MPa 35 ISO178:2010/Amd.1:2013 

Flexural Modulus MPa 610 ISO178:2010/Amd.1:2013 

Izod Impact 

Strength 
KJ/m² 6 ISO180:2000/Amd.2:2013 

 

4.2.2 Brewer's Spent Grain  as filler  

BSG, a by-product of lager beer production, was obtained pre-dried from Birrificio  

Messina in Italy and primarily consists of barley malt (Figure 4.2). BSG plays a crucial 

role in the brewing industry, as it constitutes approximately 85% of the total solid waste 

generated during the beer brewing process. This by-product is recognized for its high 

nutritional value, making it a potential resource for various applications. BSG is 

particularly rich in carbohydrates, comprising over 50 wt.%, which include essential 

polysaccharides such as cellulose, hemicellulose, and lignin. Additionally, it contains 

approximately 20 wt.% proteins, further enhancing its utility  as a nutrient-rich material. 
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These characteristics make BSG an attractive candidate for sustainable and value-added 

uses, including animal feed, bioenergy production, and  

biopolymer development, aligning with circular economy principles. 

 

Figure 4. 2: (a) Macroscopic appearance of used BSG, (b) very polar fraction in BSG chemical composition. 

 

4.2.3 BSG treatment 

BSG undergoes a meticulous milling process to optimize its characteristics for further 

applications. Prior to characterization, the BSG was processed in an herb grinder for a 

duration of 5 minutes at a frequency of 50 Hz and a rotation speed of 25,000 rpm. To 

prevent overheating and ensure the integrity of the grain, the grinder was allowed to cool 

for 1 minute after each minute of operation. Following milling, the resulting powder 

underwent a sieving treatment to achieve specific granulometric sizes: 53 µm < ʌ < 100 

µm and ʌ > 100 µm (as illustrated in Figure 4.3).  

 

 

(a) (b) 
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Figure 4. 3: laboratory preparation of BSG by drying, grinding, and sieving. 

 

4.2.4 Compatibilizers and Interfacial Enhancement 

Liquid and granular additives play a crucial role in enhancing the compatibility, 

performance, and stability of PBS-BSG composite mixtures by addressing the inherent 

disparities between the hydrophobic polymer matrix and the hydrophilic BSG filler. In 

this study, several additives, as detailed in Section 4.2.6, were incorporated to enhance 

the compositeôs performance, including plasticizers such as epoxidized soybean oil 

(ESOP) and glycerol (Gly) to improve flexibility and polymer chain mobility. 

Antioxidants such as (TC) acted as oxidation inhibitors to prevent thermal and oxidative 

degradation. A coupling agent such as citric acid (CA) was used to promote interfacial 

adhesion between components. ESOP introduces epoxy groups that promote interaction 

between PBS and BSG, resulting in better dispersion, reduced phase separation, and 

improved mechanical and thermal stability. TC acts as a powerful antioxidant, protecting 

the composite against oxidative degradation during processing and throughout its 

lifecycle, thereby extending its durability and maintaining structural integrity under 

stress. Glycerol, as a plasticizer, enhances chain mobility within the matrix, improving 

flow during processing and contributing to greater flexibility  and elongation in the final 

Grinding Sieving 
Particle size 

classification 

ʌ<53Õm                53Õm<ʌ <100Õm         100Õm<ʌ <250Õm     250Õm<ʌ <355Õm       355Õm<ʌ <450Õm        450Õm<ʌ <560Õm          560Õm>ʌ       
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material. Meanwhile, Vanetti masterbatch granules ensure uniform distribution of BSG 

particles, preventing agglomeration and enhancing filler  dispersion, which strengthens 

mechanical properties and ensures consistency across the composite. Collectively, these 

additives significantly improve the materialôs flexibility,  thermal stability, and overall 

durability. 

4.2.5 Blend preparation 

Prior to blending, BSG samples, pre-dried upon receipt from the brewery, underwent 

additional drying in a convection oven at 80 °C for 4 hours to further reduce moisture 

content less than to 2 wt.%. The processed BSG, characterized by an elongated 

morphology with an average dry length of 5.313 mm (or 6.462 mm when wet, with a 

humidity level below 2 wt.%), was subjected to grinding using a RETSCH MM301 ball 

mill  operating at a frequency of 20 Hz for 30 minutes. Following milling, the material 

was sieved using a Filtra Vibration apparatus (model Filtra IRIS FTL-0200) to isolate 

particles smaller than 100 µm in diameter (Figure.4.5).  
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Figure 4. 4: (a) Brewer's spent grain (BSG) in its original form as supplied; (b) BSG after grinding and sieving to 

obtain a finer particle size; (c) particle size distribution analysis of BSG with mesh size <100 µm. 

 

Samples with different compositions of PBS/BSG were prepared using two distinct 

techniques: 

a) Melt  mixing and thermoforming:  This method was used to produce dog-bone-shaped 

specimens for mechanical and physical evaluations. Composite materials were prepared 

by co-extruding PBS with varying weight percentages of BSG using a Brabender 

Plasticorder PL1100 (Belotti Instruments, Peschiera Borromeo, Milan, Italy). The melt 

mixing process was conducted at 140 °C for 15 minutes with a rotor speed of 40 rpm. 

Real-time monitoring of torque during processing was facilitated by the "WINMIX"  

software (Figure 4.5). The resulting composite formulations, varying in BSG loading, are 

outlined in Table 4.2. The blended materials were subsequently thermoformed into 6 cm 

x 6 cm sheets, 1 mm thick, using a hydraulic press under specific conditions: 140 °C for 

7 minutes at 0 Mpa, 5 minutes at 50 Mpa, and 3 minutes at 100 Mpa. The sheets were 

then cut into ASTM D638-compliant dog bone-shaped samples using a Ray-run cutting 

(a) (b) 

(c) 
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machine (Figure 4.6).  

 

 

 

 

 

 

 

 

 

 
Figure 4. 5: Melt mixing and thermoforming process of PBS-BSG composites. 

 

 

b) Extrusion and injection molding: This method was employed to fabricate simple-

shaped prototype samples. A COLLIN extruder (model ZK 25T x 18/24D) equipped with 

a spindle spinning system and a final pelletizer (COLLIN Teach Line Strand Pelletizer, 

COLLIN Lab & Pilot Solutions GmbH, Maitenbeth, Germany) was used to produce 

pellets from PBS-BSG composites with varying filler  loadings (Figure 4.6). The extruder 

featured four independent heating zones set to T1 = 60 °C, T2 = 115 °C, T3 = 130 °C, 

and T4 = 150 °C, with an extrusion speed of 35 rpm. The pellets were subsequently 

injection-molded into final forms using a Mega TECH H7/18-i Duebi machine (Fabriano, 

Ancona, Italy) under the following operational conditions: T1 = 130 °C, T2 = 135 °C, 

and T3 = 135 °C at 25rpm. 
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Figure 4. 6: Extrusion and injection molding processes of PBS-BSG composites. 

 

 

c. Pellet extrusion-based 3D printing 

The third fabrication method, pellet-based Fused Granulate Fabrication (FGF) 3D 

printing, using PBS-BSG composite pellets to manufacture dog-bone specimens and 

prototype objects. Unlike filament-based printing, which relies on pre-extruded spools, 

FGF employs a screw-driven extrusion system to directly process pellets (Figure 4.7). 

The process begins with feeding the pellets into a hopper, from which they are transported 

to the nozzle via a rotating screw mechanism. This system consists of three key zones: 

(1) the feeding zone, where pellets are preheated and moved forward; (2) the 

transition/compression zone, where heat and pressure gradually melt the material; and (3) 

the melting zone, where the fully molten composite is extruded through the nozzle to form 

the printed structure. To ensure optimal printability, key parameters were adjusted, 

including nozzle temperatures (130ï150 °C) and a heated build plate (~50 °C) to enhance 

adhesion and minimize warping. At lower BSG contents (5ï15%), the material 

demonstrated excellent flowability, smooth surface finish, and strong interlayer bonding. 

Compared to injection molding and thermoforming, FGF-based 3D printing enables the 
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fabrication of complex geometries and customized designs without the need for molds, 

making it highly advantageous for rapid prototyping and low-volume biodegradable 

applications. Additionally, using pellets as feedstock reduces material costs and expands 

material accessibility.  

  

 

 

 

 

 

 

 

 

 

Figure 4.7: 3D Printing of PBS-BSG Composites Using Filament-Based Printing. 

 

4.2.6 Formulation used 

In this work, I explored the development of PBS based composites reinforced with 

varying proportions of BSG to assess their mechanical, thermal, and physical properties. 

BSG content was systematically varied from 5% to 40% by weight (Table 4.2), allowing 

a comprehensive evaluation of its effects on composite performance. Composites with 

low BSG content (5ï15%) were designed to investigate initial improvements in 

biodegradability and mechanical strength while maintaining good processability. 

Medium-content formulations (20ï30%) aimed at striking an optimal balance between 

biodegradability, cost-effectiveness, and material performance. Finally, high BSG 
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loadings (40%) was incorporated to maximize the utilization of agricultural waste while 

ensuring the composites retained sufficient mechanical integrity for industrial 

applications. This approach provides insights into the potential of BSG-PBS composites 

as sustainable, bio-based alternatives in material engineering. These formulations were 

prepared using the static mixing method and subsequently thermoformed with a hydraulic 

press at 140 °C under a controlled pressure sequence: 7 minutes at 0 bar, 5 minutes at 50 

bar, and 3 minutes at 100 bar. The resulting 6 cm × 6 cm sheets, with a thickness of 1 

mm, were then cut into dog-bone-shaped specimens using a Ray-run cutting machine, 

following the ASTM D638 standard 161. The samples exhibited a color transition from 

white (pure PBS) to progressively darker brown with increasing BSG content, as 

illustrated in (Figure.4.8). This formulation approach ensures a systematic investigation 

of BSG-PBS composites as sustainable, bio-based alternatives for material applications. 

 

 

 

 

Figure 4. 8: Visual Comparison of Composite Sheets: Representative sheets of (a) pure PBS, (b) PBS-BSG5, (c)PBS-

BSG10, (d) PBS-BSG20, and (e) PBS-BSG30, showcasing the progressive color change from white to darker brown 

with increasing BSG content. 
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Table 4. 2: Identification code and composition, torque, and melt flow index of the different PBS-BSG bio composites 

tested in this work. 

Sample code 
PBS 

[wt.%]  

BSG 

[wt.%]  

MFI  

[g/10 min]a 

T (6min) 

[Nm]b 

PBS 100 0 22.78 5230 

PBS-BSG5 95 5 20.30 3707 

PBS-BSG10 90 10 20.13 4505 

PBS-BSG20 80 20 19.96 8631 

PBS-BSG25 75 25 18.85 7824 

PBS-BSG30 70 30 17.31 7830 

PBS-BSG40 60 40 17.78 4583 
             a)  MFI: melt flow index (g/10 min); b) T: Torque after 6 min (Nm). 

 

4.2.7 Additives used in composite formulations 

 a) Antioxidant  (TC) 

TC was incorporated as an antioxidant at 2 wt.% and 4 wt.% to enhance oxidative stability 

during both processing and storage (Figure 4.9). Its ability to neutralize free radicals 

prevents polymer degradation, ensuring long-term durability. Additionally, its biological 

activity provides potential health benefits, making it particularly valuable in applications 

requiring biocompatibility, such as food-contact materials and biomedical devices. By 

stabilizing the polymer matrix, TC extends the lifespan of the composite without 

compromising its eco-friendly nature. The chemical formula of the additive TC cannot be 

shown for confidentiality reasons related to the Life Restart project. 
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Figure 4. 9:  TC format (top); PBS-BSG composite blends incorporating 2 wt.% and 4 wt.% TC, presented as square 

sheets and dog bone-shaped samples (bottom). 

 

b) Citric Acid ( CA) 

CA added at 2 wt.% and 4 wt.% acts as a natural coupling agent (Figure 4.10), to promote 

interfacial adhesion between components and the processability of PBS/BSG composites. 

By enhancing intermolecular interactions between PBS chains and BSG particles, it 

effectively reduces brittleness while maintaining mechanical strength. Its ability to 

modify polymer-filler interfaces optimizes stress distribution within the matrix, leading 

to better toughness and ductility. As a non-toxic, biodegradable additive, citric acid 

ensures an environmentally sustainable approach to improving composite performance. 
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Figure 4. 10: Structural representation of Citric Acid (CA) and its chemical formula (top); PBS-BSG composite blends 

incorporating 2 wt.% and 4 wt.% CA, presented as square sheets and dog bone-shaped samples (bottom). 

 

 

c) Plasticizer (ESOP) 

Epoxidized Soybean Oil (ESOP) was introduced at 2 wt.% and 4 wt.% as a bio-based 

plasticizer (Figure 4.11), to improve the flexibility and workability of the composites 

without significantly altering their biodegradation rate. Its epoxide functional groups 

enhance compatibility with the polymer matrix, preventing phase separation and ensuring 

a more uniform material. ESOPôs renewable origin and non-toxic nature make it a 

sustainable alternative to conventional plasticizers, aligning with the eco-conscious goals 

of biopolymer development while maintaining essential mechanical properties. 
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Figure 4. 11: Structural representation of ESOP and its chemical formula (top); PBS-BSG composite blends 

incorporating 2 wt.% and 4 wt.% ESOP, presented as square sheets and dog bone-shaped samples for mechanical 

testing (bottom). 

 

d) Plasticizer (Gly) 

 Glycerol (Gly), purchased by Ricci, is a dense, viscous, and sweetish colorless liquid at 

room temperature (Figure 4.12). The presence of three hydroxyl (-OH) groups makes it 

highly miscible with water in any proportion, enhancing its role as a versatile plasticizer. 

Industrially obtained as a by-product of soap production, glycerol is widely utilized in the 

pharmaceutical, cosmetic, and food industries, where it is designated as the food additive 

E422. In polymer applications, glycerol acts as a natural plasticizer, improving flexibility 

and workability by reducing intermolecular forces within polymer chains. Due to its 

hygroscopic nature, glycerol solutions require careful preparation, often involving heat to 

ensure homogeneity and optimal integration into the polymer matrix. Its ability to modify 

material properties without compromising biodegradability makes it a valuable additive 

for sustainable composite development. In this study Gly was introduced at 2 wt.% and 4 
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wt.% as plasticizer (4.13). 

 

 

 

 

 

 

Figure 4. 12: Structural representation of Glycerol (Gly) and its chemical formula (top); PBS-BSG composite blends 

incorporating 2 wt.% and 4 wt.% Gly, presented as square sheets and dog bone-shaped samples for mechanical testing 

(bottom). 

 

4.3 Experimental Techniques 

4.3.1 Mechanical Characterization Tests 

Tensile properties of neat PBS, PBS/BSG blends, and PBS/BSG blends incorporating 

additives were meticulously evaluated using a Lloyd LR10K Universal Dynamometer 

machine (ElisïElectronic Instruments & Systems S.r.l., Rome, Italy), adhering strictly to 

the ASTM D638-03 standard (Figure 4.13). Dog bone-shaped samples were subjected to 

a tensile load at a constant crosshead speed of 2 mm/min, with a preload of 1.00 N applied 

to ensure consistent initial conditions. A 0.5 kN load cell was employed to accurately 

measure the force exerted on the samples throughout the test. Tests were conducted at a 

room temperature of å 25 °C and a relative humidity of å 21% to minimize environmental 
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influences on the material behavior. Youngôs modulus (E, in MPa), a measure of stiffness, 

and stress at break (ůr, in MPa), indicative of tensile strength, were determined from the 

resulting stress-strain curves. To ensure statistical reliability, data was acquired from five 

samples for each formulation, and the reported values represent the average of these 

measurements. 

 

 

 

 

 

 

 

 

 

 
Figure 4. 13: (a) Tensile test specimen positioned within the tensile testing machine during mechanical evaluation; 

(b) Standard "dog bone"-shaped specimen commonly used for conventional tensile testing. 

 

To evaluate the hardness of PBS-BSG composites, a Shore Scale D Durometer type PCE-

HT210 was utilized, adhering strictly to the ASTM D 2240-91 standard 162. The dumbbell 

shaped sample was placed on a flat surface and subjected to indentation by the durometer 

for a duration of 2 seconds. The hardness values were recorded after each measurement. 

4.3.2 Surface Roughness 

The surface roughness (Ra) was calculated using the portable and compact roughness 

tester, Surftest SJ-210 - Series 178. The arithmetic mean roughness (Ra) is defined by the 

following equation 163: 

(a) 

(b) 
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Ὑὥ В ȿὣὭȿ 

 

where Ra represents the arithmetic mean of the absolute values of the deviations of the 

evaluation profile (Yi) from the mean line. The roughness analysis is performed using a 

diamond tip that contacts the surface of the sample to follow its profile. A key feature of 

this tip is its ability to move both horizontally and vertically to scan the entire surface in 

detail. The applied force ranges from 1 to 15 mg, and the system has a vertical resolution 

of 0.1 nm, a vertical range of 1 mm, and a scanning speed of 1 mm/s. All data are 

transmitted to a computer connected to the instrument, which displays the sample surface. 

4.3.3 Melt  flow index (MFI)  

The polymer blends were evaluated in gravimetric mode (190 °C, 2.16 kg) by a measuring 

device (Meltflixer ST, HAAKE Instruments Inc., Type 556-0047) equipped with an 

encoder that measures piston displacement, following the ASTM D1238-20 standards 164.  

Approximately 5 g of the material is loaded into the barrel of the melt flow apparatus, 

which has been heated up to 190 °C. A weight specified for the material (2.16kg) is 

applied to a plunger and the molten material is forced through the die. A timed extrudate 

is collected and weighed. Melt flow rate values are calculated in g/10 min. For each 

sample, the measurement was repeated 5 times. 

4.3.4 Thermal Properties Characterization 

Differential scanning calorimetry (DSC) was conducted using a Thermal Analysis 

System, Discovery DSC 250 (TA Instruments, USA), under a nitrogen atmosphere with 

a 20 mL/min purge flow rate. Approximately 10 mg of each sample was analyzed 

following a heat-cool-heat procedure. The samples were first heated from 25 °C to 200 

°C at a rate of 10 °C/min to eliminate thermal history, then cooled to 25 °C and reheated 

(1) 
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to 200 °C.  

Thermal stability and degradation properties of the samples were assessed using 

thermogravimetric analysis (TGA) with a STA PT-1000 thermogravimetric analyzer 

(Linseis, Messgeräte, Germany). The samples were heated from 25 °C to 450 °C at a 

constant heating rate of 10 °C/min under a nitrogen flow of 20 mL/min. Mass loss upon 

heating and the onset temperature of thermal degradation were recorded. The data 

represent the mean values from three independent experiments for each sample to ensure 

accuracy and reliability. The crystallization enthalpy variation (ȹHC) was recorded while 

the crystallization temperature (TC) and the melting temperature (Tm) were obtained 

from the peak temperature of respectively exotherm and endotherm. 

The degree of crystallinity (ɢC) was calculated using the mathematical formula reported 

in Equation 2: 

ὢ Ϸ
ɝὌ

ɝὌ ẗρ
ύ
ρππ

ẗρππ 

 

where æHm, and æH0 are the experimental melting enthalpy, and the theoretical heat of 

fusion of 100% crystalline PBS (æH0 = 110.3 J/g), respectively, and w is the weight 

fraction of the additives in the formulation. 

4.3.5 Pyrolysis-Gas ChromatographyïMass Spectrometry (Pyrolysis-GCïMS) 

The thermal degradation behavior and volatile decomposition products of PBS-BSG30 

and PBS-BSG30-TC2 composites were investigated using Pyrolysis-Gas 

ChromatographyïMass Spectrometry (PyïGCïMS). Approximately 2.5 mg of each 

sample was placed inside a quartz tube, sealed at both ends with quartz wool, and mounted 

on a platinum filament. Prior to pyrolysis, each sample was purged with high-purity 

helium for approximately 10 minutes to eliminate residual oxygen and ensure an inert 

(2) 
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atmosphere. 

Pyrolysis was performed at a fixed temperature of 500 ÁC using a Pyroprobe model 5200 

(CDS Analytical) operating in direct mode, with a rapid heating rate of 500 ÁC/s and a 

holding time of 15 seconds. The pyrolysis process was synchronized with the GCïMS 

analysis to allow real-time transfer of the evolved volatiles into the chromatographic 

system. 

The separation and identification of pyrolytic products were carried out using an Agilent 

7890B gas chromatograph coupled to a 5977A mass spectrometer. Helium served as the 

carrier gas at a constant flow rate of 1.0 mL/min. 

 

4.3.6 Color measurement 

Surface color measurements of both weathered and unweathered samples were carried 

out using a Datacolor DC650 spectrophotometer (Shenzhen 3NH Technology Co., Ltd., 

Shenzhen, China). Color evaluation followed the CIE (Commission Internationale de 

l'Éclairage) color space, which is defined by three coordinates: L, a, and b*. The L* value 

indicates lightness, ranging from 0 (black) to 100 (white); a* represents the position 

between red (+a*) and green (īa*); and b* represents the position between yellow (+b*) 

and blue (īb*) [13,24]. 

The total color change (ȹE* ) was calculated using the following formula: 

 

ɝὉᶻ ɝὒz ɝὥz ɝὦz  

 

where ȹL*, ȹa*, and ȹb* represent the differences between initial and post-exposure 

values. A lower ȹE* value corresponds to a smaller change in color, indicating greater 

stability under weathering conditions. 

(3) 
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4.3.7 Scanning electron microscope (SEM) 

The fracture surfaces of dog bone-shaped specimens, broken after tensile testing, were 

examined using scanning electron microscopy (SEM) to analyze their microstructural 

features. A Carl Zeiss Crossbeam 540 microscope (GmbH, 07745 Jena, Germany) was 

utilized at an accelerating voltage of 5 kV, with images captured at magnifications of 

5000X and 10000X. To ensure electrical conductivity and high-quality imaging, 

specimens were coated with a thin layer of gold using a Quorum Q150T-ES sputter coater 

(Quorum Technologies Limited, West Sussex RH19 2HL, United Kingdom). 

4.3.8 Biodegradation characterization 

The biodegradability of PBS-BSG composites was evaluated through a soil burial test 

conducted in accordance with ASTM D5988 (2018) and ISO 17556 (2019) standards and 

was carried out by Crossing S.r.l. The test was conducted at room temperature (25 ± 2 

°C) under ambient humidity using dog bone-shaped specimens (thickness: 1 mm) 

prepared from pure PBS and PBS-BSG30 composite sheets (see figure 4.14). Samples 

were periodically extracted at 1, 2, and 3 months for analysis. 

 

 

 

Figure 4. 14: Biodegradation test setup illustrating ASTM D5988-18 and ISO 17556:2019 methodologies. 

 

4.3.9 Accelerated weathering test 

To evaluate the long-term durability and environmental resistance of PBS and PBS-BSG 

composites, an accelerated weathering test was conducted following ISO 4892-

2+A1:2013 using an XENOTEST 440 (Atlas Material Testing Solutions, Illinois, USA) 
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chamber, equipped with a xenon arc light source, water spray, and heating elements to 

simulate natural weathering conditions (Figure 4.20). Prior to weathering, test specimens 

were produced via injection molding using a Procan ALPHA 2 (BOY LTD, United 

Kingdom) screw injection molding machine (Figure 4.15). To ensure optimal processing, 

PBS and PBS-BSG composite pellets were oven-dried at 60 °C overnight before molding. 

A dual cavity mold was used to shape standardized dog-bone specimens in accordance 

with ISO 294-1:2017-07, with a total length of 150 mm, a thickness of 2 mm, a measuring 

width of 10 mm, and a grip width of 20 mm. Given the sensitivity of biocomposites to 

thermal degradation, a low-temperature processing profile was applied: feed zone at 30 

°C, heating zones set to Ið125 °C, IIð145 °C, IIIð150 °C, IVð160 °C, and an 

injection nozzle temperature of 155°C. The mold temperature was maintained at 25 °C, 

with injection parameters including a maximum injection pressure of 120 MPa, polymer 

flow rate of 20 cm³/s, packing pressure of 110ï80 MPa, packing time of 15 s, and cooling 

time of 20 s at 30 °C. 

 

 

 

 

 

 

 
Figure 4. 15:  Dog bone-shaped samples produced via injection molding, with different compositions: (1) Pure PBS, 

(2) PBS-BSG30, (3), and PBS-BSG30-TC2. 

 

Once prepared, the specimens were mounted inside the accelerated weathering chamber 

and exposed to controlled environmental conditions mimicking real-world degradation 

factors. The applied test conditions included xenon arc irradiation at 60 W/m² (300ï400 

1 
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nm wavelength), a chamber temperature of 38 °C, black standard temperature of 65 °C, 

50% relative humidity, and a fan speed of 2000 rpm. The specimens were also subjected 

to periodic water spray cycles, replicating natural rainfall exposure. The weathering 

cycles were conducted continuously for three different durations: 300, 600, and 900 

hours. At each interval, samples were removed for analysis to assess structural, 

mechanical, and chemical alterations. The evaluation included visual inspection for color 

changes, mechanical testing to measure tensile strength and elongation at break, chemical 

analysis via FTIR spectroscopy to detect oxidation and polymer degradation markers, 

thermal analysis using DSC/TGA to examine changes in thermal stability and 

composition, and SEM observation to investigate surface morphology and 

microstructural degradation. This comprehensive accelerated weathering study provided 

crucial insights into the long-term performance, stability, and potential degradation 

mechanisms of PBS and PBS-BSG composites, ensuring their suitability for various real-

world applications and guiding further material optimizations. 
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5.1 Introduction 

In this chapter, we present a detailed investigation of PBS-BSG composites, focusing on 

their mechanical behavior, microstructural integrity, rheological properties, and 

degradation performance. Additionally, biodegradation in soil and accelerated 

weathering tests are conducted to assess the environmental stability and long-term 

viability of these materials. Through this multidisciplinary approach, we aim to determine 

whether PBS-BSG composites can serve as feasible and sustainable alternatives to 

petroleum-based plastics. 

In this chapter, I centered the study on: 

¶ Effect of BSG Filler Size on PBS-BSG Composite Properties, to analyze how 

different BSG particle sizes influence the mechanical, thermal, and morphological 

characteristics of PBS-BSG composites, with a focus on optimizing dispersion, 

interfacial adhesion, and structural integrity. 

¶ Effect of BSG content on PBS-BSG composite properties, to investigate the 

impact of varying BSG filler concentrations on the performance of PBS-based 

biocomposites, identifying the optimal filler loading. 

¶ Effect of additives on PBS-BSG composites, to assess the role of TC in enhancing 

the toughness, crystallization behavior, and overall functionality of PBS-BSG 

composites for industrial applications. 

¶ Comparative analysis with fossil-based polymers, to benchmark the developed 

biocomposites against conventional petroleum-derived plastics, evaluating their 

mechanical resilience, thermal stability, and manufacturability to determine their 

potential as sustainable alternatives. 

¶ Durability and Degradation Studies, to explore the biodegradation behavior in soil 

under natural environmental conditions, assessing the materialôs disintegration 
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rate and eco-friendliness. Additionally, to conduct accelerated weathering tests to 

evaluate the compositesô resistance to UV exposure, humidity, and thermal aging, 

ensuring their long-term stability in real-world applications. 

 

5.2 Effect of BSG Filler Size on PBS-BSG Composites Properties  

The mechanical performance of PBS-BSG30 composites was strongly influenced by BSG 

particle size, as evidenced by both stressïstrain curves and tensile data. As particle size 

increased, Youngôs modulus rose significantly, from 321.31 MPa in neat PBS to 585.23 

MPa at 450ï560 Õm, indicating enhanced stiffness due to filler rigidity and interlocking. 

However, this came at the expense of ductility, with elongation at break sharply 

decreasing from 376.01% in neat PBS to 5.18% at the largest particle size. Tensile 

strength declined across all filler sizes, remaining in the 12.39ï14.88 MPa range, 

suggesting limited polymerïfiller bonding regardless of particle size. The stressïstrain 

curves further confirmed a transition from ductile to brittle behavior with increasing filler 

size. Based on a balance between stiffness, processability, and acceptable elongation, the 

intermediate fraction (53 Õm < ū < 100 Õm) was selected for subsequent work, as it 

provides adequate mechanical reinforcement while maintaining better compatibility for 

future functionalization. 
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Figure 5. 1: Stress-strain curves of pure PBS and PBS-BSG composites with 30 wt.% BSG loading at different BSG 

particle sizes. Each graph represents six repetitions per sample. (a) Pure PBS, (b) PBS-BSG (BSG <53 µm), (c) PBS-

BSG (53ɬ100 µm), (d) PBS-BSG (100ɬ250 µm), (e) PBS-BSG (250ɬ355 µm), (f) PBS-BSG (355ɬ450 µm) and (g) 

PBS-BSG (450ɬ560 µm). 
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(d) (e) 
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Figure 5. 2: Effect of BSG filler size on the tensile properties of PBS-!2&ƖƙɯÊÖÔ×ÖÚÐÛÌÚȭɯȹÈȺɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚȮɯȹÉȺɯ

Elongation at break, and (c) Strength at break, as a function of filler size. 
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The torque curves for Pure PBS and PBS-BSG25 composites reveal a strong dependence 

on filler size, with larger particles (>450 µm) exhibiting higher initial and stabilized 

torque due to increased resistance to flow and poor dispersion, while smaller fillers (53 

µm) show lower torque, indicating better wettability and integration into the polymer 

matrix (Figure 5.3). The initial peak (0ï2 min) reflects filler incorporation, with larger 

fillers requiring higher shear forces to break agglomerates. The subsequent decay phase 

(2ï6 min) is more gradual for finer particles, suggesting stable dispersion, whereas larger 

fillers lead to rapid torque reduction due to weaker filler-polymer interactions. In the 

stabilization phase (6ï15 min), composites with 450ï560 µm fillers maintain the highest 

torque, implying greater mechanical interlocking and internal friction, while 53 µm fillers 

show the lowest, confirming their superior processability. These findings support the 

selection of 53 µm fillers for optimized mechanical performance and ease of processing. 

 
 
Figure 5. 3: Torque evolution during the mixing process of PBS-BSG25 composites with different BSG filler sizes, 

showing the effect of particle size on processability and dispersion behavior. 

 

The analysis of PBS-BSG25 composites revealed that filler size significantly influences 

both mechanical and rheological properties. Tensile tests showed that smaller filler sizes 

(53 µm) provided a balance between stiffness and ductility, maintaining adequate 



SALIM BRAHIMI                                                                                                                                      CHAPTER 5 

 

 
99 

mechanical performance. Larger fillers increased stiffness but drastically reduced 

elongation and tensile strength, indicating reduced polymer-filler compatibility. Torque 

measurements during processing confirmed that finer fillers facilitated better dispersion 

and lower viscosity, ensuring improved processability. Based on these findings, for the 

next phase of the study investigating the effect of BSG content filler sizes below 100 µm 

were selected to optimize mechanical performance and processing efficiency. 

 

5.3 Effect of BSG Content on PBS-BSG Composites Properties 

Various PBS and PBS-BSG blends (ranging from 5 wt.% to 40 wt.% BSG) were co-

extruded using a Brabender Plasticorder. The highest torque peak was observed for the 

PBS-BSG30 composite, which reached 39,890 Nm, significantly surpassing the 18,675 

Nm recorded for pure PBS, as illustrated in (Figure 5.4). This increase in torque can be 

attributed to the rise in BSG content, which initially causes a more pronounced and 

delayed peak compared to pure PBS. However, beyond 30 wt.% BSG, the trend reverses, 

with the T-peak dropping to 23,216 Nm for PBS-BSG40 (see data in Table 5.1 and in 

Figure 5.4, Figure.5.5a). These observations align with previous studies on PBS bio-

composites reinforced with eucalyptus fibers and plasticized whey protein 165,166. 

The increase in torque corresponds with a decline in MFI, as shown in (Figure 5.5.b). As 

the BSG content increases, friction within the extrusion chamber intensifies, leading to 

higher molten polymer viscosity, where the MFI drops from 22.78 g/10 min for PBS to 

17.31 g/10 min for PBS-BSG30. These results confirm that optimal PBS-BSG 

formulations are achieved within the 5ï30 wt.% range, while exceeding 30 wt.% BSG 

negatively impacts both viscosity and mechanical properties. The behavior observed in 

(Figure 5.5) further supports this conclusion, as it highlights the direct correlation 

between increasing BSG content and reduced processability due to higher viscosity. 
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Figure 5. 4: Torque vs the extrusion time of PBS and the bio-composites (PBS-BSG5/PBS-BSG40). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 5: Torque (a), MFI (b) of PBS and PBS-BSG5/PBS-BSG40 at increasing BSG loads.  

 

The stress-strain curves for PBS and PBS-BSG composites (Figure 5.6) reveal distinct 

trends in mechanical behavior with increasing BSG content. Pure PBS exhibits a high 

(a) 

(b) 
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strain-to-failure ratio, indicative of its ductile nature. The curves show an extended plastic 

deformation region before failure, allowing PBS to endure large strains. However, as 

BSG content increases, the material transitions toward a more brittle response, as seen in 

the significant reduction in strain at break.  The mechanical properties of PBS and PBS-

BSG composites (ranging from 5 wt.% to 40 wt.% BSG) were evaluated in terms of 

tensile strength, elongation at break, and Youngôs modulus, as shown in Figure 5.7. The 

strength at break exhibited a steady decline with increasing BSG content, decreasing from 

37.15 MPa for pure PBS to 9.09 MPa for PBS-BSG40 (Figure 5.7). Similarly, elongation 

at break was significantly reduced by nearly an order of magnitude, regardless of the BSG 

concentration (Figure 5.6). In contrast, Youngôs modulus showed only a moderate 

increase (10ï25%) compared to pure PBS, suggesting that while BSG imparts some 

stiffness, its reinforcement effect remains limited within this concentration range. 

 

 

 

 

 

 

 

 

 

 

 

 

 



SALIM BRAHIMI                                                                                                                                      CHAPTER 5 

 

 
102 

 

 

 

 

 

Figure 5. 6: Stress-strain curves of pure PBS and PBS-BSG composites with BSG loadings ranging from 5 to 40 

wt.%. Each graph represents six repetitions per sample. (a) Pure PBS, (b) PBS-BSG (5 wt.%), (c) PBS-BSG (10 

wt.%), (d) PBS-BSG (20 wt.%), (e) PBS-BSG (25 wt.%), (f) PBS-BSG (30 wt.%), and (g) PBS-BSG (40 wt.%). 
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Figure 5. 7 ȯ"ÖÔ×ÈÙÐÚÖÕɯÖÍɯ/!2ɯÔÌÊÏÈÕÐÊÈÓɯ×ÙÖ×ÌÙÛÐÌÚȯɯȹÈȺɯÚÛÙÌÕÎÛÏɯÈÛɯÉÙÌÈÒȮɯȹÉȺɯÌÓÖÕÎÈÛÐÖÕɯÈÛɯÉÙÌÈÒȮɯÈÕËɯȹÊȺɯ8ÖÜÕÎɀÚɯ

modulus. 
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To incorporate the maximum amount of BSG without compromising the mechanical 

tensile performance of the material, the data analyzed so far suggests that a content of 

25ï30 wt.% is reasonable. In the PBS-BSG30 biocomposite, the performance is lower 

than that of pure PBS, and its fluidity is significantly reduced. However, a content 

exceeding 30 wt.% leads to the definitive collapse of the polymeric macromolecular 

structure, making the material excessively fragile, poorly deformable, and difficult to 

process due to excessive viscosity. Therefore, 30 wt.% represents the maximum limit of 

BSG in the biocomposite. This finding was further validated by a mathematical modeling 

study on the same mixtures conducted by the University of Messina167. 

The morphological observation by SEM analysis of the fractured surfaces of PBS and 

PBS-BSG composites was conducted at 3000x magnification to investigate the dispersion 

and interaction of BSG particles within the polymer matrix (Figure 5.8). Figure (5.8.a) 

presents the fractured surface of pure PBS, displaying a relatively smooth morphology 

with characteristic filaments resembling thin spider webs, which are commonly 

associated with polymer ductility. Figures (5.8.b), corresponding to PBS-BSG30, reveal 

the presence of BSG particles (indicated by red arrows) dispersed within the matrix. 

However, these particles exhibit poor interfacial adhesion, as evidenced by their 

detachment from the matrix, leaving visible voids. This suggests limited compatibility 

between the filler and polymer at lower filler concentrations. 

 

 

 

 

 

 

Figure 5. 8: SEM images of PBS and PBS-BSG30 at 2000 X (50 µm) magnification. 
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PBS-BSG30

 

BSG Particle  
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5.4 Effect of Additives on PBS-BSG Composites 

Figure 5.9 illustrates the torque evolution over time for pure PBS and PBS-BSG30 

formulations incorporating various additives. The processing sequence involved the 

initial extrusion of the polymeric matrix, followed by the addition of plasticizers at the 3-

minute mark, and finally, the incorporation of BSG at 4 minutes. The observed torque 

variations provide critical insights into the rheological behavior of the bio-composite 

formulations, highlighting the interplay between polymer-filler interactions and the 

plasticizing effects of the additives. 

As expected, all additives exhibit a plasticizing effect, leading to a reduction in torque 

compared to the neat PBS polymer. This aligns with the well-established role of 

plasticizers in enhancing polymer chain mobility and reducing intermolecular 

interactions, thereby lowering viscosity. Among the investigated additives, TC 

demonstrates the most pronounced plasticizing action, as evidenced by the lowest torque 

values recorded after 3.5 minutes. This suggests that TC effectively improves the 

flowability of the polymer melt, likely due to its ability to interact with polymer chains 

and reduce entanglements more efficiently than the other additives. 

Conversely, BSG addition increases torque, counteracting the plasticizing effect due to 

its rigid lignocellulosic structure. However, the extent of this increase varies with the 

additive type and concentration. Notably, ESOP and TC-containing formulations show a 

more moderate torque rise post-BSG addition compared to those with Gly, suggesting 

that ESOP and TC enhance matrix-filler compatibility. This may reduce polymer-filler 

friction and improve dispersion within the melt, leading to a lower viscosity increase. 

The distinct behavior of ESOP can be attributed to its dual role as a plasticizer and 

compatibilizer. The epoxy functional groups facilitate interactions between the 

hydrophobic polymer matrix and polar BSG particles, improving stress transfer and 
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reducing viscosity increments. Similarly, TC may enhance interfacial adhesion due to its 

molecular structure, further mitigating viscosity increases. In contrast, Gly appears less 

effective in reducing viscosity buildup, possibly due to its high volatility and lower 

molecular weight, which may result in phase separation or weaker polymer-additive 

interactions. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 9: Effect of additives on torque (vs. time) of PBS-BSG composites. 

 
Table 5. 1: Torque characteristics of PBS-BSG composites with different additives, highlighting maximum and 

minimum torque values after 3 and 6 minutes. 

 

The incorporation of TC, ESOP, and Gly at different concentrations (2% and 4%) 

significantly influences the tensile properties of PBS-BSG30 composites. The table below 

summarizes the key mechanical properties, including Youngôs modulus (E), load at break, 

tensile strength (ůr), elongation at break (Ůr), and work of rupture (Wr). 

 

Sample 

PBS 

(wt.

%)  

BSG 

(wt.%)  

additive 

(wt.%)  

Torque 

(Nm) 

3 min 

Torque 

(Nm) 

6 min 

Pure PBS 70 0 0 4256 3.844 

PBS-BSG30-ESOP2 70 30 2 3132 7.115 

PBS-BSG30-ESOP4 70 30 4 1619 4.638 

PBS-BSG30-TC2 70 30 2 3.714 7.278 

PBS-BSG30-TC4 70 30 4 0.000 6.360 

PBS-BSG30-Gly2 70 30 2 3.060 8.384 

PBS-BSG30-Gly4 70 30 4 0.027 9.032 
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Table 5. 2: tensile properties of PBS-BSG30 composites incorporating different additives: TC, Epoxidized Soybean Oil 

(ESOP), and Glycerol (Gly), at two different concentrations (2% and 4%). The key mechanical properties include 

8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯȹ$ȺȮɯÓÖÈËɯÈÛɯÉÙÌÈÒȮɯÛÌÕÚÐÓÌɯÚÛÙÌÕÎÛÏɯȹϦÙȺȮɯÌÓÖÕÎÈÛÐÖÕɯÈÛɯÉÙÌÈÒɯȹϘÙȺȮɯÈÕËɯÞÖÙÒɯÖÍɯÙÜ×ÛÜÙÌɯȹ6ÙȺ 

Sample 
                 E 

[MPa]  

Load 

   [N] 

           ůr 

       [MPa]  

           Ůr 

        [% ] 

          Wr  

        [J]  

AH70X30ESOP2 280.68±41.88 30.52±1.97 13.41±0.87 33.01±2.53 0.13±0.02 

AH70X30ESOP4 195.46±34.56 32.10±5.20 13.89±1.85 49.74±0.85 0.21±0.04 

      

AH70X30alpha2 230.30± 11.74 29.05± 2.98 13.41±0.87 34.90± 1.86 0.13±0.02 

AH70X30alpha4 274.63± 30.06 38.81± 4.17 13.89±1.85 42.18± 3.83 0.22±0.02 

      

AH70X30gly2 360.53± 32.98 30.95± 3.44 13.73± 1.38 25.13± 1.43 0.10±0.02 

AH70X30gly4 364.60± 53.12 30.24± 2.83 13.86±1.43 26.31± 11.54 0.08±0.01 

 

The stress-strain curves (Figures 5.10 and 5.11) reveal distinct mechanical responses 

depending on additive type and concentration. 

PBS-BSG30-Gly exhibits the steepest initial slope, indicating the highest stiffness (high 

Youngôs modulus). However, its lower strain at break suggests reduced ductility, leading 

to brittle failure. PBS-BSG30-ESOP shows gradual stress and extended strain, 

particularly at 4%, confirming its plasticizing effect, which enhances flexibility at the 

expense of stiffness. PBS-BSG30-TC demonstrates an intermediate mechanical response, 

balancing stiffness and ductility with a smooth transition from elastic to plastic 

deformation. The effect of additive concentration is also evident. Increasing ESOP 

content leads to noticeable increase in elongation, while Gly maintains a rigid profile 

across concentrations, instead TC offers a balance between stiffness and flexibility. 

These trends align with Youngôs modulus, elongation at break, and strength at break 

results (Figure 5.12). Youngôs modulus results confirm Glyôs stiffening effect (360.53 

MPa at 2%, 364.60 MPa at 4%), suggesting strong intermolecular interactions that create 

a denser polymer matrix. In contrast, ESOP at 4% significantly reduces stiffness (195.46 

MPa), confirming its plasticizing role by increasing molecular mobility. TC remains 

intermediate (274.63 MPa at 4%), reinforcing the material without excessive rigidity. 

Elongation at break follows an inverse relationship with stiffness, ESOP at 4% achieves 
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the highest elongation (49.74%), indicating enhanced flexibility. Gly exhibits 

significantly lower elongation at break (25.13% at 2% and 26.31% at 4%), reinforcing its 

stiffening effect. TC at 4% provides a balanced performance (42.18%), maintaining 

moderate ductility. Strength at break results indicate that ESOP at 2% achieves the highest 

strength at break (16.71 MPa), suggesting an optimal balance between flexibility and 

mechanical integrity. At 4%, ESOP reduces strength, likely due to excessive 

plasticization weakening the material. Gly and TC show relatively stable strength values 

across concentrations, providing consistent mechanical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 10: Stress-strain curves of PBS-BSG30 composites incorporating different additives at 2 wt.% 

concentration. Each graph represents six repetitions per sample. (a) PBS-BSG30-TC2, (b) PBS-BSG30-ESOP2, 

and (c) PBS-BSG30-Gly2. 

(a) 

(b) 

(c) 
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Figure 5. 11: Stress-strain curves of PBS-BSG30 composites incorporating different additives at 4 wt.% 

concentration. Each graph represents six repetitions per sample. (d) PBS-BSG30-TC4, (e) PBS-BSG30-ESOP4, 

and (e) PBS-BSG30-Gly4. 

 

From the (Figure. 5.12), it can be seen that the blendôs deformability increases in the 

order: Gly < ESOP < TC, while stiffness decreases in the same sequence. The chemical 

formula of the most effective additive (TC) cannot be disclosed due to confidentiality 

restrictions related to the Life Restart project1. However, a general discussion can be 

(d) 

(e) 

(f) 
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provided. TC imparts the highest deformability and lowest stiffness to the PBS-BSG 

mixture, whereas Gly results in the lowest deformability and highest stiffness. ESOP 

exhibits intermediate behavior. Thus, TC enhances flexibility, while ESOP and Gly 

contribute to increased rigidity. 

This behavior can be explained by analyzing the chemical composition of the additives: 

¶ Glycerol (Gly) is a small molecule with three aliphatic hydroxyl (ïOH) groups, 

which are less reactive compared to the hydroxyl group in TC. The latter is 

attached to an aromatic ring, where resonance stabilizes the charge, making it 

more reactive. Additionally, TCôs hydroxyl group is more acidic than those in 

Gly. 

¶ TC contains a short, flexible side chain due to the free rotation of carbon-carbon 

bonds, contributing to its ability to enhance flexibility. 

¶ Epoxidized oil (ESOP) lacks hydroxyl groups and consists of longer chains 

rigidified by multiple epoxy rings. The presence of double bonds further increases 

its stiffness. 

Several factors influence the interaction between PBS and BSG in the presence of 

additives. Hydroxyl groups promote chemical interaction through hydrogen bonding, 

while the length of the additiveôs side chains helps separate polymer chains, increasing 

flexibility. Although ESOPôs structure contains rigid epoxy groups, its viscous nature 

facilitates macromolecular chain movement. 

Further chemical analysis is needed to fully understand the interactions between these 

components. 
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Figure 5. 12: Mechanical properties of PBS-BSG30 composites with different additives at 2 wt.% and 4 wt.%: (a) 

8ÖÜÕÎɀÚɯÔÖËÜÓÜÚȮɯȹÉȺɯÌÓÖÕÎÈÛÐÖÕɯÈÛɯÉÙÌÈÒȮɯÈÕËɯȹÊȺɯÚÛÙÌÕÎÛÏɯÈÛɯÉÙÌÈÒȭɯ 

 

5.5 Comparison with Fossil-Based Polymers 

The workability of PBS and the PBS-BSG30 blend was evaluated using injection molding 

to determine whether the decrease in viscosity induced by BSG could compromise 

processing with this technology. Detailed processing conditions remain confidential due 

to restrictions related to the Life Restart project1. However, it was possible to produce 

artifacts through injection molding, specifically plant pots. These pots, made from both 

PBS and PBS-BSG30, were then cut into dog bone-shaped samples for mechanical 

testing. Additionally, similar samples were obtained from commercial plant pots made of 

PP and r-HDPEðcommon fossil-based polymersðand subjected to tensile testing to 

compare their mechanical performance 

The stress-strain curves for PBS, PP, recycled HDPE, and PBS-BSG30 (Figure 5.13) 

reveal distinct deformation behaviors under tensile loading, highlighting their mechanical 

(a) 

(c) 

(b) 



SALIM BRAHIMI                                                                                                                                      CHAPTER 5 

 

 
112 

performance differences. PBS exhibits a relatively linear stress-strain relationship in the 

initial phase, followed by strain hardening, allowing it to withstand significant elongation 

before failure. This behavior is characteristic of ductile polymers, as evidenced by its high 

strain values. 

PP and recycled HDPE demonstrate significantly extended strain ranges, with PP 

achieving the highest elongation at break, exceeding 1000%. These materials show 

considerable plastic deformation before rupture, reinforcing their flexibility. In contrast, 

PBS-BSG30 displays a steeper initial slope, indicating higher stiffness, followed by a 

shorter plastic deformation region, suggesting reduced ductility. This aligns with its 

relatively lower elongation at break compared to PP and HDPE. However, the stress 

values of PBS-BSG30 remain competitive, confirming its structural integrity. 

The overall trend suggests that PBS-BSG30 offers a balance between strength and 

stiffness while sacrificing some flexibility, making it a viable alternative for applications 

where extreme elongation is unnecessary but mechanical stability is required. These 

findings are further reflected in the Youngôs modulus, tensile strength, and elongation at 

break values discussed in the following section. 
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Figure 5. 13: Stress-strain curves of: (a) Pure PBS, (b) Pure PP, (c) Recycled HDPE, and (d) PBS-BSG30 

composite, with corresponding planter images illustrating material applications. 

(b) 

(c) 

(a) 

(d) 
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The tensile test results indicate that PBS-BSG30 demonstrates competitive mechanical 

properties compared to conventional fossil-based polymers (Figure 5.14). It surpasses 

recycled HDPE and closely approaches PP in terms of tensile strength (32.91 MPa) and 

stiffness (Youngôs modulus: 264.10 MPa), making it a strong candidate for structural 

applications. However, its elongation at break (21.76%) is significantly lower than that 

of PP (1124.92%) and HDPE (908.76%), reflecting reduced flexibility and increased 

brittleness. While this limits its use in applications requiring high ductility, PBS-BSG30 

offers a well-balanced combination of strength, stiffness, and sustainability. Given that 

these bio-sourced planters will be placed underground, achieving extreme elongation, as 

seen in traditional plastics, is unnecessary. Instead, a high tolerance to deformation 

stresses is more desirable.  
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Figure 5. 14: Mechanical Performance Comparison of PBS-BSG30 and Conventional Fossil-Based Polymers, (a) 

8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯȹ,/ÈȺɯÐÕËÐÊÈÛÐÕÎɯÚÛÐÍÍÕÌÚÚȮɯȹÉȺɯ$ÓÖÕÎÈÛÐÖÕɯÈÛɯÉÙÌÈÒɯȹǔȺɯËÌÔÖÕÚÛÙÈÛÐÕÎɯÍÓÌßÐÉÐÓÐÛàȮɯÈÕËɯȹÊȺɯ3ÌÕÚÐÓÌɯ

strength (MPa) showing material strength. PBS-BSG30 is compared to pure PBS, pure PP, and Recycled HDPE. 

 

 

5.6 Biodegradation in Soil 

To evaluate the environmental performance and end-of-life behavior of pure PBS and 

PBS-BSG30 samples, biodegradation tests were conducted in soil. The study followed 

established literature protocols, incorporating visual assessment, weight loss 

measurements, and physico-mechanical analysis over a three-month period 168ï170. Figure 

5.15 presents images of dog bone-shaped samples before and after soil burial for three 

months. The degradation effects were evident through notable changes in surface texture 

and color. The samples lost their initial color intensity, appearing faded, with evident 

deterioration at the edges, where material erosion and deformation occurred.  

The degradation behavior observed aligns with established biodegradation mechanisms 

of polymeric materials. Initially, hydrolytic and microbial activity predominantly affect 

the amorphous regions of the composite matrix, leading to early surface degradation. As 

the biodegradation process advances, the crystalline domains become more exposed, 

resulting in a slowdown in degradation due to their higher resistance to microbial attack. 

(c) 
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However, over time, water infiltration and microbial colonization at the interphase 

between amorphous and crystalline regions generate micro-cracks and porosity, 

ultimately accelerating the breakdown of the material171. 

The extent of degradation improved at 30% the BSG content due to the amorphous 

lignocellulosic structures, which are more susceptible to hydrolytic and enzymatic 

breakdown. These findings highlight the crucial role of filler content in governing the 

biodegradation kinetics of PBS-BSG biocomposites, reinforcing the potential of these 

materials for applications within circular economy frameworks. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 15: PBS-BSG dog bone-shaped samples used for biodegradability testing. Images illustrate the degradation 

process over time: (a) 0 months (b), after 1 month (c), after 2 months (d), and after 3 months. 

 

Figure 5.16 presents the Shore D hardness values of PBS-BSG bio-composites over three 

months of soil degradation. The results indicate a progressive reduction in hardness with 

increasing BSG content and prolonged degradation time, demonstrating the materialôs 

biodegradability. Initially, all samples exhibit relatively high hardness values, with pure 

PBS showing the highest (68.6). As the BSG content increases, a slight decrease in initial 

hardness is observed, aligning with expectations since the filler disrupts the polymeric 

crystalline matrix, making the material softer. 

Over time, a noticeable decline in hardness occurs in all samples due to microbial activity. 

Microorganisms first target the amorphous regions of the polymer, where polymer chains 

PBS PBS-BSG30 
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are less ordered and more susceptible to enzymatic attack. As degradation progresses, 

structural weakening leads to the gradual breakdown of crystalline domains, further 

reducing hardness. After three months, the hardness of all composites has significantly 

decreased, with PBS-BSG30 showing the most pronounced reduction (from 67.1 to 63.0). 

The trend observed in this study aligns with literature findings on biodegradable 

polymers, where composites with higher bio-filler content degrade faster due to increased 

hydrophilicity and microbial accessibility 172,173. The presence of BSG accelerates the 

degradation process by reducing crystallinity, allowing microorganisms to penetrate the 

material more effectively174. This phenomenon results in a progressive decline in 

mechanical performance over time, reinforcing the need to balance filler content and 

mechanical stability when designing bio-composites for specific applications. 

These results confirm that the PBS-BSG composites are susceptible to biodegradation in 

soil environments and highlight the role of filler concentration in influencing degradation 

kinetics.  

 

 

 

 

 

 

Figure 5. 16: Shore D hardness of PBS-BSG composites and pure PBS over three months of soil degradation. 

 

The evolution of surface wettability over the degradation period is clearly illustrated in 

Figure 5.17, where contact angle measurements of PBS and PBS-BSG30 composites 

were tracked for four months. Initially, pure PBS exhibited a contact angle of 82.2°, 

consistent with its inherently hydrophobic nature. In contrast, PBS-BSG30 began with a 
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notably lower contact angle of 72.6°, reflecting the increased surface polarity introduced 

by the bio-filler, particularly due to the hydroxyl-rich lignocellulosic components of BSG. 

As degradation progressed, both materials demonstrated a gradual reduction in contact 

angle, indicating an increase in hydrophilicity. By the end of month four, PBS reached a 

contact angle of 72.4°, while PBS-BSG30 dropped substantially to 47.0°. This 

pronounced decline for PBS-BSG30 can be attributed to a combination of surface erosion, 

leaching of hydrophilic extractives, and enhanced microbial colonization facilitated by 

the bio-filler. The accompanying droplet images corroborate this trend, showing a visible 

flattening of the water droplets over time, especially for the composite, signifying 

improved wettability. These changes in surface characteristics are crucial, as they 

promote faster water uptake, which in turn accelerates hydrolysis and microbial 

degradation.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. 17: Contact angle measurements of PBS and PBS-BSG composites over time, showing increased 

hydrophilicity with higher BSG content and degradation. 

 

The roughness analysis table presents the surface roughness (ɛm) of Pure PBS and PBS-

BSG composites at different degradation intervals (M0ïM3). Initially (M0), Pure PBS 

exhibits a relatively smooth surface, while PBS-BSG composites display slightly 

increased roughness due to the presence of BSG particles. Over time (M1ïM3), all 
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samples experience an increase in roughness, with higher BSG content leading to more 

pronounced changes. This trend suggests that the incorporation of BSG accelerates 

surface degradation, likely due to the hydrophilic nature of BSG, which promotes water 

absorption and matrix erosion. At M3, PBS-BSG30 exhibits the highest roughness, 

indicating a more advanced degradation state compared to Pure PBS, which remains 

relatively intact. 

Table 5. 3ȯɯ2ÜÙÍÈÊÌɯÙÖÜÎÏÕÌÚÚɯȹϟÔȺɯÖÍɯ/ÜÙÌɯ/!2ɯÈÕËɯ/!2-BSG composites at different degradation intervals (M0ɬ

M3). 

 

 

 

 

 

 

 

The biodegradation test in soil confirms that PBS-BSG composites degrade faster than 

Pure PBS, with increasing BSG content accelerating the process. This is evidenced by the 

progressive decrease in surface hardness, reduction in contact angle, and increase in 

roughness over time. The findings highlight the potential of PBS-BSG composites as 

biodegradable materials with tunable degradation rates based on filler content. 

 

 

 

 

 

 

 

 

 

 

 Roughness (mm) 

Sample Month 0 Month 1 Month 2 Month 3 

PBS 0.58 0.85 0.94 1.20 

PBS-BSG30 1.21 1.41 1.50 1.55 
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5.7 Photodegradation and Accelerated Weathering Ageing 

5.7.1 Weathering simulation: UVB and rain exposure 

In the broader context of polymer degradation under ultraviolet (UV) radiation, it is 

important to distinguish between the three spectral regions of UV: UV-A (315ï390 nm), 

UV-B (280ï315 nm), and UV-C (100ï280 nm). Among these, UV-A and UV-B are 

naturally present in sunlight and play a significant role in environmental weathering, 

whereas UV-C, being highly energetic and short-wavelength, is entirely absorbed by the 

atmosphere and must be artificially generated. Accelerated weathering testing typically 

aims to simulate the combined effects of solar radiation (primarily UV-A and UV-B), 

temperature fluctuations, and humidity in order to evaluate the long-term performance of 

materials under outdoor conditions.175,176. 

This section focuses specifically on the accelerated weathering effects using UV-B 

exposure on PBS-BSG30 biocomposites. The experiments, conducted at Åbo Akademi 

University (Finland), examined structural and mechanical changes in three different 

formulations across various aging intervals. 

¶ Pure PBS 

¶ PBS-BSG30 

¶ PBS-BSG30 with 2% TC (antioxidant) 

Dog bone-shaped samples were prepared via injection molding and subjected to artificial 

ageing. The ageing process was evaluated at Time 0 (unaged), Time 1 (300h), Time 2 

(600h), and Time 3 (900h) to assess progressive degradation (see Figure 5.18).  

Mechanical tensile tests were performed before and after aging. Changes in structural and 

thermal properties were analyzed using Differential Scanning Calorimetry (DSC) and 

Thermogravimetric Analysis (TGA). Pyrolysis-GC/MS was conducted on the post-

degradation residue to investigate the chemical composition of the thermal breakdown 



SALIM BRAHIMI                                                                                                                                      CHAPTER 5 

 

 
121 

products. Additionally, Spectro colorimetric analysis and Scanning Electron Microscopy 

(SEM) were used to assess surface color changes and morphological features. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 18: Photographic images of neat PBS, PBS-BSG30, and PBS-BSG30-TC2 composites both before and after 

weathering accelerated. 

 

5.7.1.1 Mechanical tensile testing 

Figure 5.19 shows the stressïstrain curves of PBS, PBS-BSG30, and PBS-BSG30-TC2 

before and after the weathering process. In Figure 5.20, the normalized Youngôs modulus, 

tensile strength, and deformation are plotted as a function of weathering time. 
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T0 T1 T2 T3 

PBS-BSG30 

T0  T1 T2 T3 

PBS-BSG30-TC2 
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Figure 5. 19: Stress-strain curves of, (a)PBS, (b) PBS-BSG30, and (c) PBS-BSG30-TC2, at T0 (unaged), T1 (300h), 

T2 (600h), and T3 (900h). 

 

 

The data indicate that, during exposure to UVB radiation and humidity (weathering), a 

progressive degradation of all tensile properties occurs in the material. In particular, a 

reduction in both deformability and tensile strength is observed from T0 to T3, 

corresponding to 900 hours of exposure. However, the deterioration of mechanical 

properties is slower in the samples containing BSG30 and BSG30-TC2 compared to those 

made of pure PBS. This effect may be attributed to the UV and moisture absorption 

capacity of BSG, as it is a lignin-cellulosic material, consistent with the findings of 

Mikame et al.177 

The issue of material durability is highly relevant to our research and warrants further 

investigation. Future studies could include targeted testing by varying the BSG content 

within the polymer matrix to confirm or refute this hypothesis. 

 

 

 

 

 

 
Figure 5. 20: Normalized Young modulus (a), Elongation at break (b) and stress at break (c) of PBS, PBS-BSG30, and 

PBS-BSG30-TC2 at T0 (unaged), T1 (300h), T2 (600h), and T3 (900h). 
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5.7.1.2 Thermal stability  of PBS and biocomposites  

DSC thermograms illustrate the thermal behavior of pure PBS and PBS-BSG30 

composites at different aging periods (T0, T1, T2 and T4) (Figure 5.21 and Table 5.4). 

The main endothermic peak observed in all samples corresponds to the melting 

temperature (Tm) of PBS, which typically occurs between 110 and 120 °C, attributed to 

the crystalline phase of the polymer. The melting/decomposition of BSG occurs at higher 

temperatures (>200 °C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 21: DSC thermograms of pure PBS and PBS-BSG30, PBS-BSG30-TC2 composites obtained before and after 

ageing. 

 

In pure PBS, the melting peak occurs at about 113 °C, with slight progressive variations 

towards lower temperatures during aging that reaches the value of about 111 °C after 900 

hours of aging. 

The melting peaks of PBS-BSG30 and PBS-BSG30-TC2 are broader than those of pure 

PBS and appear at increasingly lower temperatures in the order: PBS > PBS-BSG30 > 
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PBS-BSG30-TC2. 

The presence of the BSG filler in the PBS-BSG30 sample reduces the crystalline order of 

the PBS because it acts as an inclusion (Figure 5.22 a). The addition of antioxidant (TC) 

plasticizes and softens the macromolecular chains because it is oily in nature. This helps 

the movement of the polymer chains of the bio-composite favoring a greater order in 

PBS-BSG30-TC2 compared to PBS-BSG30. 

Table 5. 4: Melting temperature (Tm) of neat PBS and PBS-based biocomposites at different aging times (T0ɬT3). 

 

 
 

 

 

 

 

 

Aging causes a gradual reduction in the intensity of the melting peak, suggesting polymer 

degradation and possible chain scission. Following the aging process, a significant 

increase in crystalline order (Xc) was observed in the composite samples, except for pure 

PBS, which shows a higher stability over time (Figure 5.22 b). The presence of BSG 

destabilizes the crystalline structure of PBS and promotes photodegradation and 

hydrolysis processes that typically cause chain scission and the formation of new 

functional groups, with rearrangements of macromolecular chains, formation of double 

bonds, branching, etc.178,179. 

Figure 5.22 b reveals a marked increase in the degree of crystallinity in the PBS-BSG30 

sample after 300 h of exposure to UV-B radiation and humidity, which subsequently 

remains relatively stable up to 900 h. 

In the presence of the antioxidant, however, this crystallization process is significantly 

delayed, suggesting a stabilizing effect that mitigates chain scission and structural 

rearrangement. The antioxidant (TC) appears effective up to approximately 600 h of 

Sample PBS PBS-BSG30 PBS-BSG30-TC2 

Exposure time (h) Tm (°C) 

0h 113.09 111.71 110.89 

300h 112.25 111.98 111.46 

600h 112.32 112.05 111.41 

900h 111.37 111.2 110.05 
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aging. However, beyond this point, particularly after 900 h, a notable increase in 

crystallinity is observed, indicating exhaustion or reduced effectiveness of the antioxidant 

and subsequent resumption of degradation-induced rearrangement. 

 

Figure 5. 22: Crystallinity degree (a) and Normalized Crystallinity degree (b) of PBS, PBS-BSG30, and PBS-BSG30-

TC2 composites before and after accelerated ageing. 

 

TGA thermograms show the thermal stability and degradation behavior of pure PBS and 

PBS-BSG30 composites under different aging conditions (T0, T1, T2, and T3). The 

weight loss profiles indicate a primary degradation step occurring between 300 and 450 

°C, which corresponds to the thermal decomposition of PBS through chain scission and 

depolymerization. 

For neat PBS, a progressive decline in the degradation temperature is observed with 

aging, as highlighted by the directional trend (green arrow) in the upper inset of Figure 

5.23a. This suggests that prolonged exposure to aging conditions moderately 

compromises the thermal resistance of the polymer matrix. 

The presence of a single-step mass loss, with near-total degradation occurring around 

450ï500 ÁC and no residual mass, further confirms the homopolymeric structure of PBS, 

as shown in the lower inset of Figure 5.23a. 

(a) (b) 
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BSG begins to degrade at temperatures around 210 °Cï220 °C180. In the PBS-BSG30 

composite, the presence of BSG fillers affects the material's thermal stability. This is 

evident in Figure 5.23b, where a two-step degradation is observed, first due to BSG and 

then PBS. A similar degradation pattern is seen in Figure 5.23c for PBS-BSG30-TC2. 

Notably, both PBS-BSG30 and PBS-BSG30-TC2 exhibit a residual mass after thermal 

decomposition, which is not observed in pure PBS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. 23: TGA thermograms of PBS and PBS-based biocomposites: PBS, PBS-BSG30, and PBS-BSG30-TC2, 

analyzed at four aging intervalsɭT0 (unaged), T1 (300 h), T2 (600 h), and T3 (900 h). Insets highlight the onset of 

degradation and the residual weight at elevated temperatures. 
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