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Preface

Thisthesispresentaicomprehensivexplorationof biocompositeslerivedfrom breweb s
spentgrain (BSG) and a commercially available bioplastic (Polybutylene succinate
situatedwithin the frameworkof a circular economy.The thesisis structuredinto six
chapterseachcontributinguniquelyto the overarchingharrative.

Thefirst chapter,"From Plasticsto Bioplastics:A PathToward Sustainability"setsthe
stageby examiningthetransitionfrom traditionalplasticsto sustainabldioplastics.This
foundationalchaptermprovidesessentiabackgroundon key conceptgelatedto plastics,
bioplastics andsustainabilityprinciples.

The secondchapter,” B r e wspentGrain asa FeedstocKor Bioplastics"delvesinto
the potentialof BSG asa renewableresourcen bioplasticproduction.It exploreshow
integratingagriculturalwastecanenhancesustainabilityin industrialprocesses.
Chapterthreefocuseson "EnhancingBioplastic PerformanceThe Role of Additives."
Thissectioninvestigatesiowadditivescanimprovethepropertieof bioplasticspffering
insightsinto optimizingtheir performancdor variousapplications.

In Chapterfour, "Materialsand ExperimentalTechniques'tetailedmethodologiesised
throughoutthis researchare outlined. This includesdescriptionsof materialsselection
andexperimentaproceduregmployedn characterizindiocomposites.

Chapteffive presentsResultsandDiscussion'Here,comprehensiveesultsareanalyzed
regardingthe mechanicalphysical,thermal,chemical,andmicrostructurapropertiesof
BSG-basediocompositesThesefindings provide valuableinsightsinto their potential
applications.

Finally, Chaptersix offers "Conclusionsand Perspectives"This concluding chapter
synthesizekey findings from previoussectionswhile discussingfuture directionsfor
bothindustrialimplementatiorandfundamentatesearchlt emphasizeghe significance

of integratingagriculturalwasteinto sustainablenaterialproductionpathways.

=
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This thesis presents research that | have conducted with careful attention to originality
and academic integrity. | have ensured that any contributions from other works are
properly cited within the text according to academic standards. The experimehéetion
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 he experimental results shown in this PhD thesis have been
developed with the LIFE RESTART projécio-founded by the European community in
which Fondazione Comunita 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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This study systematically investigates

size and filler loading on the mechanical, thernmgrphological,and degradation
behavior @ polybutylene succinate (PB®pasedcomposites. Optimized formulations
with BSG particles below 100 um and loadings of 2% wt.% demonstrate enhanced

stiffness while maintaining processabilityithout using any chemical treatmexiise 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 gi®mvater

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

hardness, lower contact angles, and increased roughness.

Tensile tests show that PEESSG30 demonstrates strong mechanical properties, with

t

h ¢

tensile strength (32.91 MPa) and stiffnes

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

thanboth PP and HDPE, reflecting reduced flexibility. This makes-BB&30 suitable
for applications like underground planters, where high tolerance to deforrstiesss
more critical than flexibility.

Under accelerated U®/humidity weathering, PB8SG30 composites exhibit

i mproved resistance to degradation compar

UV-absorbing and moistwfeuffering properties. Thermal analysis uncovers a

crystallinity increase wer 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 bibased materials by establishing critical structun@perty
degradation relationships and offering resoteffecient design strategies for circular

economy integration.
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Introduction

Plastics, with their intrinsic versatility and potential for innovation, have become
indispensablein modern life, finding applicationsacrossdiverse sectorsincluding
packagingconstruction glectronics automotive medicine,andaeronauticsThe global
productionof plastichasrisendramatically,surpassinghe total outputof the previous
half-century since 2000 and is projectedto doubleagainby 2040 2. This exponential
growthin consumptiorhasalarmingconsequence®r the environmentwith estimates
indicatingthatbetweer® and14 million tonsof plasticwastearedepositecannuallyinto
landfills andoceans*“. Suchwasteaccumulatiordisruptsecosystemsndangersnarine

life, andposegisksto humanhealththroughmicroplasticcontaminatiorin food chains.
Conventionalplastics, derived predominantly from nornrenewablefossil resources,
exacerbateheseenvironmentakconcernsdueto their long degradatiortimelinesoften
spanningcenturies’. Their persistencéeadsto severepollution, resourcedepletion,and
significant contributionsto greenhousegas emissions,intensifying the urgency to
transition towards more sustainablematerials®. In responseto thesechallengesthe
developmenbf bioplastics,derivedfrom renewableresourceshasgainedtractionasa
sustainablealternative.Bioplasticsnot only offer reducedenvironmentafootprints but
alsoalign with the principlesof the circulareconomyby emphasizingnaterialreuseand
recycling’.

To optimize the performance and processability of both conventional plastics and
bioplastics, a variety of additives are commonly incorporated into polymer
formulations.Compatibilizersare used to enhance the interfacial adhesion between
polymer matrices and fillers or different polymer phases, especially important in
composite materials to improve mechanical propesiesiurability?.

Plasticizersncrease polymer flexibility and reduce brittleness by lowering the glass
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transition temperature, facilitating easier processing and expanding application
potentiaf. Surfactantsct at interfaces to improve dispersion of fillers and additives
within the polymer matrix, ensuring uniformity and stability of the composite
materiat®. Stabilizersprotect polymers from degradation caused by heat, UV light, or
oxidation during processing and-sner vi c e i f e, thereby e xt
functional lifespai. 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 inhereritmitations of biopolymers, enabling the development of materials

that meet specific performance criteria while maintaining environmental sustainability.
Among bioplastics Polybutylene succinaté®BS hasemergedasa promisingmaterial,

valuedfor its biodegradabilityandmechanicapropertieghatrival conventionaplastics.

PBSis synthesizedrom succinicacid,which canbederivedfrom renewableagricultural
feedstocksThis polymerexhibitsattributessuchaslow glasstransitiontemperatureand

high elongationat break (>500%), making it suitablefor diverseapplicationswhere
biodegradabilityis desired'?. However,improving the mechanicaperformanceof PBS

to broadents applicationscoperemainsafocusof ongoingresearch.

The incorporationof agriculturalwasteinto bioplasticmatricespresentsan innovative

pathway for enhancing mechanical properties while promoting sustainability 3,
Brewer s ds BSE anmthe pgdominanty-productof the brewing process,
accountingfor approximately85% of total brewing waste.Originating primarily from

malted barley, thesespentgrains undergoa significant transformationfrom essential
brewingcomponents$o anutrientrich, fibrousresiduehathasdiverseapplicationsacross

multiple industries***°. In 2023,globalbeerproductionis projectedo surpasd.9billion

hectolitersresultingin an estimated38 million tonsof BSG generatedvorldwide, with
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over3.5million tonsproducedn Europealone!®. This substantialzolumehighlightsthe
potentialfor BSGto berepurposedh varioussectorsincludingfood,animalfeed,energy
production, biotechnologicalprocessesetc. 1°. BSG is rich in cellulose and lignin,
makingit an effective naturalfiller for bioplasticcompositesUsing BSG in bioplastics
like PBS helps address waste management challenges by transformiagluewby
products into higtvalue materials. While BSG incorporation influences mechanical and
thermal properties, its effects depend on factors such as eaitzel, filler content, and
polymer compatibility Recent studies have demonstratedthat BSG incorporation
enhancedensile strengthand thermalstability in bioplasticssuchas polycaprolactone
(PCL) and MaterBi compositeswhile maintaining biodegradability 1%, This is
achievedthrough improved interfacial adhesionbetweenthe biopolymer matrix and
naturalfibers, enablingefficient load transferand superiorcompositeperformanceFor
instance melt mixing techniqueshavebeenutilized to disperseBSG uniformly within
PBSmatricesgnsuringcompatibilityandprocessingfficiency!” 1. Theseadvancements
align with broadersustainabilitygoalsby reducingagriculturalwaste mitigating plastic
pollution, andfosteringa circularbioeconomyThevalorizationof BSGin PBSmatrices
represents paradigmshift in sustainablenaterialdevelopmentBy integratingagrifood
wasteinto bioplastics researchersanaddresgpressingenvironmentathallengesvhile
creatingeconomicopportunitieswithin the agricultural sector.This strategynot only
reducegelianceon fossitbasedplasticsbut alsounderscoreghe potentialof renewable
resourceso drive innovationin materialscience Continuedresearchn this areawill be
critical to unlockthefull potentialof biocompositesensuringthey meetthe demandof

diverseapplicationswhile advancingenvironmentastewardship.




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 iB®G
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:

U  Environmental Valorization: To assess the potential for recovering and reusing at
least30-35 wt% of BSG in bioplastic production, thereby reducing waste disposal
issues associated with brewing industries.

U Material Characterization To comprehensively evaluate the mechanical, physic

structural, and thermal properties of biocomposites derived from BSG.

0 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 @43%0n8 %.

These objectives collectively aim to transform waB&G into opportunities, from a

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

and industrially interesting biopolymers.

Research Questions

This study seeks to address the following key research questions:
1 What are thghysical,mechanical, thermagnd structural properties of bioplastics
incorporatingBSG as a feedstock? How do these properties compare to those of

conventional bioplastics?




1 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 thieave for environmental impact and eofdife management?

1 To what extent can BSBased bioplastics contribute to reducing environmental
impacts by decreasing waste disposal issues from breweries and lowering demand
for nonrenewable resources in plastic production?

1 How do PBSBSGbiocomposites 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 oBSG in bioplastic production. It addresses critical objectives such as

reducing waste disposal issues from breweries, enhancing economic feasibility by
potentially decreasing reliance on fodsiised polymers and virgin biopolymers, and
improving sustainalty by usingrenewable resources. By advancing knowledge in these
areas, this study supports broader efforts towards a circular economy andablestai
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:

1 Chapter 1: From Plastics to Bioplasticé A Path Toward Sustainability®dverview

of plastics, bioplastics, and circular economy principles.

1 Chapter2:Br ewer 6s Spent Gr ai n aEplosatioh@BIGst oc k

as a renewable resource for bioplastic production.




Chapter 3: Enhancing Bioplastic Performancé The Role of Additives:
Examination of additives in improving bioplastic properties.

Chapter 4: Materials and Experimental Techniqué3etails on research design and
methodologies used.

Chapter 5: Results and DiscussiorPresentation and analysis of experimental
findings on BSGbased biocomposites.

Chapter 6: Conclusions and Perspectiv&ynthesis of key findings with implications

for sustainability.




Chapterl: From Plastics to Bioplastics: A Path Toward Sustainability
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1.1. Plasticsoverview

Plasticsareversatile syntheticmaterialsthathavebecomendispensablén modernlife
due to their wide rangeof applications,costeffectivenessand unique propertieslike
lightweight, durability, andflexibility 29?1 Plasticsare madefrom polymers,which are
large moleculescomposedf repeatingsubunits.Thesepolymersare derivedprimarily
from petrochemicalghoughtheycanalsocomefrom renewableesourced!. Thehistory
of plasticscanbe tracedbackto the 19th centurywhenearly forms weredevelopedoy
modifying naturalmaterials®. In 1868,theinventionof celluloid, thefirst thermoplastic,
marked a significant milestoneas it replacedmore expensiveand less sustainable
materialdike ivory. Thesucces®sf celluloidledto furtherinnovationsputit wastherise
of the petrochemicaindustryin the 20th centurythattransformedlasticsinto a global
commodity.The productionof plasticshasseenexponentialgrowth sincethe mid-20th
century,makingthema fundamentapart of industriessuchaspackagingconstruction,
electronicsautomotive andmore?23 Materialslike polyethyleng(PE), polypropylene
(PP), polyvinyl chloride (PVC), and polystyrene(PS) becameubiquitousdue to their
ability to be easily molded, durablenature,and low productioncosts?’. Plasticsare
typically dividedinto two majorcategoriedasedon how theyrespondo heat?*:
Thermoplastics: Polymerswvhich softenwhenheatecandcanbereshapedwhich allows
themto berecycledmoreeasily(Figure1.1a). Thermoplasticaremainly of four types
PP, PE, PVC, andPStogethemwith somemorespecializecengineeringpolymers>,
Thermosetting plastics: Thesepolymersareliquids in initial stagesut transforminto
solid forms upon heating,resultingin materialswith significant crosslinking (Figure
1.1.b). Oncecured,thesepolymerscannotbe softenedor reshapedhrough heatand
pressure Once they are formed, they cannot be reprocessedNotable examplesof

thermosettingpolymersinclude unsaturatedoolyesters,alkyd resins, phenolic resins,
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amineresins epoxies andpolyurethanes®.

—>

HEAT

O
L

Weak forces between polymer chains
easily broken by heating; polymer can
be moulded into new shape.

(a) Thermoplastic: no cross-linking

polymer chain

HEAT

cross-link

(b) Thermoset: extensive cross-linking Strong covalent bonds between polymer
chains cannot be easily broken; polymer
keeps shape on heating

Figure 1.1: (a) Thermoplastics,b) Thermoseplastic1s.

Oneof the mostnotablefeaturesof plasticsis their durability, which alsocreateoneof
their greatestthallengesenvironmentapersistencePlasticstake centuriesto degrade,
leadingto massiveaccumulatiorof plasticwastein theenvironmentGlobally, morethan
460million metrictonsof plasticsareproduceceachyear,with asignificantportionused
for singleuseapplicationdike packaging.Theseproducts,designedor shorttermuse,
contributeheavilyto the wastestream exacerbatingpollution issues®.
Overthepastseverdecadegglobalplasticproductionhaswitnessedanearlyexponential
surge.As of recentestimatescumulativeplasticproductionhasreachedapproximately
11.3 billion metric tons worldwide. This trend is projectedto continue,with annual
productionexpectedio increasesignificantly over the coming years.By 2050, global
plasticoutputcouldreachnearly900 million metrictonsannually(Figure.12a). Despite
theseincreasesn production,recyclingratesremainlow. Historically, only about10%
of all plasticsproducedglobally have beenrecycled, while around 14% have been
incinerated.The majority, approximately76%, haveaccumulatedn landfills or oceans,

posingsubstantiaénvironmentafisksdueto mismanagemerandpollution (Figure.12b
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b). This highlightsthe urgentneedfor improvedwastemanagemergtrategieganda shift

towardsmoresustainablgracticeswithin the plasticsindustry?”.
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Figure 1.2: (a) Annual GlobalPlasticProductionTrends;(b) Cumulative GlobalPlasticProductionDistribution
28,29.

Plastic pollution is a growing global concern, particularly in marine environments. An
estimated 8 million tons of plastic enter theeanannually, yet only about 1% of this
waste remains floating on the surfd&erhe majority originates from larshsed sources,
such as poorly managed landfills and urban runoff, while a smaller fraction comes from
marine activities, including fishing and shippitfg 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 @hain

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 BastiAtlantic

and 85% of sea turtles in the Mediterranean have ingested plastic¢ Wasaeditionally,

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

contribution of this source is estimated at 35%. 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 huntans

Addressing these issues requires a shift toward a circular economy, which promotes reuse,
recycling, and biodegradability as key strategies to mitigate plastic poffdtidawever,

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 matelusisager a

single use, highlighting both an environmental and economic ineffici@nc

To combat plastic pollution, some countries have implemented bans on-isegle
plastics, while industries are investing in biodegradable materials and plastic substitutes
derived from renewable sourc€sHowever, 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 remaserious concerns. Moving forward, the challengss lin
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 Landscapeof Plastic Production

The global plastics industry is dominated by fossikbased polymers, with annual
productionexceeding360 million tons (Figure 13). This vastoutputprimarily consists
of PE,PP,polyethylengerephthalat¢PET),PS,PVC. Thesematerialsfind widespread
applicationacrossvarioussectorswith packagingoeingthe largestconsumeiat 39.9%,

followed by construction(19.8%),automotive(9.9%),andelectronicy6.2%) 3132
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(@  WORLD PLASTIC PRODUCTION (Mt) (0)  EUROPEAN PLASTIC PRODUCTION
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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 figuexclude polymers utilized in ngtastic applications such as textiles,
adhesives, sealants, and coati#fgs

In recentyears,there hasbeena growing interestin biobasedplasticsas sustainable
alternativedo their fossitbasedcounterpartsNotableexamplesnclude polylactic acid
(PLA), PBS, polyhydroxyalkanoat€PHA), and polyethylenefuranoate(PEF). These
materialsaregainingtractionin industrialapplicationgdueto theirrenewableriginsand
potentially reducedenvironmentalimpact 3334 However, the transition to biobased
plastics faces significant challenges, primarily related to availability and cost
effectivenessThe Europearbioplasticsreportprojectsthatthetotal productioncapacity
for biopolymersin the EU will reach6.3 million tonsby 2027. While this represents
substantial growth, it remains insufficient to meet current market demands *.
Consequently despitethe promising attributesof biopolymers,fossitbasedplastics
continue to dominate the market, accounting for over 99% of plastic products
manufacturedoday.This underscoretheneedfor continuedresearchgdevelopmentand
investmenin biobasedlternativego facilitate a moresustainablduture for the plastics
industry3®.

The evolution of syntheticpolymershasprofoundly transformedmaterial scienceand
industrial applicationssincethe early 20th century. The creationof Bakelite in 1907

marked the dawn of the synthetic polymer era, followed by groundbreaking
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advancementsuch as the developmentof stereospecifigpolymerizationfor isotactic
polypropylenesynthesis.This innovation, commercializedas Moplen, earnedGiulio
NattaandKarl Zieglerthe nobelprize in chemistryin 1963.Thesediscoveriesatalyzed

a paradigmshift, with polymersand plastic materialsrapidly supplantingtraditional
materialslike steel,wood, cardboardand leather,while simultaneouslyopeningnew
frontiersin materialscienceandmanufacturing.

However, the initial enthusiasmfor these versatile materials overshadowectritical
considerationgegardingtheir environmentalpersistenceThe low biodegradabilityof
synthetic polymers was not fully appreciatedat the time, leading to unforeseen
consequencess plasticsbeganaccumulatingn landfills and naturalecosystemsThis
accumulatiorhasresultedn widespreagollution of marinewaters freshwateisystems,
andterrestrialenvironments®2’,

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 discour8eThis discovery served as a walke

call, highlighting the durability and lorgrm persistence of plastic waste in marine
ecosystems. In 2004, the first research paper addressing the presence and ecological
implications of microplastics was publish& 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 modefS. 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 polidgvel. 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 wg&DG 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 cresstoral challendé

The 2016 Paris Agreement, although primarily clirfaused, reinforced the
importance of sustainable material use and lifecycle emissions management. The
production and incineration of plastic are significant contributors to greenhouse gas
emissions, thsi linking plastic policy with broader climate commitméatén 2017, the

i ntroduction of Chinads Green Fence Pol i c)
dynamics. By restricting imports of contaminated and-¢mality plastic waste, China
catalyzed a global revaluation of recycling systems and forcednsnaountries to
reconsider their dependence on foreign waste procédsing

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

discovery and documentation to policy formation and systeshe transformation. This
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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 Figligerve

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

collaborative, and sustainable solutions.
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Great Pacific Microplastics Ellen Agenda-17 Paris China Green  New Plastic
Garbage First research McArthur Over 130 Agreement  Fence Policy  Economy
Patch paper Foundation couniries Launched by EMF and
i . adopted the EP
Discovery by To address plastic 2030 Agenda 17 UN
Charles Moore pollution SDG's

Figure 1.4 : Timeline of Key Events in Plastic Production Histéty

Despiteimprovementsn wastemanagementapproximately32% of plastic packaging
still endsup polluting oceansland,andaffectingwildlife andhumanhealth.Since2010,
an estimatedL2.7 million tonsof plasticshavebeenleakinginto the oceansannually®.
This paradigmshift requiresradical changesin productionmethods,embracingecc
designprinciplesand implementingadequatevastemanagemenstrategiedo achieve
zerowasteproductionandenvironmentallysustainablenanagementycles®*4

To effectively reduceplastic pollution, strategieshouldprioritize plasticrecoveryand
recycling over energy productionor landfilling #¢. Additionally, there is a growing
emphasin the productionof biodegradabléiobasedlastics*’, andthe ecodesignof
easily recyclableproducts®®. Theseapproachesim to createa more sustainableand
circular plasticeconomy,minimizing environmentalmpactwhile maximizingresource

efficiency.
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1.2.1. PlasticsFacingthe Challengeof a Circular Economy

The transition of plasticstowardsa circular economymodel presentshoth significant
challenges and opportunities for industry, policy makers, and consumersalike

(Figurel.5). While plasticshavebecomeaubiquitousin modernlife dueto theirversatility
and costeffectiveness,their environmental impact has raised serious concerns,
particularly regardingwaste managementind pollution 4”8 The circular economy
approachtaimsto addresshesassueshy redesigningheentireplasticsvaluechain,from

productionto endof-life managemen(Figure.15). Key strategiesnclude eliminating
unnecessaryplastic use, promoting reusable alternatives, improving recycling
technologieandinfrastructureanddevelopingnnovativematerialghataremoreeasily
recyclable or biodegradable*®. However, implementing these strategiesrequires
overcomingechnical economicandbehaviorabarriers Forinstancethecomplexityof

plastictypesandadditivescomplicatesecyclingefforts,while weakeconomidncentives
and inadequatevaste managemensystemshinder progressin many regions.Despite
thesechallengesthe shift towardscircularity in plasticsoffers potentialbenefitssuchas
reducedenvironmentaimpact, resourceconservationand new economicopportunities
in recyclingandinnovativeproductdesign®’. As governmentsparticularlyin the EU,

implement more stringent regulations and targets for plastic waste reduction and
recycling,the pressureon the plasticsindustryto adaptandinnovatecontinueso grow,

driving the sectortowardsmoresustainablgracticesandcircularsolutions.
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Figure 1.5: Circular economy model in plastic management, highlighting stages from production and purchasing to
recycling and reus€.

1.2.2. Environmental Impact of Conventional Plastics

The environmentafootprint of conventionalplasticsspanstheir entire lifecycle, from
productionto disposal,affectingecosystems;limate,and humanhealth.Productionof
plastics,particularly PVC, is associatedvith the emissionof harmful substancesAs
notedby environmentakcientists PVC is consideredne of the mostenvironmentally
damagingplasticsdueto the releaseof dioxins during its productionand incineration.
Furthermoreplasticizerdike phthalatesusedto softenPVC, aresuspecteadarcinogens
thatcanleachinto the environmenduring the product'suseanddisposalphases®. The
inefficient managemenof plastic wasteexacerbatests environmentalimpact. In the
EuropearuUnion, despiteadvancedvastemanagemergystemsonly about30%of plastic
wasteis collectedfor recycling. This inefficiency resultsin a substantiaeconomidoss,
estimatedat betweent70 and U105 billion annually,representind5% of the value of
plastic packagingmaterial after a brief first-use cycle 1. The remainingplastic waste

oftenendsupin landfills or incinerationplants,contributingto soil andair pollution. The
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United NationsEnvironmentProgram(UNEP, 2014) hasquantifiedthe environmental
costof plasticusein the consumergoodssectorat (74 billion annually?™. Figurel.6
accountsfor various environmentalimpacts,including marine pollution, air pollution
from plasticincineration andgreenhousgasemissiongrom raw materialextractionand
processingNotably, marinepollution representshe largestdownstreantost,estimated
at 113 billion. Oceanpollution is a particularly visible and alarming consequencef
plastic wastemismanagemeri?. Approximately8 million tonsof plastic, representing
about2% of all plasticproducedgenterthe oceansannually®®. This pollution stemsfrom
various sources,including poor waste managemenpractices,inadequatelymanaged
landfills, tourist activities, fisheries,and evenroad runoff. The majority of this waste
entersthe oceansvia rivers, with a smallerportion comingdirectly from ships®%. While
large plastic debris in oceansis visually striking, recent researchsuggeststhat
microplasticsposean evengreaterconcern>®. Theseparticlesoriginatefrom both the
direct manufactureof microplasticslcommonlyusedin cosmeticslandthe degradation
of larger plastic items. The durability of plastic, once consideredan advantagenow
contributesto its persistentpresencen the environment®®. Even materialslike PVC,
whichcanmaintaintheirintegrity for decadesinderidealconditions gventuallyfragment
into microplastics. The pervasivenesf microplasticsin marine and freshwater
ecosystemsvorldwide is alarming. Thesetiny particleshavebeendetectedn various
aguaticenvironmentsraisingconcernsabouttheir potentialimpacton ecosystenhealth
andbiodiversity.Moreover theingestionof microplasticdy marinelife introduceghese
particles into the food chain, potentially affecting human health through seafood
consumptionThe environmentapersistencef plasticsis further compoundedy their
slowdegradatiomates Completebreakdowrof plasticmaterialscantakedecadesr even

centuries Jeadingto long-term accumulationin the environment.This persistencenot
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only affectscurrentecosystembut alsoposesalegacyissuefor futuregenerations.
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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 landfill$.

Unfortunately,the environmentalimpact of plasticsextendsbeyondtheir production
phase As the long carbonchainsin plastic productsbreakdown, they emit greenhouse
gasedike methaneand ethylene,which havea significantly higher warming potential
thancarbondioxide.Althoughtherateof gasemissiorvaries the sheewolumeof plastic
wastemountingto 4,900million metrictonsraisesconcernamongresearcheraboutits
contributionto globalemissions®.

The hazardsassociatedvith decomposingplasticsare not limited to greenhouseas
emissionsPlasticscontainmore thanjust oil; they areinfusedwith variouschemicals
suchasphthalatesbisphenol A BPA), andper and polyfluoroalkyl substanceBEA9
to enhancepropertieslike strength,flexibility, and color. As plastics degradeinto

microplasticsthesechemicaldeachinto the surroundingair, soil, andwater,leadingto
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a gradual contaminationof ecosystemsvorldwide. Researchersiave identified over
1,500chemicalsn plasticsthatposesuchrisks®°.

Even when plastics are not disposedof in landfills, they still pose environmental
challengeslncinerationand"chemicalrecycling"processethatconvertplasticbackinto

raw petrochemicalsfor fuel or new products also release substantialamounts of
greenhousgases®. A 2019reportindicatedthatplasticincinerationin the United States
alonegenerate$.9 million metric tons of carbondioxide emissionsgquivalentto the
emissionsfrom more than 1.2 million cars®. On a global scale,incineratingplastic
packagingcontributesapproximatelyl6 million metrictonsof carbondioxide annually.
Althoughchemicakecyclingclaimsto mitigatesomeemissiongy capturingenergyfrom
incineration,it remainsenvironmentallydetrimentaldueto the high energydemandof
convertingplasticwasteinto fuel 2. 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 increasimged for innovative materials that minimize
environmental impact, such as bioplastics, which aim to reduce dependence en fossil

based plastics while offering improved ewidife options.

1.3. Introduction to Bioplastics

1.3.1. Definition and Classification

The definition of bioplasticsis multifacetedand often misunderstoodiue to its broad
usagean describingvariousmaterials Bioplasticsaregenerallycategorizedasedn two
maincriteria:the sourceof theraw materialsandtheir biodegradabilityTheycanbebio-
based, meaning derived from renewable biological sources (such as plants,

microorganisms, or marine resources), or fossitbased but engineeredto be
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biodegradableBioplasticsaredivided into different categoriesyhich canbe classified
asbio-basedbiodegradableyr compostablenaterials Thetermis somewhaambiguous
becausdt doesnot guaranteethat the material is both bio-basedand biodegradable
(Figurel.7). For instance,plastic may be called "bio-based"evenif only 30% of its
compositionis derivedfrom biomasswhile the restcomesfrom fossilbasedmaterials.
Moreover, biodegradabilityis highly dependenbn environmentalconditions,suchas
temperatureand microbial activity, which affect how long it takesfor the materialto
decomposeThis complexity createschallengesn fully defining bioplasticsbasedon a

singlecriterion, necessitating clearerdistinctionbetweenbio-basedandbiodegradable

plastics*®®2
Bio-Based
Iy
) | bio-based and
bio-based biodegradable
materials i
materials

Bioplastics Bioplastics

e.g. bio-based PE, « €.g. PLA, PHA,
PET, PPT ' PBS, Starch
| Blends

Not biodegradable «-- » Biodegradable

Convention |

al plastics Bioplastics
e.g. nearly all  e.g. PBAT, PCL
conventional .
plastics | biodegradable
1 materials
Fossil-Based

Figure 1.7: Classification of bitbased and fosdilased polymers into biodegradable andiodegradable categories
46

Bioplasticscurrently accountfor roughly 0.5% of the over 400 million tons of plastic
produced each year. Production capacity for bioplastics is expectedto expand
significantly,growingfrom about2.18million tonsin 2023to approximately?.43million
tons by 2028 (Figure 1.8). With advancementsn materials like PLA, PHA, and

polyamidegPAs),bioplasticalternativesarenow availablefor nearlyeveryconventional
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plasticapplication.This growth underscorea shift towardsustainablenaterialsghatcan

helpmitigateenvironmentalmpactsandsupporta circulareconomy?®.
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Figure 1.8: global production capacities of bioplastics in 1000 tons (source : European Bioplastiasstitone) 3.

1.3.2. Properties and Applications

Bioplastics are often characterizedby their biodegradability and, in some cases,
compostability.Biodegradabilityrefersto the ability of materialsto breakdown into
smallercompoundshroughbiologicalprocessesyhile compostabilityis amorespecific
propertythatrequiresbioplasticso decomposenderdefinedconditionswithin acertain
timeframe resultingin nontoxic compostForabioplasticto belabelledascompostable,
it mustmeetstrict standardsuchasgEN 13432or ASTM D 6400,which stipulatecriteria
for decompositiorratesand ecotoxicity. However, the degradationof bioplasticscan
producebyproductslike carbondioxide and methanewhich may have environmental
implications.While manybioplasticsaredesignedo be biodegradabl®r compostable,
not all bio-basedplasticspossessheseproperties;some,like bio-PE or bio-PET, are
intendedfor durability ratherthan environmentadegradationThus,understandinghe
distinctions betweenbiodegradabilityand compostability along with the effects of

degradatiorbyproductson ecosystemss essentiahsthe bioplasticsindustrycontinues
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to evolve 185253 Taplel.1 delineateshe key distinctionsbetweenbiodegradableand
compostablenaterialslt highlightsthatcompostabilitycertificationdemandsdherence
to morerigorousstandardstenderingit a more preciselydefinedattributecomparedo
biodegradabilityNotably, while all compostablenaterialsareinherentlybiodegradable,
notall biodegradablenaterialsneetthecriteriafor compostability This nuancas crucial
for understandingthe environmentalimplications and proper disposal methodsfor

variouseccfriendly materials.

Table 11: keydistinctionsbetweerbiodegradabland compostablenaterials®.

Biodegradable Compostable
EN17033actsasthe standardor

Standards  biodegradablenulchfilms while ISO17556s v uStmeetthe
followed usedto determineaerobichiodegradatiomf ASTM D6400or
: EN 13432standarc
plastics
Durati >90%shouldbe convertedo CO2within two  Lessthanor equal
uration
years to threemonths
No physical

remnantsshouldbe

found,andnotoxic

byproductsshould
beproduced

No requirementegardingthe absencef

Byproducts remnants

All compostable
materialsare
biodegradable

y Nz

Logo & )

In thecontemporaryandscapehioplasticshavepermeatediversemarketsegmentsyith

All biodegradablenaterialsarenot

Interrelation
compostable

notableprominencein packaging,food services,agriculture,automotiveapplications,
textiles,andhealthcaresectorgFigure1.9) 54665 The packagingndustry,in particular,

haswitnessedignificantadoptionof bioplasticsaccountingor 48% (1.07 million tons)
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of thetotal bioplasticsmarketin 202256, This surgeis driven by the increasingdemand

for sustainabl@ackagingsolutions especiallyin food containersbottles,andbags®’.
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Figure 1.9: Global production capacities of bioplastics (by market segfient)

The agricultural sector has emergedas a key adopterof bioplastics,utilizing these
materialsin mulching films and planting pots to mitigate plastic wastein farming
practices®’. Notably, the global consumptionof plastic mulch films in agricultureis

estimatedat approximatelyl million tons annually, with a growing shift towards
biodegradablalternativeslueto stringentregulationson fossikbasedplastics®®. In the
automotive industry, major manufacturersare increasingly incorporating bio-based
polymerslike polybutyleneadipatterephthalat¢PBAT), PBS,PLA, PHA, andothersto

reducevehicle weight, therebydecreasingemissionsand fuel consumption European
associationprojectthat productionvolumesof thesepolymerswill reachover 170 KT

by 2024, signifying substantialgrowth in their technical applications within the
automotivesector®,

The bioplasticsmarket is experiencingrapid expansion,with projectionsindicating
growth from $9.22 billion in 2023 to $20.48billion by 2028, at a compoundannual

growth rate (CAGR) of 17.1%1°¢ (Figure 1.10) This growth trajectoryis attributedto
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rising environmentatoncernsevolvingconsumepreference$or ecofriendly products,

andtheimplementatiorof supportivegovernmentegulations
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Figure 1.10: Bioplasticgglobalmarketreport20249s,

1.3.3. Bioplastics: benefitsand innovative properties

a. Environmental Impact Mitigation

Bioplastics derived from renewablesourcesoffer a groundbreakingalternative to
traditional petroleumbased polymers. By harnessingplantbased materials, these
innovative substancessignificantly diminish reliance on finite fossil resources,
simultaneously curtailing greenhousegas emissions 6. Comprehensivelifecycle
assessmentsvealthatcertainbio-derivedplasticscanachievesubstantiatarbondioxide
reductioncomparedo theirconventionatounterpartsyith variationsdependingonraw
materials, product specifications, and intended applications ®*. These remarkable
characteristicsnake eceplastics a key toah the EuropeanUnion’'sarsenato combat
climatechangeandachieveits ambitiouscarbonneutralitygoalsby 2030.

b. Increasedresourceefficiency

The implementationof bioplasticsfostersa paradigmshift towardscircular economy

principles.By facilitating closedloop resourcecyclesandcascadingisestrategiesthese
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materialsmaximize efficiency throughouttheir lifecycle. This approachis particularly
effective when bioplastics products are designedfor reuse, recycling, or ultimate
conversioninto renewableenergy, thereby minimizing waste and maximizing value

extraction®.

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 petroledbased 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 ingitably 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.
Currentrecycling 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
specializd 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 matéhas

issue is further compounded by the fact that different types of bioplastics demand distinct
endof-life management approaches, adding another layer of complexity to waste

managemerft:"°
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1.3.5 Future Directions for Overcoming Challengedacing 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 pl&stics

In addition, the diversification of feedstocks is another promising avenue for addressing
the challenges associated with bioplastics. By incorporatingfauh biomass sources

like algae, agricultural waste, or even industriajgogducts, the industry caeduce 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 sustainabilitiy. 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 amket 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 produttidtublic awareness

and education are also integral to the widespread adoption of bioplastics. Clear labeling
standards that inform consumers about the proper disposal arul-éedoptions for
bioplastics can prevent contamination in recycling streamsiasure 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 product$®. 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 polgiepublic education, and circular economy
integration the challenges facing bioplastics can be effectively addressed, paving the way

for a more sustainable futufe
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2.1. Introduction toBr e w &pelbtGrain

2.1.1 Overview and Significance

The beer brewing industry has long been considered somewkhatditar sinceamajor

part of its organic sidetream, 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 environaheuistainability, this can

be a good management choice for theeconomy pl aci ng it bet ween
60reused6 i n t(Rigure. h)BIGe agyyifrcantmtprbductof thebrewing
industry,accountingor approximately85%of thetotal solid wastegeneratediuringbeer
production.For everyhectoliter(hL) of beerproducedaround20 kilogramsof BSG are

generatedi/lustrating the substantialolumeof this resource-.

PREPARING FOR RE-USE

RECYCLING

RECOVERY

DISPOSAL

Figure 2.1: waste hierarchyp.

Accordingto E u r o s2028repodrsthe EuropeanJnion producednearly 39.5million
hectolitersof beerin 2017, with projectionsindicating an increasein productionand
revenuegxpectedo reachti 1 5 9 mibidh By 20257 (Figure 2.2) Thistranslateso an
annual generationof over 6.4 million tons of BSG waste, presentinga significant

managementhallengegrom bothecologicalandeconomicperspectives.
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Figure 2.2: European Beer Producers and Breweries geographical distriBéition

BSG is primarily composed of lignocellulosic materials, including cellulose,
hemicellulose,and lignin, which constituteabout 70% of its weight. The remaining
compositionis largely protein,which canrangefrom 18%to 32% on a dry matterbasis
981 Despiteits high nutritional value, BSG is often underutilizedwhen disposedof
throughcompostingor landfilling. The high moisturecontentof BSGtypically between
60% and80% canleadto microbial degradatiorif not properlymanaged? Therefore,
drying andotherpreservatiormethodsare essentiato extendits shelflife andenhance
its usability. Currently,the primary useof BSGis asanimalfeeddueto its rich protein
andfiber content Approximately70% of BSG produceds utilized for livestockfeed®3,
However,thereis a growing interestin exploring alternativeapplicationsfor this by-
product. Beyond animal nutrition, BSG can be convertedinto energythrough direct

combustionor fermentationprocesse$o producebiogas.lt hasalsobeenidentifiedasa
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potentialbasematerialfor charcoalproductiondueto its calorific value®:. Furthermore,
recentinnovationshaveled to the explorationof BSG in variousapplicationssuchas
biodegradablg@ackagingmaterials paperproducts,andadsorbent$or Volatile Organic
Compounds(VOCs) 8. 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 hectolitse 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 feeign beer brands. Consumption trends reveal a relatively balanced market,
with ontrade (bars, restaurants) and-w#de (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
preferemes. 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.%)
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Figure 2.3: Economic data of EU beer production, consumption, import/export, and direct employment for the year
201946,

The brewing process generates a variety gbtmducts, each with distinct characteristics
and potential for reuse. As illustrated in Figure 2.4, thegerbglucts emerge at different
stages of beer production, contributing to a significant portion enthestry'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 complet 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 nutrigoch 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 hauegsand 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, makingrbguct utilization a key

aspect of the industry's future development.

é
-

Mashing Lauter Tun Wort Boiling Fermentation/Maturation

e Gy
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Figure 2.4: Overviewofbeemproductionandtheassociatedeneratiorof by-productsat eachstage basedan datafrom
Mathias et al. 8 . The percentagemdicatedrepresenthe proportion of total by-productsgeneratedhroughoutthe
entirebrewingprocess$®.

2.1.2Composition and Properties

BSG is a heterogeneouby-product primarily composedof the outer layersof barley
grains, including the husk, pericarp, and seed coat. These componentsencapsulate
residual amounts of endosperm,which may contain traces of un-digested starch

dependingon the efficiency of themashingorocesgFigure2.5).

DRIED

Figure 2.5: Fresh Brewer's Spent Grain (BSG) alongside its dehydrated {bjrBarley structuré
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The compositionof BSG is influencedby variousfactors,suchasthe barley variety,
malting andmashingconditions,andthe specificbrewingtechniquesmployed Jeading
to variability acrossdifferent breweries®l. Generally,BSG is rich in lignocellulosic
materials,with fiber (cellulose, hemicellulose,and lignin) constitutinga significant
portion often around70% of its composition.Hemicelluloseis particularly abundant,
primarily in theform of arabinoxylansyhile celluloseprovidesstructuralintegrity. The
proteincontenttypically rangedrom 15%to 25%,comprisingessentiaaminoacidsand
contributing to its nutritional value ’°. Additionally, BSG containsnotable levels of
mineralssuchascalcium,magnesiumandphosphorusaswell asvitaminsandphenolic
compoundsghatenhancats antioxidantproperties®. This diversecompositionnot only
underscoreshe potentialof BSG asa valuableresourceor animalfeedandbioenergy
but also highlights its applicability in developing sustainablebioplastics and other
innovativematerials.Table2.1illustratesthe variationsin the chemicalcompositionof

BSG sourcedrom variousbreweriesandanalyzedoy multiple laboratories

Table 21: ChemicalCompositiorof Brewer'sSpentGrainsAnalyzedby VariousResearciieamsPresentedn Grams
per100Gramsof Dry Matter; n.d. IndicatesNot Determinec?’.

Kanauchi Carvalheir Mussato Xiros Water Meneses

Component et88al. 0 and etal. S etal.
etal. Roberto 90 etal. 92
89 85 91
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 15.2 142 221 24.7
Lignin 11.9 21.7 27.8 115 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 applicatioi®$ie 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 atsa flexible matrix, helping to bind the
fibers together, while lignin adds rigidity and water resistance, ensuring structural

integrity %3,

BSGareessentiallymadeup of thevariouslayersof thegrainhuskusedin thefirst stages
of the beermakingprocessin fact, whenobserveduindera microscopeit is possibleto
seethesemany layersof fibers. (Figure2.6.a) showsan observationof a spelt particle
undera scanningelectronmicroscopeat magnificationof 100times,while (Figure2.6.b)
showsthe sameparticleat a magnification300timesmagnification.The bright spotson
the outerpartof the grain shellaresilicates. Thesemakeup around25% of the minerals

presenin spentgrain.
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Figure 2.6: Scanningelectronmicroscopyf BSGparticles (A) 100X; (B) 300X magnification®™,

It shouldbe notedthat the grainsusedto makebeercanvary greatly,andtheir choice
affectsthetasteof thefinal product.Barleyis generallyused,butit canbe blendedwith
othertypesof grain, suchaswheat,corn, rice, oatsandrye. In all casesspentgrains
consistof theinsolublepartsof thesedifferentgrains®.

The moisturecontentof spentgrain rangesfrom 77%to 85% on a massbasis®®** This
high-watercontenttogethemith its polysaccharidandproteincontentmakespenigrain
amaterialthatfavorsmicrobiologicalgrowth.It takegust 7 to 10 daysfor it to deteriorate
9 Thisraisesssuesoncerningts storagesandusein wetform. Drying spentgrainis an
alternativeway of prolongingits preservatiorandextendingts shelflife while reducing
the volume and massassociatedwvith this product. For example,when spentgrain

containsnearly76%water,its densityis 450kg/m? ' and257 kg/m?® at58%watercontent
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% In this way, the costsof storingandtransportinghis materialarealsoreduced®. As

mentionedearlier,the grainsusedin beerproductioncanvary dependingn the typesof

productssought.Thisaspecinfluencesheelementatompositiorof thespentgrainsand
their chemicalproperties Additionally, the conditionsunderwhich the grainsaregrown

and those used for malting can also influence the compositionof the spentgrains,
alongsidecertainprocesgparameters>.

In generalspentgrainsareprimarily composeaf fiberssuchascellulose hemicellulose,
and lignin, as well as proteins. Cellulose and hemicelluloseare madeup of sugars,
including xylose, arabinoseandglucose.In total, sugarsaccountfor nearly half of the

spentgrainson a dry weightbasis.Furthermorespentgrainscontainseveraimineralsin

varyingamountsTypically, silicon,phosphorusandcalciumarethethreemostabundant

15

2.1.2 Most commonuse

BSG is a highly versatile by-product generatedduring beer production, finding
applicationsacrossmultiple industriesdue to its rich lignocellulosic compositionand
availability (Figure 2.7) Primarily, BSGis usedin animalfeed,particularlyfor cattle,as
its high fiber and protein contentsupportsdigestibility and milk production,thoughits
high fiber poseschallengedor poultry feed®. It is alsoincorporatednto cow andlamb
feed,enhancingveightgainandmeatquality. Additionally, BSGcontaingrebioticssuch
as arabinoxylansand b-glucans,which improve gut health and promote beneficial
bacterialactivity in livestock®’.

In the food industry, BSG is increasinglyutilized as an ingredientin bread,cookies,
muffins, pasta,cereal bars, and yogurt, amongother products.lts dietary fiber aids
cholesterohndfat eliminationwhile its phenoliccompoundsctasantioxidantspffering

potentialprotectionagainstchronicdiseasesk-urthermore BSG supportsthe growth of
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microorganisms, fungi, and bacteria, making it a valuable raw material for
biotechnologicahpplications'®.

As a bioenergyresource BSG servesin biorefinery processeso producebiomethane,
electricity, thermal energy, and fertilizers. Theseintegratedprocesseslign with the
principles of the circular bioeconomy,reducing waste and transforming BSG into
valuableenergysourcesVermicompostingurtherextendsts usein agricultureasa soil
improver, enhancingmineralizationand stabilizationwhen processedvith earthworms
and microorganisms®®. BSG's low cost, yearround availability, and valuable
compositiormakeit apromisingraw materialfor biotechnologicainnovationsjncluding
enzymeproduction fermentationprocessesandbio-basedproductdevelopment®8297
Figure2.7 highlightsthe advantagesf BSG wheresubstantiajuantitiesof BSG canbe

utilized to producehighervalueproductsjncluding polymersandcompositematerials.

Cellulose

Hemicellulose

Proteins

Applications

Figure 2.7: KeyComponent®f! 2 & lzigdocellulosiBiomassand Their DiverseApplications®,

2.2From Agri-Food Wasteto Biopolymers
Accordingto theFoodandAgricultureOrganizationFAO) 2019annuakeport,agri-food
productionworldwide wasaround1.3 billion tons®®. The global challengeof unutilized

food resourcesnddiscardecediblematerialsposessignificanteconomicandecological
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concerng®1% Theseunderutilizedor rejectedfoodstuffs,oftenrich in essentiahutrients
suchasvitamins,minerals dietaryfiber, andproteins fail to meetstringentfood industry
standardsprecludingtheir direct reintegrationinto the humanfood supply chain 1°2,
Consequentlythesevaluableagriculturalandfood processingesiduesrequentlyendup
classified as waste, destined for disposal methodslike landfilling, which further
exacerbategnvironmentalissues'®?. The magnitudeof this problemunderscoreshe
urgentneedfor innovativesolutionsto mitigatethe negativeimpactsassociateavith the
impropemMmanagemertdf thesenutrientdenseyetcommerciallyunsuitablefood-derived
materials'®® Alternatively,organicfood wastecanalsobe convertednto materialswith
substantialaddedvalue, sparkinggrowing interestin its usefor bioplasticproduction.
Richin proteinsandpolysaccharidesgnewablesourcesuchascaseint®, pearpomace,
ricotta whey 19 watermelon!®, starch,sugarcanéagasseulp 1%/, bananapeels®,
lignocellulosiccropresidues®, soybearvil 1%, grasspeall?!, andalgaeoffer sustainable
alternativesfor creatingecofriendly bioplastics!? Table2.2 summarizeghe primary
polymersderivedfrom thesefood lossesandwaste(FLWSs), highlightingthe potentialfor

environmentallyconsciousnaterials.




SALIM BRAHIMI CHAPTER?2

Table 22: Keypolymerclasseslerivedfrom FLW sources2,
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The productionof biobasedpolymersfrom renewablesourcesand microbial synthesis
hasthe advantageof being cheap,scalableand having minimal environmentaimpact
comparedwith the chemical synthesisof plastics from fossil source!!®. The most
common applications for bioplastics derived from agrifood waste include food
packaging, hygiene products, coatings, scaffolding, absorbentand superabsorbent
materialsaswell asagriculture automotive constructiorandmedicalmaterialst'® PLA,
derivedfrom renewableesourcedike cornstarcrandsugarcanehasshownpotentialin
food packaginganddisposabléablewareapplications*>. PBS,producedrom bio-based

succinicacidandl,4-butanedioldemonstratesxcellentbiodegradabilittandmechanical
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propertiessuitablefor agriculturalfilms 6. PCL, known for its low melting point and
high elongation at break, has been explored for medical applications'”. PHA,

synthesizedby microorganismdhavegarneredttentionfor theirversatilityandcomplete
biodegradability!8. Various agri-food wasteshave beeninvestigatedas substrategor

thesebioplasticsjncludingolive pomaceBSG, andsugarcanéagassé!® 12!, However,
manyof theseresiduegequirepretreatmento yield simplesugarsandfats morereadily
usedby microorganismsr chemicalprocessesFor instance lignocellulosicbiomass
oftenundergoegnzymaticydrolysisor chemicalpretreatmenbeforeusein PLA or PBS
production?2, The diversity of agri-food wastesavailable for bioplastic production
highlights the potential for creatinga more sustainableand circular economyin the
plastics industry. Nonetheless,optimizing pretreatmentmethods and conversion
processesor eachspecific wastestreamand polymertype remainsa key challengein

makingtheseapproachesconomicallyiableon alargescale.

2.3 Useof Agri-Food WasteasFiller

Beyondusingagri-food wasteto generatebuilding blocksfor biopolymersynthesigas
outlinedin Section2.2), food lossesand wastecan also serveasfillers in plasticsor
bioplastics Commonbioproductausedasfillers includelignocellulosicmaterials starch,
andfats extractedrom food waste with the proteincontentoften directedtowardlower
valueuses,suchasanimalfeed.Increasingnterestin this areais driving researcherto
explore innovative methodsfor incorporatingagri-food wastebasedfillers in varying
proportionsinto boththermoplasti@ndthermosepolymers*6:123
Numerousstudieshave exploredthe biodegradabilityof biocompositederived from
agricultural waste, aiming to encouragelargescale industrial adoption of these
sustainable materials. Researchershave investigated blending petroleumbased

thermoplasticsuchas high-densityHDPE, PP, and PVC with fillers obtainedfrom a
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wide variety of agriculturalby-products.Theseincluderesiduedrom grain processing,
rice cultivation, nut production, and fiber crops like hemp, jute, and sisal 114124
Additionally, petroleumbasedthermosetpolymeric matrices,including epoxy resin,
polyesterandbiodegradablgolymerslike PBAT andPBS 112 havebeencombined
with natural fibers to create biocomposites!?®. These materials show promise for
lightweightstructuralapplicationgn the constructiorindustry,suchasinsulationboards,

roofing sheetsandtiles %7,




Chapter3: Enhancing BiobasedCompositesPerformance: 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 andntile
behavior 122 Common plasticizers in bioplastics include polyols such as glycerol,
sorbitol, and sugars like fructose and sucr8eFor instance, glycerol and sorbitol
improve tensile strength and elongation at break in staaskd films but may reduce
biodegradability, as observed in potato starch bioplastics (Figur&3.1)

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'32 Similarly, chitosarbased films
plasticized with glycerol and crodisked with citric acid exhibited increased thickness

and weight, degrading fully in soil within 98 days without specialized conditidns

Plasticizers
g Ultimate tensile water vapor
'IE == Strength Permeability ;
o L.
o a
= g
E - Young’s BiOPIGSﬁCS Water contact '2
g Modulus angle + _g
= o
£ 2,
g &
= +

Elongation oxygen mmm

at break permeability
Plasticizers

Figure 3.1: Impact of Plasticizer Addition on the Mechanical and Physical Properties of Bioplastic Mdtérials
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3.1.1 Shift Toward BioDerived Plasticizers

Despite the efficacy of conventional plasticizers, industry trends favor bieteassed
alternatives due to environmental and health concerns:bd&&ed plasticizers are
prioritized for their low toxicity, resistance to leaching, eeectiveness, and
compatibility with various polymer matricé®. The transition to bialerived options not

only aligns with sustainability goals but also addresses consumer demand for safer and
more environmentally friendly products. Among the notabledaoved plasticizers,
Pedalium murex (PM) extract has been shdw 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®. Similarly, epoxidizedsoybean 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 tensilerggth of 14.21 MP&%. In
addition to PM and ESOM, several other-dierived 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®®. Moreover, citric acid esters are gaining attention asbhsed
plasticizers due to their multifunctional properties. They not only act as plasticizers but
also provide crosBnking capabilities that can enhance the mechanical strength of
bioplastics (kure 3.2). This dual functionality makes citric acid esters particularly
valuable in applications requiring both flexibility and structural intedftyGlycerol and

sorbitol remain popular choices among-besed plasticizers due to their availability and
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effectiveness in enhancing the mechanical properties of dvasgd bioplastics.
Research indicates that incorporating glycerol can significantly increase elongation at
break while improving moisture absorption characteristitsHowever, 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 inmevétio-based
plasticizers'?®14% These materials exhibit enhanced transparency and thermal stability
compared to conventional plasticizers while being biologically safe and demonstrating
lower migration rates in leaching tesf§ The continued exploration of biterived
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 performancef bioplastics but also contribute to reducing

environmental impact.

Figure 3.2: Design and Mechanisms of BBased Plasticizers: Sources and Structauaction Insightsise.
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3.2 Surfactants

Surfactants, or surfaesctive agents, are compounds that possess both hydrophilic
(waterattracting) and hydrophobic (watepelling) groups. This unique structure
enables them to enhance the compatibility between polar ardat@npolymers, 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 moleculesiligh bioplastic

matrix, promoting various degradation mechanisms and ultimately enhancing

biodegradability*4.

3.2.1 Types of Surfactants and Their Functions

Among the innovative surfactants being explored are ionic kbaskd surfactants
(ILBSs), which have low melting points that can significantly enhance compatibilization
efficiency in bioplastic formulationd*2. These surfactants have shown promise in
improving the physicochemical properties of bioplastics, making them more suitable for
various applications'*>. 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 andtrengtht44.

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 glycEfoIMEL 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 moisturé®®. 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 bioplastfés

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 wimime
facilitates processes like wetting, spreading, and emulsification.

b. Formation of Micelles and Aggregates

Above a critical concentration, surfactants sa§emble 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 physichlemical 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 lgytgso
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rather than antigepresenting cell258.

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 biologipalieations.

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, imgdndving

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 deeomgies
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 structfifes

3.3 CrossLinkers and Coupling Agents

The use of crosbnkers and coupling agents in bioplastics has garnered significant
attention due to their ability to enhance the mechanical properties, biodegradability, and
overall performance of these materidf. Recent studies have highlighted the
effectiveness of natural crebeking agents, such as cinnamaldehyde, which has been
shown to improve the structural integrity of gliadiased films by increasing cress

linking density, thereby reducing water absmptand 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 motffh€onversely, 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!4®. Furthermore, the exploration of double crbisking networks
involving cellulose nanofibers and zinc oxide (ZnO) nanopatrticles has revealed that these
formulations exhibit remarkable improvements in tensile strength and water resistance
compared to purstarchbased bioplastic¥®. The application of silane coupling agents,
such as @aaminopropyl trimethoxysilane, has also been investigated; Yang et al. reported
enhanced mechanical properties and stability in stpcixidized soybean oil composites

due to improved compatibility®’. 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 understangliof 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 higberformance bioplastics. However, research has shown that
polymer blends often exhibit poor compatibility, leading to diminished mechanical,
thermal, and rheological properties. This incompatibiiginly arises from differences

in polarity where one component is hydrophobic and the other hydrophilic necessitating
the use of compatibilizers to enhance molecular interactddriGompatibilizers function
similarly to surfactants by facilitating interactions between immiscible pHa&ethe

term also applies to polymeric materials that possess intermediate affinity between the




SaLIM BRAHIMI CHAPTER3

matrix polymer and reinforcing particlé®. For instanceA bioplastic was developed
using Spirulina platensis, a type of microalgae, as the primatydsied raw material. In

this formulation, polyvinyl alcohol (PVA) served as the main polymer matrix, while
glycerol was added as a plasticizer to enhance théitiex 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 combinatiot only leverages renewable resources but also
aims to produce a biodegradable and environmentally friendly plastic alternative with
improved mechanical properties and stabitity Similarly, Gug et al. studied an
immiscible blend of PLA and polyamide 11, where a compatibilization strategy
involving an estdramide exchange reaction during extrusion led to improved tensile
strength and elongatiof?’. 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 atttegiese findings
underscore the critical role of compatibilizers in optimizing the structural integrity and

performance of biopolymdrased 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 oxpden a
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 factaena&lthe
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 (Figuré>3.3p 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 arehlyjigoxidizable, 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 retentiaithin the polymer). Additionally, these additives
should be useifriendly, economically viable, and compliant with safety and
environmental regulations. Due to stringent toxicity and migration standards imposed by
health authorities, many synthetic antdants 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 anemgratory alternatives that

meet health, and consumemnunds while ensuring safety in polymer applications.
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Figure 3.3: Key Factors Influencing Oxidative Degradation Mechanisms in Poly#grs
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4.1 Introduction

This chapterprovidesthe technicaldatapertainingto the materialinvestigatedn this
study, the protocol for processingBrewer's spent grain, as well as the procedures
employedin the developmenbf the biocompositesAdditionally, the nomenclatureof
the formulationsstudiedin this researchs outlined. The experimentakcharacterization
techniquesisedto analyzeandevaluatethe propertiesof the materialsproducedarealso

presented.

4.2 Materials

4.2.1Polymer matrix

The PBS usedin this work is brandedas TH803S a biodegradableand compostable
polybutylenesuccinatgroducedy Xinjiang Blue RidgeTunheChemicalindustry.This
gradefeaturesa densityof 1.26g/cm3andis characterizedby its naturalwhite color and
otherpropertiesshownin the Table 4.1 belowl' he molecularformulafor PBSis shown

in the schemebelow:

Il OH

poly(butylene succinate)

Figure 4.1: (a) PBS(TH803S)granules,(b) its molecularformula.

The raw materialsusedin the productionof PBS include 1,4-butanediol(BDO) and
succinicacid, which contributeto its biodegradableroperties.This resinis primarily

utilized in various applicationssuch as injection molding for tablewareand cutlery,
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textiles, fishing nets, engineeringcomponentsand medical applications.PBS meets
severalinternationalstandardsor biodegradability,including EN 13432 and ASTM
6400, ensuringthat it can decomposento carbondioxide, water, and biomassunder
compostingconditions.In additionto its environmentabenefits,PBS offers excellent
mechanicalperformancecomparableto traditional plasticslike PP and Acrylonitrile
ButadieneStyrene (ABS), makingit a versatilechoicein the marketfor biodegradable
plastics.

Table 41: Typical Physicaland MechanicalPropertiesof PBS(TH803S)16°,

Property Unit ngllssl TestMethod
MFR (190°C, 2160g)  g/10min 25-30 1ISO1133
Density g/cm3 1.27 ISO1183
Moisture % 00. 05 GB/T14190
Melting Point °C 114 ISO 11357
ShoreHardness D/15 68 ISO868
Tensile Strength MPa 41 ISO527
Elongation % 290 ISO527
HDT B/Tf0.45 °C 87 ISO751:2013& ISO752:2
Flexural Strength MPa 35 1ISO178:2010/Amd.1:2013
Flexural Modulus MPa 610 ISO178:2010/Amd.1:2013
1zod Impact KI/m? 6 1SO180:2000/Amd.2:2013
Strength

4.2.2Brewer's SpentGrain asfiller

BSG, a by-product of lager beer production,was obtainedpre-dried from Birrificio
Messinain Italy andprimarily consistsof barleymalt (Figure4.2). BSG playsa crucial
role in the brewingindustry,asit constitutesapproximately85% of the total solid waste
generatedduring the beerbrewing process.This by-productis recognizedfor its high
nutritional value, making it a potential resourcefor various applications.BSG is
particularly rich in carbohydratescomprisingover 50 wt.%, which include essential
polysaccharidesuch as cellulose,hemicellulose and lignin. Additionally, it contains

approximately20 wt.% proteins,further enhancingts utility asa nutrientrich material.
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ThesecharacteristicsnakeBSG an attractivecandidatdor sustainablendvalueadded
usesjncludinganimalfeed,bioenergyproduction,and

biopolymerdevelopmentaligningwith circulareconomyprinciples

OCH, OH

R OH
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OH
HOCH, 0, OH "
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OH . OH 4
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Figure 4.2: (a) Macroscopi@ppearancefusedBSG,(b) very polarfractionin BSGchemicatomposition.

4.2 3 BSGtreatment

BSG undergoesa meticulousmilling processo optimizeits characteristicgor further
applications Prior to characterizationthe BSG was processedn an herbgrinderfor a
durationof 5 minutesat a frequencyof 50 Hz and a rotation speedof 25,000rpm. To
preventoverheatingandensureheintegrity of the grain,the grinderwasallowedto cool
for 1 minute after eachminute of operation.Following milling, the resulting powder
underwenta sievingtreatmento achievespecificgranulometricsizes:53um <A <100

pmanda > 100um (asillustratedin Figure4.3).
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Figure 4.3: laboratorypreparation oBSG bydrying, grinding, andsieving

4.2 4 Compatibilizers and Interfacial Enhancement

Liquid and granular additives play a crucial role in enhancingthe compatibility,
performanceand stability of PBSBSG compositemixturesby addressinghe inherent
disparitiesbetweenthe hydrophobicpolymer matrix andthe hydrophilic BSGfiller. In

this study,several additives, as detailed in Section 4.2.6, were incorporated to enhance
the compositeds performance, including pl
(ESOP) and glycerol (Gly) to improve flexibility and polymer chain mobility.
Antioxidants suclas (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 componerESOPintroducesepoxygroupsthat promoteinteraction
betweenPBS and BSG, resultingin better dispersion,reducedphaseseparationand
improvedmechanicahndthermalstability. TC actsasa powerfulantioxidant protecting

the composite against oxidative degradationduring processingand throughout its
lifecycle, thereby extendingits durability and maintaining structural integrity under
stress.Glycerol, asa plasticizer,enhanceghainmobility within the matrix, improving

flow during processingandcontributingto greaterflexibility andelongationin thefinal
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material. Meanwhile,Vanetti masterbatclyranulesensureuniform distributionof BSG
particles,preventingagglomeratiorand enhancindfiller dispersionwhich strengthens
mechanicapropertiesandensuresonsistencyacrosshe composite Collectively, these
additivessignificantly improvethe ma t e rflexiilityd thermalstability, and overall

durability.

4.2 5 Blend preparation

Prior to blending,BSG samplespre-dried upon receiptfrom the brewery,underwent
additionaldrying in a convectionovenat 80 °C for 4 hoursto further reducemoisture
content less than to 2 wt.%The processedBSG, characterizedby an elongated
morphologywith an averagedry lengthof 5.313mm (or 6.462mm whenwet, with a

humidity level below 2 wt.%), wassubjectedo grindingusinga RETSCHMM301 ball

mill operatingat a frequencyof 20 Hz for 30 minutes.Following milling, the material
was sievedusing a Filtra Vibration apparatugmodel Filtra IRIS FTL-0200)to isolate

particlessmallerthan100um in diameter(Figure4.5).




SaLiM BRAHIMI CHAPTER4

(b)

5 2 B
e ~~
@

N

@

=]

i3

g

=4

g

g

o

z

)

@

=

2.

<

n

o

P I I

]

Intensity (Percent)

o2 M e o

1 1 10 100 1000 10000
Size (d.nm)

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 sizeg)(particle size distribution analysis of BSG with mesh size <100 um

Sampleswith different compositionsof PBS/BSGwere preparedusing two distinct
techniques

a) Melt mixing and thermoforming: Thismethodwasusedo producedog-boneshaped
specimengor mechanicabndphysicalevaluationsCompositematerialswereprepared
by co-extruding PBS with varying weight percentageof BSG using a Brabender
PlasticordeiPL1100(Belotti InstrumentsPeschieradBorromeo,Milan, Italy). The melt
mixing processwvas conductedat 140 °C for 15 minuteswith a rotor speedof 40 rpm.
Realtime monitoring of torque during processingwas facilitated by the "WINMIX"
software(Figure 45). Theresultingcompositdormulationsyaryingin BSGloading,are
outlinedin Table4.2 Theblendedmaterialsweresubsequentlfhermoformednto 6 cm
X 6 cm sheets]l mmthick, usinga hydraulicpressunderspecificconditions:140°C for
7 minutesat 0 Mpa, 5 minutesat 50 Mpa, and3 minutesat 100 Mpa. The sheetswere

thencutinto ASTM D638 compliantdog boneshaped samplassinga Ray-run cutting
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maching(Figure4.6).

Thermoforming

M-\
Preheating Press molding Cooling

i —_— i »
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Figure 4.5: Melt mixing and thermoformingprocess of PBBSGcomposites

b) Extrusion and injection molding: This methodwasemployedto fabricatesimple
shapedgrototypesamplesA COLLIN extruderfmodelZK 25T x 18/24D)equippedwith
a spindlespinningsystemanda final pelletizer(COLLIN TeachLine StrandPelletizer,
COLLIN Lab & Pilot SolutionsGmbH, Maitenbeth,Germany)was usedto produce
pelletsfrom PBSBSG compositesvith varyingfiller loadings(Figure 4.6) Theextruder
featuredfour independenheatingzonessetto T1 = 60 °C, T2 = 115°C, T3 = 130°C,
and T4 = 150 °C, with an extrusionspeedof 35 rpm. The pelletswere subsequently
injectionrmoldedinto final formsusingaMegaTECHH7/18-i DuebimachingFabriano,
Ancona,ltaly) underthe following operationalconditions:T1 = 130°C, T2 = 135°C,

andT3=135°C at25rpm.
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Figure 4.6: Extrusion andinjectionmolding processesf PBSBSGcomposites

c. Pellet extrusionbased 3D printing

The third fabrication method, pellbasedFused Granulate Fabrication (FGF) 3D
printing, using PBVBSG composite pellets to manufacture dbmme specimens and
prototype objects. Unlike filameittased printing, which relies on pegtruded spools,

FGF employs a scredriven extrusion system to directly process gisl{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 (13%0°C) and a heated build plate (~8D) to enhance
adhesion and minimize warping. At lower BSG contents1$86), the material
demonstrated excellent flowability, smooth surface finish, and strong interlayer bonding.

Compared to injection molding and thermoforming, HeziSed 3D printing enads 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-Vmume biodegradable
applications. Additionally, using pellets as feedstock reduces material costs and expands

material accessibility.

__— Motor Coupler

———— Hopper

—== Pellets

Barrel

Screw

Figure 47: 3D Printing of PBSBSG Composites Using FilameBased Printing.

4.2 6 Formulation used

In this work | explored the development of PB#sed composites reinforced with
varying proportions of BSG to assess their mechanical, thermal, and physical properties.
BSG content was systematically varied from 5%Q@&4y weight(Table4.2), allowing

a comprehensive evaluation of its effects on composite performance. Composites with
low BSG content (615%) were designed to investigate initial improvements in
biodegradability and mechanical strength while maintaining good processability.
Medium-content formulations (2B0%) aimed at striking an optimbalance between

biodegradability, cosgffectiveness, and material performance. Finally, high BSG




SaLiM BRAHIMI CHAPTER4

loadings 40%) wasincorporated 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 ofB8% composites

as sustainable, bibased alternatives in material engineering. These formulations were
prepared using the static mixing method and subsequently thermoformed with a hydraulic
press at 140C under a controlled pressure sequence: 7 minutes at 0 bar, 5a@nhbce

bar, and 3 minutes at 100 bar. The resulting 6 cm x 6 cm sheets, with a thickness of 1
mm, were then cut into ddgoneshaped specimens using a Rap cutting machine,
following the ASTM D638 standartP’. The samples exhibited a color transition from
white (pure PBS) to progressively darker brown with increasing BSG content, as
illustrated in (Figure.®). This formulation approach ensures a systematic investigation

of BSGPBS composites as sustainable;bésed alternatives for material applications.

RS

Figure 4.8: Visual Comparison of Composite Sheets: Representative sh@gisuoé PBS (b) PBSBSGh, (C)PBS
BSG10, ) PBSBSG, and () PBSBSG30, showcasing the progressive color change from white to darker brown
with increasing BSG content.
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Table 42: Identification code andomposition, torqueandmelt flow index of the different PBBSG bio composites
tested in this work

Sample code PBS ~ BSG MFI T (6min)
[Wt.%] [wt.%] [9/10 min]? [Nm]®
PBS 100 0 22.78 5230
PBSBSG5 95 5 20.30 3707
PBSBSG10 90 10 20.13 4505
PBSBSG20 80 20 19.96 8631
PBSBSG25 75 25 18.85 7824
PBSBSG30 70 30 17.31 7830
PBSBSG40 60 40 17.78 4583

&) MFI: melt flow index (g/10 mil ® T: Torqueafter 6 min(Nm).

4.27 Additives used incompositeformulations

a) Antioxidant (TC)

TCwas incorporated as an antioxidan? att.% and 4 wt.%4o enhance oxidative stability
during both processing and storad@gure 49). Its ability to neutralize free radicals
prevents polymer degradation, ensuring kbegn durability. Additionally, its biological
activity provides potential health benefits, making it particularly valuable in applications
requiring biocompatibility, sut as foodcontact materials and biomedical devices. By
stabilizing the polymer matrixTC extends the lifespan of the composite without
compromising its ecériendly natureThe chemical formula of the additive TC cannot be

shown for confidentiality reassrrelated to the Life Restart project.
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Dog boneshaped
samples

Ll
L

Figure 4.9: TC format(top); PBSBSG composite blends incorporating 2 wt.% and 4 wi.@ presented as square
sheets andog boneshaped sampléottom).

Sample Sheets

PBSBSG30TC2

PBSBSG30TC4

b) Citric Acid (CA)

CA added at 2 wt.%and 4 wt.%acts as a haturabupling agenfFigure 4.0), to promote
interfacial adhesion between componemtdthe processabilitpf 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 polymeffiller interfaces optimizes stress distributioitivin the matrix, leading

to better toughness and ductility. As a ftoric, biodegradable additive, citric acid

ensures an environmentally sustainable approach to improving conpréttenance.
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Figure 4.10: Structural representation @itric Acid (CA) and its chemical formula (top); PESG composite blends

incorporating 2 wt.% and 4 wt.%CA, presented as square sheets@oglboneshaped samplébottom).

c) Plasticizer (ESOP)

EpoxidizedSoybeanQil (ESOP) was introduced a2 wt.% and 4wt.% as a biebased
plasticizer(Figure 4.1), 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 matial. ES@06 s

sustainable alternative to conventional plasticizers, aligning with themtszious goals

renewab]! e-toxcrnatgrée makeaitnad

of biopolymer development while maintaining essential mechanical properties.

non
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Figure 4. 11 Structural representation oESOP and its chemical formula (top); PEESSG composite blends
incorporating 2 wt.% and 4 wt.% ESP), presented as square sheets dog boneshaped samplder mechanical
testing (bottom).

d) Plasticizer (Gly)

Glycerol (Gly), purchased by Ricci, is a dense, viscous, and sweetish colorless liquid at
room temperaturé-igure 4.12) The presence of three hydroxyDH) groups makes it
highly miscible with water in any proportion, enhancing its role as a versatile plasticizer.
Industrially obtained as a iyroduct of soap production, glycerol is widely utilized in the
pharmaceuticabosmetic, and food industries, where it is designated as the food additive
E422. In polymer applications, glycerol acts as a natlaatipizer, 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 integrationo thie polymer matrix. Its ability to modify
material properties without compromising biodegradability makes it a valuable additive

for sustainable composite developméntthis study Gly was introduced at 2 wt.% and 4
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wt.% asplasticizer(4.13).

OH
HO\)\/OH

Dog boneshaped
samples

1
il

Figure 4.12: Structural representation of Glycerol (Gly) and its chemical formula (top)-BP8S composite blends
incorporating 2 wt.% and 4 wt.% Gly, presented as square sheetagnbdoneshaped samplésr mechanical testing
(bottom).

Sample Sheets

PBS-BSG30Gly2

PBS-BSG30Gly4

4.3 Experimental Techniques

4.3.1Mechanical Characterization Tests

Tensile propertiesof neatPBS, PBS/BSGblends,and PBS/BSGblendsincorporating
additiveswere meticulouslyevaluatedusing a Lloyd LR10K Universal Dynamometer
machineg(Elisi Electronicinstruments SystemsS.r.l.,Rome,ltaly), adheringstrictly to
the ASTM D638-03 standardFigure 4.B). Dog boneshaped samplageresubjectedo
atensileloadataconstantrossheadpeeddf 2 mm/min,with apreloadof 1.00N applied
to ensureconsisteninitial conditions.A 0.5 kN load cell wasemployedto accurately
measureahe force exertedon the sampleghroughoutthe test. Testswereconductedat a

roomtemperaturef & 25 °C andarelativehumidity of & 21%to minimizeenvironmental
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influencesonthematerialbehaviorY o u nngodutus(E, in MPa),ameasuref stiffness,
andstressatbreak( Gin MPa),indicativeof tensilestrengthweredeterminedrom the
resultingstressstraincurves.To ensurestatisticalreliability, datawasacquiredrom five
samplesfor eachformulation, and the reportedvaluesrepresenthe averageof these

measurements.

Overall Length

(b) 4&

Fillet

Testlength | odius
i}

)\

1
|
est Dial
— —
1
1
1]
1
1
|
Crimping
Diameter

Figure 4.13: (a) Tensile test specimen positioned within the tensile testing machine during mechanical evaluation;
(b) Standard "dog boneshaped specimen commonly used for conventional tensile testing

To evaluate the hardness of RBSG composites, a Shore Scale D Duromigtes PCE
HT210was utilized, adhering strictly to the ASTM D 2280 standard®. The dumbbell
shaped sampleas placed on a flat surface and subjected to indentation by the durometer

for a duration oP 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 S310- Series 178. The arithmetic mean roughness (Ra) is defined by the

following equationt®*:
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Y& -B 0¥ (1)

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. fekéyre 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 speddmm/s. All data are

transmitted to a computer connected to the instrument, which displays the sample surface.

4.33 Melt flow index (MFI)

The polymer blends were evaluated in gravimetric mode (@90.16 kg) by a measuring
device (Meltflixer ST, HAAKE Instruments Inc., Type 58647) equipped with an
encoder that measures piston displacement, following the ASTM BAR3&ndard¥.
Approximately 5 g of the material is loaded into the barrel of the melt flow apparatus,
which has been heated up to 19D. 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 wapeated 5 times.

4.3.4Thermal Properties Characterization

Differential scanningcalorimetry (DSC) was conductedusing a Thermal Analysis
System Discovery DSC 250 (TA Instruments, USARdera nitrogenatmospheravith

a 20 mL/min purge flow rate. Approximately 10 mg of eachsamplewas analyzed
following a heatcookheatprocedureThe sampleswverefirst heatedrrom 25 °C to 200

°C atarateof 10 °C/minto eliminatethermalhistory,thencooledto 25 °C andreheated
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to 200°C.

Thermal stability and degradation properties of the samples were assessed using
thermogravimetric analysis (TGA) with a STA RD00 thermogravimetric analyzer

(Linseis, Messgerate, Germany). Tlanpleswere heatedfrom 25 °C to 450 °C ata
constanheatingrateof 10 °C/min underanitrogenflow of 20 mL/min. Masslossupon

heatingand the onsettemperatureof thermal degradationwere recorded.The data
representhemeanvaluesfrom threeindependengxperimentgor eachsampleto ensure
accuracyandreliability. The crystalli zat i dwasrecordddaHilgpy v ar
the crystallization temperature {)Tand the melting temperatures{)Twere obtained

from the peak temperature of respectively exotherm and endotherm.

The degr ee odwascalguatedukingithe mathgmatical formula reported

in Equation 2:

w P >0 tpmm (2)
PR, U
FOtPe prin

wher g ahdre kxperimental melting enthalpy, and the theoretical heat of
fusion of 100 % c=r1403tIa), lespectevelyPaBdEw i$ deHweight
fractionof the additivesn the formulation

4.3.5 PyrolysisGas Chromatographyi Mass Spectrometry (PyrolysisGCi MS)

The thermal degradation behavior and volatile decomposition products eB8830

and PBSBSG30TC2 composites were investigated using Pyrolzas
ChromatographiyMass Spectrometry (PECIMS). Approximately 2.5 mg of each
sample was placed inside a quautze, sealed at both ends with quartz wool, and mounted
on a platinum filament. Prior to pyrolysis, each sample was purged withphily

helium for approximately 10 minutes to eliminate residual oxygen and ensure an inert
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atmosphere.

Pyrolysis was performed at a fixed temper e
(CDS Analytical) operating in direct mode
holding time of 15 seconds. The pyrolysis process was synchronized with tMS5C

analysis to allow reatime 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.

4.3.6Color 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
I'Eclairage) 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
bet ween red (+a*) and green (Ta*),; and b*
and blue (1Tb*) [13,24].

The total c¢™ Was calcdated usiggethe follping formula:

<X0] a0 0] S (3)
wher e oL*, pa * , and ob* represevtpostrdhe di f
values. A | ower o@E* value corresponds to

stability under weathering conditions.
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4.3.7 Scanningelectron microscope(SEM)

The fracturesurfacesof dog boneshapedspecimensbrokenafter tensiletesting,were
examinedusing scanningelectronmicroscopy(SEM) to analyzetheir microstructural
features A Carl ZeissCrossbeanb40 microscopgGmbH, 07745Jena,Germany)was
utilized at an acceleratingvoltageof 5 kV, with imagescapturedat magnificationsof
5000 and 10000X To ensure electrical conductivity and high-quality imaging,
specimensverecoatedwith athin layerof gold usingaQuorumQ150T-ESsputtercoater
(QuorumTechnologied.imited, WestSussexRH192HL, UnitedKingdom).

4.38 Biodegradation characterization

The biodegradability of PBBSG 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.fMhe test was conducted at room temperature (25 £ 2
°C) under ambient humidity using dog besteaped specimens (thickness: 1 mm)
prepared from pure PBS and RBSG30 composite sheefsee figure 4.14)Samples
were periodically extracted at 1, 2, and 3 months for analysis.

Standard test method for determining aerobic The soil is wetted 2
biodegradation of plastic materialsin soil times/dayto keep the
humidity high

— aes e Em > V) Each month, samples are
/ taken, washed with water,

| towel-dried and tested
Samples buried,
wrapped in sterile
gauze

Figure 4.14: Biodegradation test setup illustrating ASTM D5948 and ISO 17556:2019 methodologies.

4.39 Accelerated weathering test
To evaluate the longerm durability and environmental resistance of PBS andBP8S
composites, an accelerated weathering test was conducted following ISG 4892

2+A1:2013 using an XENOTEST 440 (Atlas Material Testing Solutions, lllinois, USA)
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chamber, equipped with a xenon arc light source, water spray, and heating elements to
simulate natural weathering conditioffsgure 4.20) Prior to weathering, test specimens
were produced via injection molding using a Procan ALPHA 2 (BOY LTD, United
Kingdom) screw injection molding machifiéigure 4.5). To ensure optimal processing,
PBS and PBBSG composite pellets were ovdried at 60C overnight before molding.

A dual cavity mold was used to shape standardizeebdog specimens in accordance
with 1ISO 2941:201707, 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 thess@rty of biocomposites to
thermal degradation, a letemperature processing profile was applied: feed zone at 30
°C, heating zones set t@ 025 °C, 116 145 °C, 1l 150 °C, IVd 160 °C, and an
injection nozzle temperature of 155°C. The mold temperaturenaagained at 28C,

with injection parameters including a maximum injection pressure of 120 MPa, polymer
flow rate of 20 cm?3/s, packing pressure of 18@MPa, packing time of 15 s, and cooling

time of 20 s at 30C.

Figure 4.15. Dog boneshaped samplgsoduced via injection molding, with different compositions: (1) Pure PBS,
(2) PBSBSG30, (3)andPBSBSG30TC2

Once prepared, the specimens were mounted inside the accelerated weathering chamber
and exposed to controlled environmental conditions mimickingwedt degradation

factors. The applied test conditions included xenon arc irradiation at 60 W/ri2(8D0
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nm wavelength), a chamber temperature ofG8black standard temperature of €5

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, 60®0&nd
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
composiion, and SEM observation to investigate surface morphology and
microstructural degradation. This comprehensive accelerated weathering study provided
crucial insights into the lonterm performance, stability, and potential degradation
mechanisms of PBS diiPBSBSG composites, ensuring their suitability for various-real

world applications and guiding further material optimizations.
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Chapter 5:Results and Discussion

'
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5.1 Introduction

In this chapter, we present a detailed investigation oFBBG& composites, focusing on
their mechanical behavior, microstructural integrity, rheological properties, and
degradation performance. Additionally, biodegradation in soil and accelerated
weathemg tests are conducted to assess the environmental stability anteriong
viability of these materials. Through this multidisciplinary approach, we aim to determine
whether PBSBSG composites can serve as feasible and sustainable alternatives to
petroleumbased plastics.

In this chapter, | centered the study on:

1 Effect of BSG Filler Size on PBBSG Composite Propertie analyze how
different BSG particle sizes influence the mechanical, thermal, and morphological
characteristics of PBBSG composites, with a focus on optimizing dispersion,
interfacial adhesion, and structural integrity.

1 Effect of BSGcontent on PBEBSG compositeproperties to investigate the
impact of varying BSG filler concentrations on the performance of-BP&8d
biocomposites, identifying the optimal filler loading

1 Effect ofadditives on PBSBSGcompositesto assess the roté TCin enhancing
the toughness, crystallization behavior, and overall functionality of-BBS
composites for industrial applications.

1 Comparativeanalysis withfossitbasedpolymers to benchmark the developed
biocomposites against conventional petroledenived plastics, evaluating their
mechanical resilience, thermal stability, and manufacturability to determine their
potential as sustainable alternatives.

1 Durability and Degradation Studids explore the biodegradation behavior in soil

under natur al environment al conditions
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rate and ecdriendliness. Additionally, to conduct accelerated weathering tests to
evaluate the compositesd resistance to

ensuring their longerm stability in realvorld applications.

5.2 Effect ofBSG Filler Size on PBSBSG CompositedProperties

The mechanical performance of PBSG30 composites was strongly influenced by BSG

particle size, as evidenced by both sfiressin curves and tensile data. As particle size

i ncreased, Youngo6s modulus rose si®Bificar
MPaat45056 0 Om, indicating enhanced stiffnes:
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 12888 MPa range,
suggesting limited polyméfiller bonding regardless of particle size. The sfireBsin

curves further confirmed a transition from ductile to brittle behavior with incrg&ter

size. Based on a balance between stiffness, processability, and acceptable elongation, the
intermediate fraction (53 Om < 0 < 100 Om

provides adequate mechanical reinforcement while maintaining bettg@atbitity for

future functionalization.
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Figure 5.1: Stressstrain curves of pure PBS and PBBSG composites with 30 wt.% BSG loading at different BSG
particle sizes. Each graph represents six repetitions per sample. (a) Pure PBS;B9®BSG <53 um), (c) PBS
BSG (53100 pm), (d) PBSBSG (OO 250 um), (e) PBSBSG (256355 pum), (f) PBSBSG (35%450 pum)and @)
PBSBSG (456560 um).
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The torque curves fdture PBS an®@BSBSG25 composites reveal a strong dependence
on filler size, with larger particles (>450 um) exhibiting higher initial and stabilized
torque due to increased resistance to flow and poor dispersion, while smaller fillers (53
pm) show lower torque, inditag better wettability and integration into the polymer
matrix (Figure 53). The initial peak (02 min) reflects filler incorporation, with larger
fillers requiring higher shear forces to break agglomerates. The subsequent decay phase
(21 6 min) is more gadual for finer particles, suggesting stable dispersion, whereas larger
fillers lead to rapid torque reduction due to weaker filelymer interactions. In the
stabilization phase (85 min), composites with 45660 um fillers maintain the highest
torque,mplying greater mechanical interlocking and internal friction, while 53 pm fillers
show the lowest, confirming their superior processability. These findings support the

selection of 53 um fillers for optimized mechanical performance and ease of prgcessin

20000
——Pure PBS

18000
A‘ @®=53um
16000 v 53um<d<100pum

14000 I 250pm<P<355um

——450pm<D<560pum
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Figure 5.3: Torque evolution during the mixing process of PFBSG25 composites with different BSG filler sizes,
showing the effect of particle size on processability and dispersion behavior.

The analysis of PB8SG25 composites revealed that filler size significantly influences
both mechanical and rheological properties. Tensile tests showed that smaller filler sizes

(53 um) provided a balance between stiffness and ductility, maintaining atdequ
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mechanical performance. Larger fillers increased stiffness but drastically reduced
elongation and tensile strength, indicating reduced pohfittear compatibility. Torque
measurements during processing confirmed that finer fillers facilitated bettersthspe

and lower viscosity, ensuring improved processability. Based on these findings, for the
next phase of the studlyvestigating the effect of BSG contdiiter sizes below 100 pm

were selected to optimize mechanical performance and processing efficiency.

5.3 Effect of BSG Contenton PBSBSG Composites Properties

Various PBS and PBBSG blends (ranging from 5 wt.% t® 4vt.% BSG) were co
extruded using a Brabender Plasticordédre highest torque peak was observed for the
PBSBSG30 composite, which reach88,890Nm, significantly surpassing the 18,675
Nm recorded for pure PBS, as illustrated in (Figu. T his increase in torque can be
attributed to the rise in BSG content, which initially causes a more pronounced and
delayed peak comparedparePBS. However, beyond 30 wt.% BSG, the trend reverses,
with the T-peak dropping to 2216 Nm for PBSBSGA (see data in TablB.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 ptbiéth

The increase in torque corresponds with a decline in MFI, as shown in (Figine/As5

the BSG content increases, friction within the extrusion chamber intensifies, leading to
higher molten polymer viscositwherethe MFI drops from 22.78 g/10 min for PBS to
17.31 g/10 min for PBBSG30. These results confirm that optimal PBSG
formulations are achieved within thé 3 wt.% range, while exceeding 30 wt.% BSG
negatively impacts both viscosity and mechanical ptogseiThe behavior observed in
(Figure 55) 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 thedoimposites (PBBSG5/PBSBSG).
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The stressstrain curves for PBS and PEESG composites (Figurg.6) reveal distinct

trends in mechanical behavior with increasing BSG content. Pure PBS exhibits a high
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strainto-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 sesperseen in

the significant reduction in strain at breakhe mechanical properties of PBS and PBS

BSG composites (ranging from 5 wt.% 40 wt.% BSG) were evaluated in terms of
tensile strength, elongation agureb? Eak,6 an:
strength at break exhibited a steady decline with increasing BSG content, decreasing from
3715MPa for pure PBS t8.09MPa for PBSBS(40 (Figure5.7). Similarly, elongation

at break was significantly reduced by nearly an order of magnitude, regardless of the BSG
concentration (Figuré.6) . I n contrast, Youngds modul u
increase (1025%) compared t@ure PBS, suggesting that while BSG imparts some

stiffness, its reinforcement effect remains limited within this conceotraange.
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Figure 5.6: Stressstrain curves of pure PBS and PEBSG composites with BSG loadings ranging from 5 to 40
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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
25 30 wt.% is reasonahlén the PBSBSG30 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 materiakeessively fragile, poorly deformable, and difficult to
procesglue to excessive viscosityherefore, 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 Mé&sina

The morphological observation b$EM analysis of the fractured surfaces of PBS and
PBSBSG composites was conducte@@d0x magnification to investigate the dispersion
and interaction of BSG particles within the polymer matrix (Figué®. Figure 6.8.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 ductilitiFigures 6.8.b), corresponding to PBBSG30, 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 cdnitipati

between the filler and polymer at lower filler concentrations.

PBSBSG30 §.

Figure 5.8: SEM images of PBS aiRBSBSG30 at 200X (50 um) magnification.




SaLIM BRAHIMI CHAPTERS

5.4 Effect of Additives on PBSBSG Composites

Figure 5.9 illustrates the torque evolution over time for pure PBS andBSES0
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 thectwoposite
formulations, highlighting the interplay between polyHiker interactions and he
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-estdiblished role of
plasticizers in enhancing polymer chain mobility and reducing intermolecular
interactons, 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 anecd@aining formulationshow a

more moderate torque rise p&$G addition compared to those with Gly, suggesting
that ESOP and TC enhance matiller compatibility. This may reduce polymdétler

friction and improve dispersion within the melt, leading to a lower viscositgase.

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 volatdig lower

molecular weight, which may result in phase separation or weaker peigdiive

interactions.

25000
+ PBS

Pure PBS
PBS-BSG30-TC2
PBS-BSG30-TC4
PBS-BSG30-ESOP2
PBS-BSG30-ESOP4
PBS-BSG30-Gly2
PBS-BSG30-Gly4

20000

15000

+BSG

10000

Torque [Nm]

+additive
5000

Time [min]

Figure 5.9: Effect of additives on torque (vs. time) of FBSGcomposites

Table 51: Torque characteristics of PEESG composites with different additives, highlighting maximum and
minimum torque values after 3 and 6 minutes.

PBS o Torque Torque

Sample (wt. (\Stso% a(\(ljv(:l(t;;/)e (Nm) (Nm)

%) ' ' 3 min 6 min

Pure PBS 70 0 0 4256 3.844
PBSBSG30ESOP2 70 30 2 3132 7.115
PBSBSG30ESOP4 70 30 4 1619 4.638
PBSBSG30TC2 70 30 2 3.714 7.278
PBSBSG30TC4 70 30 4 0.000 6.360
PBSBSG30Gly2 70 30 2 3.060 8.384
PBSBSG30Gly4 70 30 4 0.027 9.032

The incorporation of TC, ESORnd Gy at different concentrations (2% and 4%)

significantly influences the tensile properties of PBSG30 composites. The table below

summari zes the key mechanical properties,
tensile strengtrreakdr)Ur )el aamglatwioark atf b upt
( ]
LlOGJ
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Table 52: tensile properties of PBEBSG30 composites incorporating different additives: TC, Epoxidized Soybean Oil
(ESOP), and Glycerol (I8), at two different concentrations (2% and 4%). The key mechanical properties include
80UOT ZUWOOEUOUUwWp$ AOWOOEEWEVUWEUT EOOwUT OUPOT wUOUIT O1 U7 wepb

E Load Cir Or Wr
SEMPE [MPa] IN] [MPa] [%] [9]

AH70X30ESOP2 280.68+41.8§ 30.52+1.97 (13.41+0.87 33.01+2.53 0.13+0.02

AH70X30ESOP4 195.46+34.5¢ 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 stressstrain curves (Figures 5.10 and 5.11) reveal distinct mechanical responses
depending on additive type and concentration.

PBSBSG30GIly exhibits the steepest initial slope, indicating the highest stiffness (high
Youngdés modulus). However, its | ower strai
to brittle failure. PBSBSG30ESOP showsgradual stress and extended strain,
particularly at 4%, confirming its plasticizing effect, which enhances flexibility at the
expense of stiffnesPBSBSG30TC demonstrates an intermediate mechanical response,
balancing stiffness and ductility with a smooth transition from elastic to @lasti
deformation. The effect of additive concentration is also eviddntreasing ESOP
content leads tmoticeable increase ielongation while Gly maintains a rigid profile

across concentrationmsteadl C offers a balance between stiffness and flexibility

These trends align with Youngés modul us,
results (Figure 5. 12 oungdés modul us results confirm
MPa at 2%, 364.60 MPa at 4%), suggesting strong intermolecular interactions that create
a denser polymer matriina contrast, ESOP at 4% significantly reduces stiffness (195.46
MPa), confirming its plasticizing role by increasing molecular mobillt¢. remains
intermediate (274.63 MPa at 4%), reinforcing the material without excessidgyrigi

Elongation at break follows an inverse relationship with stifffleS©P at 4% achieves

'
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the highest elongation (49.74%), indicating enhanced flexibil@Bly 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 ductilityStrength at break results indic#tatESOP 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
plasticiation weakening the materi&ly and TC show relatively stable strength values

across concentrations, providing consistent mechanical properties.

(a) PBS-BSG30-TC2
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Figure 5.10: Stressstrain curves of PBSBSG30 composites incorporating different additives at 2 wt.%
concentration. Each graph represents six repetitions per sample.(a) PBSBSG30TC2, (b) PBSBSG30ESOP2
and (c) PBSBSG30Gly 2.
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(d) PBS-BSG30-TC4
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Figure 5.11: Stressstrain curves of PBSBSG30 composites incorporating different additives at 4 wt.%
concentration. Each graph represents six repetitions per sample. () PBSBSG30TC4, () PBSBSG30ESOP4
and (e) PBSBSG30Gly 4.

From the(Figure 5.12), it can be seenthath e bl endds def or mabi | i
order: Gy < 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 proje¢iowever, a general discussion can be

'

[ 109



SaLIM BRAHIMI CHAPTERS

provided.TC imparts the highest deformability and lowest stiffness to the-BPBS
mixture, whereas I results in the lowest deformability and highest stiffness. ESOP
exhibits intermediatebehavior. Thus, TC enhances flexibility, while ESOP ang G
contribute to increased rigidity.

This behavior can be explained by analyzing the chemical composition of the additives:

1 Glycerol (Qy) is a small molecule with three aliphatic hydroxiyOH) 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. yérdxd group & maré dcidic tham th@se in h
Gly.

1 TC contains a short, flexible side chain due to the free rotation of caerbon
bonds, contributing to its ability to enhance flexibility.

1 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 | ength of the additivebds side ¢
flexi bi | ity. Al t hough ESOP6s structure cont &
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 PEEESG30 composites with different additives at 2 wt.% and 4 wt.%: (a)
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5.5 Comparison with FossitBased Polymers

The workability of PBS and the PBEESG30 blend was evaluated using injection molding

to determine whether the decrease in viscosity induced by BSG could compromise
processing with this technologetailed processing conditions remain confidential due

to restrictions related to the Life Restart projeetowever, it was possible to produce
artifacts through injection molding, specifically plant pots. These pots, made from both
PBS and PBEBSG30, were then cut into dog besieaped samples for mechanical
testing. Additionally, similar samples were obtaifiean commercial plant pots made of

PP and i+HDPES common fossibased polymefs and subjected to tensile testing to
compare their mechanical performance

The stresstrain curves for PBS, PP, recycled HDPE, and -BB&30 (Figure 5.13)

reveal distinct deformation behaviors under tensile loading, highlighting their mechanical

'
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performance differences. PBS exhibits a relatively linear stteas relationship in the

initial phase, followed by strain hardening, allowing it to withstand significant elongation
before failure. This behavior is characteristic of ductile polymesyidenced 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,
PBSBSG30 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 PBSBSG30 remain competitive, confirming its structural integrity.

The overall trend suggests that RPBSG30 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. Thes

findings are further reflected in the Your

break values discussed in the followsegtion.
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Figure 5.13: Stressstrain curves of: (a) Pure PBS, (b) Pure PP, (c) Recycled HDPE, and (d) PEESSG30
composite, with corresponding planter images illustrating material applications.
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The tensile test results indicate that PBSG30 demonstrates competitive mechanical
properties compared to conventional fossiked polymers (Figure 5.14). It surpasses
recycled HDPE and closely approaches PP in terms of tensile strength (32.91 MPa) and
stiffness (Youngds modul us: 264.10 MPa),
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,-BB&30

offers a weHbalanced combination of strength, stiffness, and sustainability. Given that
these biesourced planters will be placed underground, achieving extremgation, 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 FE%530 and Conventional Fos8ihsed Polymers, (a)
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strength (MPa) showing material strength. PEESG30 is compared to pure PBS, pure PP, and Recycled HDPE.

5.6 Biodegradation in Soil

To evaluate the environmental performance andaéfifle behavior ofpure PBS and
PBSBSG30 samplesbiodegradation tests were conducted in soil. The study followed
established literature protocols, incorporating visual assessment, weight loss
measurements, and physicechanical analysis over a thme@nth period®® 170, Figure

5.15 presents images @og boneshaped sampldsefore 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 fadéd,ewident
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 degrafistio

the biodegradation process advances, the crystalline domains become more exposed,

resulting in a slowdown in degradation due to their higher resistance to microbial attack.
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However, over time, water infiltration and microbial colonization at the interphase
between amorphous and crystalline regions generate -cnacis and porosity,
ultimately accelerating the breakdown of the mat&fial

The extent of degradatiomprovel at 30%the BSG contentdue to theamorphous
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 PBBSG biocomposites, reinforcing the potentélthese

materials for applications within circular economy frameworks.

WE B

d

b) c)

Figure 5.15: PBSBSGdog boneshaped samplesed 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.

Figure5.16 presentshe Shore D hardness values of PBSG biccomposites over three

months of soil degradation. The results indicate a progressive reduction in hardness with

i ncreasing BSG content and prolonged degr
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 fillemptisthe 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
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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 significantl
decreased, with PBBSG30 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-biter content degrade faster due to increased
hydrophilicity and microbial accessibilit/>1”3 The presence of BSG accelerates the
degradation process by reducing crystallinity, allowing microorganisms to penetrate the
material more effectively. This phenomenon results in a progressive decline in
mechanical performance over time, reinforcing the need to balance filler content and
mechanical stability when designing liomposites for specific applications.

These results confirm that the PBSG composites are susceptible to biodegradation in

soil environments and highlight the role of filler concentration in influencing degradation

kinetics.

70 1 PBS
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Figure 5.16: Shore D hardness of PEESG 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 andB®830 composites
were tracked for four months. Initially, pure PBS exhibited a contact angle.2f, 8

consistent with its inherently hydrophobic nature. In contrast-B8G&30 began with a
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notably lower contact angle @R.6°, reflecting the increased surface polarity introduced

by the bicfiller, particularly due to the hydroxyich 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 Z4°, while PBSBSG30 dropped substantially to @7. This
pronounced decline for PBBSG30 can be attributed to a combination of surface erosion,
leaching of hydrophilic extractives, and enhanced microbial colonization facilitated by
the bicfiller. The accompanying droplet images corroborate this tigmalying a \sible
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.
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Figure 5. 17. Contact angle measurements of PBS and -BBS& composites over time, showing increased
hydrophilicity with higher BSG content and degradation.

The roughness analysis table presents the
BSG composites at different degradation intervalsi(M8). Initially (MO), Pure PBS
exhibits a relatively smooth surface, while RBSG composites display slightly

increagd roughness due to the presence of BSG particles. Over tinidvi@jllall
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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, PESSG30 exhibits the highest roughness,
indicating a more advanced degradation state compared to Pure PBS, which remains
relatively intact.

Table 530 w2 UUT EET wUOUT T Ol UU wBsGcG@dmpdlitesuat diffgrenudedradiatich Gnkeals (N0
M3).

Roughness ifm)
Sample Month O Month 1 Month 2 Month 3
PBS 0.58 0.85 0.94 1.20
PBSBSG30 1.21 141 1.50 1.55

The biodegradation test in soil confirms that PBSG 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
roughness over time. The findings highlight the potential of-BBS& composites as

biodegradable materials with tunable degradation rates based on filler content.
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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 UVA@BA53 90 nm) ,
UvV-B (280315 nm) ,-C (40GA8 WJVn m) . A moA gnd U\kBeasee , uv
naturally pesent in sunlight and play a significant role in environmental weathering,
whereas UVC, being highly energetic and sharaivelength, is entirely absorbed by the
atmosphere and must be artificially generated. Accelerated weathering testing typically
aimsto simulate the combined effects of solar radiation (primarilyAJdnd UV-B),
temperature fluctuations, and humidity in order to evaluate thetngperformance of
materials under outdoor conditiot$:17¢
This section focuses specifically on the accelerated weathering effects usiiy UV
exposure on PB8SG30 biocomposites. The experiments, conducted at Abo Akademi
University (Finland), examined structural and mechanical changes in three different
formulations across various aging intervals.

1 Pure PBS

! PBSBSG30

1 PBSBSG30 with 2%T C (antioxidant)
Dog boneshaped samplegere 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 degra@seeffigure 5.B).
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). PyrolysiSC/MS was conducted on the post

degrad#on residue to investigate the chemical composition of the thermal breakdown
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products. Additionally, Spectro colorimetric analysis and Scanning Electron Microscopy

(SEM) were used to assess surface color changes and morphological features

PBS PBS-BSG30 PBS-BSG30TC2

il

Figure 5.18: Photographic images of neat PBS, FEER530, and PB8SG30TC2 composites both before and after
weathering accelerated

5.7.1.1 Mechanical tensile testing

Figure 519 shows the stresgstrain curves of PBS, PBBSG30, and PBBSG30TC2
before and after the weathering process. In Figu@ 5.2t he nor mal i zed You

tensile strength, and deformation are plotted as a function of weathering time
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Figure 5.19: Stressstrain curves of, (a)PBS, (b) PEESSG30, and (c) PBBSG30TC2, at TO (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 TO to T3,
corresponding to 900 hours of exposure. However, the deterioration of mechanical
properties is slower in the samples containing BSG30 and BSG2@ompared to those
made of pure PBS. This effect may be attributed to the UV and moisture absorption
capaciy of BSG, as it is a lignutellulosic material, consistent with the findings of
Mikame et alt”’

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.
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Figure 5.20: Normalized Young modulus (atlongationat break (b) and stssat break (c) of PBS, PEBSSG30, and
PBSBSG30GTC2 at TO (unaged), T1 (300h), T2 (600h), and T3 (900h).
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5.7.1.2 Thermal stability of PBS andbiocomposites

DSC thermograms illustrate the thermal behavior of pure PBS andBBBS0
composites at different aging periods (TO, T1, T2 and T4) (Figufeam@Table 5.4).

The main endothermic peak observed in all samples corresponds to the melting
temperature (#) 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

temperature$>200 °C).

15 b)
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Figure 5.21: DSC thermograms gurePBSand PBSBSG30, PBEBSG30TC2 composites obtained before and after
ageing

In pure PBS, the melting peak occurs at about 113 °C,skght progressiveariations
towards lower temperatures during aging that reaches the value of about 111 °C after 900
hours of aging.

The melting peaks of PBBSG30 and PBBSG306TC2 are broader than those of pure

PBS and appear at increasingly lower temperatures in the order: PBS-BIERD >
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PBSBSG30TC2.

The presence of the BSG filler in the RBSG30 sample reduces the crystalline order of

the PBS because it acts as an inclusiegufe5.22a). 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-@emnposite favoring a greater order in

PBSBSG3GTC2 compared to PBBSG30.

Table 54: Melting temperature (Tm) of neat PBS and RB&sed biocomposites at different aging timesT3D

Sample PBS PBSBSG30 | PBSBSG30TC2
Exposure time (h) Tm (°C)
Oh 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

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, expejpéf

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, eté®1"®

Figure 5.22 b reveals a marked increase in the degree of crystallinity in thB F&¥
sample after 300 h of exposure to Bvradiation 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 &00 h
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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 degradaitigluced rearrangement.
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Figure 5.22: Crystallinity degreda) and Normalized Crystallinitglegredb) of PBS, PB8SG30, and PBBSG30
TC2 compositebefore andfter accelerate@geing

TGA thermograms show the thermal stability and degradation behavior of pure PBS and
PBSBSG30 composites under different aging conditions (TO, 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 singiep mass loss, with netital degradation occurring around
450500 AC and no residual mass, further c

as shown in the lower inset of Figure 3a2
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BSG begins to degrade at temperatures around®@1220 °C%% In the PBSBSG30
composite, the presence of BSG fillers affects the material's thermal stability. This is
evident in Figure 5.3b, where a twestep degradation is obserydilst due to BSG and

then PBS. A similar degradation pattern is seen in Figuigc35& PBSBSG30TC2.
Notably, both PBEBSG30 and PBBSG30TC2 exhibit a residual mass after thermal

decomposition, which is not observed in pure PBS.

@ g
““““““ >
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(b)
___________________ R
,,,,, 4
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Figure 5.23 TGA thermograms of PBS and PB@&sed biocomposites: PBS, FES530, and PB8SG30TC2,
analyzed at four aging intervdlsTO (unaged), T1 (300 h), T2 (600 h), and T3 (900 h). Insets highlight the onset of
degradation and the residual weight at elevated testyres.
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