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ANNOTATION

Keywords: nanocellulose, biodegradation, sustainable materials, thermal and
thermomechanical properties, tensile properties, chemical modification.

Poly(butylene succinate) (PBS) is a bio-based and biodegradable aliphatic polyester with
good thermal and mechanical properties comparable to commodity plastics. The addition of
cellulose filler reinforces the polymer matrix, thus, increasing mechanical, barrier and
biodegradation properties. PBS/cellulose composites are versatile materials with potential
applications in packaging, agricultural, automotive, and biomedical fields. The selection of
cellulose filler from recycled cellulose to nanocellulose can be used to develop materials for
specific applications.

The majority of commercially used commodity plastics are non-biodegradable. Although,
production of bio-based plastics and recycling alleviates some of the environmental issues these
products still often end up in landfills or nature as permanent pollution. This work uses bio-
based PBS and cellulose from renewable circular resources to develop sustainable composite
materials. The PBS/cellulose composites must fulfil demanding properties during materials
application, while retaining high dimensional stability and mechanical properties. In addition,
after the life cycle ends, it is expected that the composite will rapidly designate in the soil. This
is achieved using a hydrophobic PBS matrix that offers excellent ductility and rigid cellulose
particles with excellent reinforcement capabilities. Cellulose fillers have exceptional
morphology that can be tailored by mechanical and chemical processing to a specific size, while
surface chemistry can be adjusted with modification methods or compatibilizers. Cellulose is
an excellent alternative to inorganic polymer fillers that are unsustainable and often mined in a
harmful way to the environment.

The results of the work are presented into four parts:

Part 1 describes the development and investigation of PBS/recycled cellulose composites.
The use of recycled cellulose from tetra pak was explored regarding including waste material
into circular sustainable economy. Loading with cellulose filler up to 50 wt.% were explored,
and tensile, thermomechanical, and thermal properties, including biodegradability and
dimensional stability with immersion in water were tested for prepared composites.

Part 2 describes the preparation and comparison of PBS composites with varied
nanocellulose and microcellulose filler ratios. The use of freeze-drying process was applied for
nanocellulose processing and simplified melt mixing of PBS/nanocellulose composite was
proposed. Total filler loading was fixed at 40 wt.% to compare selected fillers extensively. The
section demonstrates the advantages of micro-sized filler in the direct melt mixing process.

Part 3 describes the in-depth research and optimization of PBS/nanocellulose composite
preparation. The direct solvent casting is used as a reference, while the optimized process with
masterbatch is proposed as an alternative. It was discovered that melt mixing significantly
improved fillers ability to reinforce polymer’s matrix showing much higher tensile and
thermomechanical properties.



Part 4 describes the application of various modification, coating, and computerization
methods for improving mechanical and thermal properties for PBS/microcellulose composites.
Exceptionally high loading 70 wt.% of cellulose was used to achieve high sustainability of
composite materials and test selected preparation routes.

The Doctoral Theses has been written in English; it consists of 135 pages, 58 figures, 18
tables and 308 reference sources.



ANOTACIJA

Biologiski noardami polibutiléna sukcinata koka-plastmasas
kompoziti ar uzlabotam ekspluatacijas ipasibam

Atslegas vardi: nanoceluloze, biodegradacija, ilgtsp€jigi materiali, termiskas un
termomehaniskas 1pasibas, stiepes 1pasibas, kimiska modifikacija.

Poli (butiléna sukcinats) (PBS) ir dal&ji iegiits no atjaunojamam izejvielam un biologiski
noardams alifatiskais poliesters ar labam termiskam un mehaniskam 1pasibam, kuras
salidzinamas ar plaSa patérina plastmasam. Celulozes pildvielas pievienoSana veido poliméra
kompozitmaterialu ar labakam mehaniskajam, barjeras un biodegradacijas 1pasibam. PBS /
celulozes kompoziti ir daudzpusigi materiali, kurus iesp&jams izmantot iepakojuma,
lauksaimniecibas, automobilu materialiem, ka ar1 biomedicinas joma. Pildvielas izvéle no
recikletas celulozes 11dz nanocelulozei ietekmé izstradato materialus ipasibas un pielietojumu.

Lielaka dala komerciali izmantoto plasa pat€rina plastmasas nav biologiski noardamas. Lai
gan plastmasas razoSana no dabas izejvielam un parstrade uzlabo ilgtsp&jigas attistibas
raditajus, Sie produkti joprojam veido pastavigu piesarnojumu, biezi, nonak atkritumu
poligonos vai tiek izmesti apkaréja vide. Saja darba ilgtspéjigu kompozitmaterialu izstradei ir
izmantota PBS plastmasa, kura ieglita izmantojot 50% atjaunojamu izejvielu, bet pildviela
celuloze ieglita no atjaunojamiem vai atkritumu resursiem. PBS / celulozes kompozitu
ekspluatacijas 1pasibam jasp€j uzradit augsta mehanisko 1pasibu stabilitate neatkarigi no argjas
vides iedarbibas. Turklat péc dzives cikla beigam ir sagaidams, ka kompozits augsné atri
sadaltsies. Tas tiek panakts, kombingjot hidrofobo PBS matricu, kas piedava izcilu plastiskumu,
un celulozes dalinas ar lieliskam stiegrojuma sp&am. Celulozes pildvielam ir unikala
morfologija, ko var pielagot konkrétam izm&ram, veicot mehanisku un kimisku apstradi,
savukart virsmas kimisko strukttiru var pielagot ar modifikacijas metodém vai piedevam.
Celuloze ir laba alternativa neorganiskajam poliméru pildvielam, kuras nav ilgtsp€jigas un biezi
tiek iegiitas videi kaitiga veida.

Darba rezultati ir izklastiti cetras dalas:

Pirmaja dala aprakstita PBS / reciklétas celulozes kompozitu izstrade. Tika pétita atkritumu
materialu ieklautu cirkulara un ilgtsp€jiga ekonomika. Tika pétita celulozes iepildiSana Iidz 50
wt.% un sagatavotajiem kompozitiem tika parbauditas stiepes, termomehaniskas un termiskas
paSibas, ka arT biologiska noardisanas un stabilitate, izturot paraugus tiden.

Otraja dala aprakstita PBS kompozitu izgatavoSana ar dazadam nanocelulozes un
mikrocelulozes pildvielu attiecibam. VienkarSotai PBS / nanocelulozes kompozita
izgatavoSanai tika izmantota liofiliz€ta celuloze un paraugu maisiSana veikta kaus€juma.
Kopgjais pildvielu daudzums bija nemainigs, lai varétu salidzinat atlasitas pildvielas. Tika
izpétitas mikro izméra pildvielas prieksrocibas tiesa kauseSanas izgatavoSanas procesa.



TreSaja dala aprakstiti padzilinati petjumi par PBS / nanocelulozes kompozita
sagatavoSanu un §1 procesa optimizaciju. Paraugu atlieSana no Skiduma tika izmantota ka
standarts, savukart ka alternativa tiek piedavats optimizets process ar koncentratu. Tika atklats,
ka kaus€Sanas sajaukSana ieveérojami uzlaboja pildvielu sp&ju stiegrot poliméra matricu, paradot
daudz augstakas stiepes un termomehaniskas 1pasibas.

Ceturtaja dala aprakstits dazadu modifikacijas, parklasanas un savietoSanas metozu
pielietojums PBS / mikrocelulozes kompozitu mehanisko un termisko 1pasibu uzlabosanai. Loti
augsts pildvielas saturs - 70 wt.% celulozes tika izmantots, lai maksimali samazinatu poliméra
razoSanas ietekmi uz vidi un parbauditu izvéletos sagatavoSanas celus.

Promocijas darbs ir uzrakstits anglu valoda, tas sastav no 135 lappusém, 58 attéliem, 18
tabulam un 308 informacijas un literattiras avotiem.



TABLE OF CONTENTS

INTRODUCGTION ...ttt ettt ettt ettt st e bt enbeesee st ensesseesseenseeneenseensens 12
Aim of the dOCtoral theSIS ...cc.eiiiiiiiiiiie et 13
Tasks of the dOCtoral theSIS .....cc.eiiiiiiiiiie e 13
Thesis statements to be defended ...........cooeiieiiiiiiiiiiiiiie e 13
SCIENTITIC NOVEILY...eiiiiiiiiie ettt e e e et e e srae e ssreeeesseeesnseeeenseeens 13
Practical SIGNITICANCE. .......ccuuiiiiiieeiiie ettt et e e e e e tae e etae e e e e e snvaeesnseeenneas 13
Approbation of PhD thesis in Scopus and Web of Science indexed articles ....................... 14
Other Publications on the Topic that are not included in PhD thesis..........c.cccevevvrenieennnen. 15
Dissemination in international scientific cOnferences...........ccoeveerieriienieiiienieeniecieeeee 15

1. LITERATURE REVIEW .....ioiiiiiiiiiiiiietee sttt sttt st 17
1.1. Polybutylene succinate: Synthesis and Properties ...........ccccuevvievieniienieniieiieeieeens 17

L.1.1. Plastics Market.........cooiiiiiiiiiiie e 17
1.1.3. Production and synthesis of 1,4-butanediol .............cceceeriiriiiinieiiiiinieeieeeeee 19
1.1.4. Synthesis Of PBS ......ooo ettt e 20
1.2. Physico-chemical and mechanical properties ............cceevveerierieeniienieenienie e eve e 22
1.3, CryStalliZation PrOCESS .....ccuveevieriieeiieriieetieniteeteestteeteesseeenseessseeseassseeseesseeenseessseenseens 23
1.4. Biodegradability ........cccoeeiiiiiiiiecieecee ettt e e e nneas 25
1.5. Blends and COPOLYMETS .......cccuiiriiiiiiiiiieeiieeiie ettt ettt ettt siaeebeessneenaee s 26
L5 1 BIENAS ..ttt st 26
1.5.2. COPOLYIMETS ...eeeueviieiiieeiiee ettt e ettt e eieeeeteeesaeeeseaeeessaeeesaeeessaeesssaeessseeesssaeensseeensseenns 28
1.6. Composites and Nanocomposites 0f PBS .........cccoooiiiiiiiiiiiiceeee e 29
1.6.1. COMPOSItE PIEPATALION ....eeeuerieeeirieriiieeeireesieeesteeestreeessreesssaeesseeesseeesseeessseessseenns 29
1.6.2. INOTANIC FIILEIS ...ovviiiiieiieiie ettt et 31
1.6.3. OrganiC fIlIETS......ccooiiieiiecie ettt et e e e e e et e e sebe e e snbeeeenaeeens 32
1.6.4. Composite MOAITICALION ....c..eeevieiiieiieiie ettt ettt eaee e 36
1.7. Applications of PBS based Materials...........ccceeriiieriieeiiieeiiecieeeee et 39
1.7.1. Agriculture & f00d paCKa@inNg........c.cceevuvieriieeiiieeciie et e e e e 40
1.7.2. Biomedical @NgINEETING. ........cccuieriiiiiiieiieeiiesiie ettt ettt sre e aeeaeeseeeenee 41
1730 ARESIVES ..ttt ettt ettt ettt et 41
1. 7.4, AULOMIOLIVE ...utiiiiiieieeite sttt sttt sttt ettt et sat e bt et esaeenae et 42
1.7.5. Water and wastewater treatment .............oocueerieiiienieiieeee e 43
1.8. Techno-economic potential and challenges .............ccceeeiieiiiiiienieiiecee e 44

2. MATERIALS AND METHODS ...ttt e 45
2.1 MLALETIALS ...ttt ettt et et e st 46
2.2, TeStiNg MEthOdS ......ccviiiiiiiiieiiecie ettt et ettt et e st e e beeesneenseens 48

3. RESULTS AND DISCUSSION ....coiiiiiiiiieiitenieete sttt sttt s 52
3.1. Sustainable tetra pak recycled cellulose/poly (butylene succinate) based woody-like
composites for a CIrcular ECONOMY .........ceciiieiiieeiieeciee ettt e e e e s e e eeeeaeas 52

3.1.1. Material processing and composite formulations..............cccceevieriiieriencieeneennnnne. 53

9



3.1.2. Life CYCIE INVENTOTY ....eeiiiiiiieeiiieiieeiie ettt ettt et sete e e sebe e e eaae e 54

3.1.3. Determination of the structural Properties .........cceevveeerieeriieeeiieeeiee e eevee e 57
3.1.4. Determination of filler and matrix interaction .............cceceeveveerieniiienienieerieeeeenn 60
3.1.5. Mechanical properties and effect of immersion in Water............ccceeeeevveeecreeeenennns 61
3.1.6. Crystallization behaviour of COMPOSILE.........ceevvveerieriieiieiieeiieeie e 63
3.1.7. Investigation of thermal stability..........cccceeviiieiiiieiiiiicieee e 64
3.1.8. Investigation of viSCOlastic PrOPEILICS ........ccverveeriieriieriierieeriie e eiee e eeee e enne 65
3.1.9. Investigation of dielectric PrOPEItieS.......ccccuieeviieeiiieeiiieeiieeeieeeeree e eevee e ens 66
3.1.10. Determination of the compositing performance..............ccccueevverciierieenieesieeneennn 68
T 0 O R 0] o7 151 ) s RPN 69
3112, SUIMIMATY ..ottt ettt ettt e et e et e e sabee e sabeeesabeeesaseeennbeesnnneeens 70

3.2. Bio-based poly (butylene succinate)/microcrystalline cellulose/nanofibrillated
cellulose-based sustainable polymer composites: Thermo-mechanical and biodegradation

SEUALES 1.ttt b et e b e et e bt e it e e b e e e a bt e bt e e ab e e bt e et e e bt e eateebeeeareeane 72
3.2.1. Material processing and composite formulations............cccceeveveeriieeriieenireeeeieens 72
3.2.2. Materials and energy flOWS ........cceeeuirriieriieiiecie e 73
3.2.3. Thermal PrOPEILIES ....cccvrieeiieeeiieeiieeeeteeeeteeeseeeeesaeeeteeeereeeebeeesseeessseeennsessnsseeans 74
3.2.4. Thermomechanical and tensile Properties.........ccceereeruieruierieenienieeiie e 76
3.2.5. Structure, morphology, and surface Properties .........ccovuveeeeeercererceeesiieeeree e 78
3.2.6. SUITITIATY ouvieeeiiieeiiieeeteeeeteeeeiteeesteeeiteesateeetteessabeeenseeesabeeesaseeesaseeesaseesnnseesnnseeans 82

3.3. Adding value to poly (butylene succinate) and nanofibrillated cellulose-based

sustainable nanocomposites by applying masterbatch process..........cceevveeciienieriienieennenne. 83
3.3.1. Material processing and composite formulations............cccceeveeeeeiereriieenireeeeieene 83
3.3.2. Structural PrOPETLIES ...cccuvieiieeiiieiieeieeiee ettt te et e ete et eesebe et e sabeesbeessbeenseesnseenne 84
3.3.3. Thermal PrOPEILIES ....cccvreeeiieeiiieeeieeertieeeitee et e e et e e eteeeeraeesreeesseeessseeessseeensseeans 85
3.3.4. Thermal degradation ............ccecieuiiriieiieiie ettt es e ene 86
3.3.5. Biodegradation studies in the composting conditions.............cceeeeuveerceeencreeenneenns 87
3.3.6. Mechanical PIrOPETLIES ......cccuveriieriieeiieiie ettt ee ettt et tesreeteesabeebeessbeenseesaseenne 91
337, SUIMIMATY ...vviiiiiiiiee ettt ee et e e e ettt e e et ee e e tbaeeessasbeeessnsaaeesanssaeesennsseeeessseeens 96

3.4. Highly loaded cellulose/poly (butylene succinate) sustainable composites for woody-

like advanced materials apPliCAtiON .........ccueieiuiieeiiieiiii e 98
3.4.1. Material processing and composite formulations..............cccceevieriiienienciienieennnne. 98
3.4.2. Chemical modification of PBS/MCC COMPOSILES......ccuveerevreercrrrerirrreriieenreeenaeens 98
3.4.3. Thermal PrOPEILIES .......cccveeiuierieeitieeie et eeite et ite et esteebeesteeesbeeseeeeseenseesnseeseens 101
3.4.4. Structure and morphology characterization .............cccceeecveenieeieenieesieeieeieeiens 103
3.4.5. Thermomechanical ProPerties ........c..eevvieeriieeiiieeiieeeiieeeeeeeee e e eree e aeeeeeeeas 106
3.4.6. Mechanical PIrOPETLIES ......cccueeruieeiiieriieeieeeiie et enite et e eeebeeaeesebeesseeebeenseesnseeseens 107
3.4.7. Biodegradation under composting conditions............cccueereveeercrieerceieesieeeeiee e 109
IR 1111110 F: 1 oy O TP PRI 111

4. COMPOSITE MATERIAL PROPERTIES — AN OVERVIEW .....ccccooiniiiiiiieieee. 112
5. CONCLUSIONS ...ttt ettt ettt et e st ebeestesaeeteeseeeseeseeneesaeenseeneesneenseas 114
REFERENCES ... .ottt ettt ettt et ettt et e e s e teenseeneesseenseeneees 115

10



AFM
APTES
APTMS
CDI
CNC
DMA
DSC
EST
FTIR
HDPE
LDPE
MAH
MCC
NFC
PBAT
PBS
PCL
PE
PET
PHA
PHB
PLA
PMDI
PP
rCell
SEM
TGA
wt.%
WPC

ABBREVIATIONS

Atomic-Force Microscopy
3-Aminopropyltriethoxysilane
3-Aminopropyltrimethoxysilane
Carbodiimide

Cellulose Nanocrystal

Dynamic Mechanical Analysis
Differential Scanning Calorimetry
Aliphatic Ester

Fourier Transform Infrared Spectroscopy
High-Density Polyethylene
Low-Density Polyethylene

Maleic Anhydride

Microcrystalline Cellulose
Nanofibrillated Cellulose
Poly(Butylene Adipate Terephthalate)
Poly(Butylene Succinate)
Polycaprolactone

Polyethylene

Poly(Ethylene Terephthalate)
Polyhydroxyamide
Polyhydroxybutyrate

Poly(Lactic Acid)

Polymeric Diphenylmethane Diisocyanate
Polypropylene

Recycled Cellulose

Scanning Electron Microscopy
Thermogravimetric Analysis

weight percent

Wood Plastic Composite

11



INTRODUCTION

Accumulation of commodity plastics pollution has become a significant challenge of the
21st century. Biodegradable and bio-based polymer materials have been developed to solve
sustainability issues and preserve clean unpolluted environment. As these polymers become an
inseparable part of the global market, more research is needed to produce composite materials
with even higher properties to adapt to increasing demand from consumers. The potential to
source plastics from renewable biomass and circular raw resources like forestry and agriculture
waste, byproducts and even dedicated crops, has the potential to upset many industries. Some
of the most promising applications are wood-plastic composites (WPCs), packaging,
automotive, agricultural, and biomedical materials. The addition of cheap cellulose-based
materials can lower the cost and improve physical and barrier properties and accelerate
biodegradation. Contrary to popular belief, the plastics like poly(butylene succinate) (PBS) do
not degrade in normal environment and use scenarios but require immersion in the soil and
contact with microorganisms. Thus, the developed materials are up to industry standards and
ready for upscaled production.

The development of PBS/cellulose composite materials from sustainable feedstock is
demonstrated in the Doctoral Thesis. The use of recycled cellulose, microcellulose, and
nanocellulose are explored in in-depth analysis outlining the prospects of every filler. In
addition, chemical modification, compatibilization and surface coating methods are
investigated. Recycled cellulose shows high potential for cheap and sustainable solutions.
Processing the cellulose into nanosized particles shows exceptional properties that can be
applied for advanced applications while retaining the biodegradability of PBS. The dynamical
mechanical properties show that cellulose reinforcement extends to elevated temperatures, and
materials retain the mechanical performance and do not become soft, like neat polymer. The
extensive range of studied filler loadings allows to select the optimized performance of the
composites.

Within the scope of the Doctoral Thesis, the PBS/nanocellulose composite preparation
method was optimized using a highly loaded masterbatch process to reduce the use of organic
solvents. Masterbatch process is compatible and scalable with industrial production methods
like extrusion and injection moulding. It was concluded that the process is more efficient and
yields higher mechanical properties due to to high shear mixing, promoting excellent
dispersion.

The biodegradation was extensively studied in composting conditions. All tested samples
disintegrated in the soil within 3 months. Calorimetry and infrared spectroscopy confirmed the
biodegradation process of the prepared composite materials. The water immersion was studied
at room temperature to confirm the excellent dimensional stability of tested samples. While the
quality of prepared materials was checked using the fracture surface produced in liquid nitrogen
and examined in scanning electron microscopy.

12



Aim of the Doctoral Thesis

The aim is to develop biodegradable poly(butylene succinate)/cellulose composite materials
with enhanced exploitation properties using sustainable resources and technologies.

Tasks of the Doctoral Thesis

1. To obtain woody-like sustainable polymer composite materials from recycled cellulose
powder, microcellulose, nanocellulose, and biobased poly(butylene succinate) polymer.

2. To compare microcellulose and nanocellulose composites obtained by solution and melt
blending processing technology.

3. To investigate the obtained cellulose composites' tensile, thermomechanical, thermal,
and biodegradation properties.

4. To assess different modification and compatibilization methods for cellulose
composites.

5. To enhance the exploitation properties of the cellulose composite materials.

Thesis statements to be defended

1. High-loading sustainable PBS/cellulose composites can be prepared by solution, melt,
and masterbatch processes.

2. The masterbatch preparation is a more sustainable route for producing
PBS/nanocellulose composites compared to the solution and direct melt mixing
processes.

3. Chemical modification of the cellulose can significantly enhance the exploitation
(thermal, tensile, thermomechanical) properties of PBS composite materials.

4. Biodegradation of PBS/cellulose composites can be controlled by the cellulose type, the
chemical modification route, and the cellulose filler content.

Scientific novelty

1. Demonstration of sustainable, biodegradable composites as an alternative to fossil-
based plastics for high-performance applications.

2. The proposed chemical modification routes of cellulose can adjust the exploitation
properties of the PBS/cellulose composite materials.

3. The solution, melt, and masterbatch processes were developed to produce
PBS/cellulose composites.

Practical significance

1. Developed sustainable poly(butylene succinate)/cellulose composite materials can be
applied for biodegradable food packaging, cutlery, decks, mulch films, and many

13



sustainable products to replace fossil non-biodegradable polyolefins and wood-plastic
composites.

2. The developed PBS/cellulose masterbatch process and cellulose modification protocols
can upscale the production of these composite materials.

3. Paper, cardboard, and agricultural waste can be a sustainable source of cellulose for
PBS composite preparation.

Approbation of the PhD Thesis in Scopus and Web of Science indexed
articles
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1. LITERATURE REVIEW

1.1. Polybutylene succinate: Synthesis and Properties

1.1.1. Plastics market
Globally, bio-based plastics production has exceeded 2 million tons, with an expected 3
million tons by 2024 [1]. Overall, they contribute less than 1 % of annual plastic production,
exceeding 400 million tons [2]. Around 55 % of bio-based plastics are biodegradable, of which
most notable are PLA, PBAT, PBS, PCL, PHA and biodegradable starch blends [1]. PBS
commercial production was pioneered by Showa Denko (Japan) under brand name Bionolle™
which they produced from 1993 till 2016 when production was stopped by the company, citing
delay in permeation of environmental regulations on plastic shopping bags [3]. Mitsubishi
Chemical Corporation (Japan) in 2003 started PBS production under the brand name GS Pla™
which was produced from fossil sources, while in 2015 bio-based (50%) PBS commercial
production plant was opened in Thailand in partnership with PTT Public Company Limited
(Thailand) using brand name BioPBS™ [4,5]. In the last decade, PBS production plants were
built in China (Hexing Chemical and Xinfu Pharmaceutical) and Korea (Ire Chemical and SK
Polymers) [5,6]. With the introduction of new technologies, the production of fully bio-based
PBS is estimated to have at least 15-20% lower impact on the environment compared to
petrochemical incumbents when the cradle-to-grave system was examined [7]. Crop potential
for PBS production is shown in Figure 1 [1]. Corn stands out with one of the lowest feedstock
requirements. At the same time, sugar beet requires relatively low land use and exceptionally
low water requirements, followed by sugar cane, which grows in different climate conditions.
But wheat out of all crops examined offers the worst yield.
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Figure 1.1. Agricultural resource requirements for 100% bio-based PBS production. Original
art by author, which uses the data provided in Ref. [1].
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1.1.2. Production and synthesis of succinic acid

Succinic acid (butanedioic acid) (SA) is a naturally occurring dicarboxylic acid present in
foods and alcoholic beverages and forms a crucial metabolic role in anion form. It is widely
considered as one of the main biorefinery building block chemicals [8,9]. Petrochemicals can
be processed into SA using various routes like oxidation of butane, benzene, carbonylation of
ethylene glycol and catalytic hydrogenation of maleic acid or maleic anhydride [10]. Some of
these result in succinic anhydride, which is then converted to SA via hydration. These
conventional routes involve harsh conditions, require large amounts of energy and are harmful
to the environment. Thus, the biorefinery route has increased with rising yearly production
volumes and new factories [11,12]. This has led to PBS producers investing in their succinic acid
plants to secure a stable supply. Figure 1.2. shows biosynthesis routes for SA production.

Carbohydrates can be converted into succinic acid using the microbial fermentation route.
In general, three main sources are considered commercially viable to produce SA from sugar
(sucrose) or starch crops or sugars from lignocellulosic materials, which then can be processed
with genetically modified yeasts or bacteria, a chemical process or electrodialysis [13].
Fermentation was reported as possessing the most negligible impact on the environment [13].
Still, there is a significant factor influencing the production, and it is the selection of
carbohydrate sources. Escherichia coli, Actinobacillus succigogenes, Anaerobiospirillum
succiniciproducens are just a few of the more commonly reported strains genetically modified
for SA production [14,15]. The early literature focused on various microorganisms that used
glucose as a source. This raised several concerns about the future of SA production regarding
price competition with fossil sources and matched with the food industry; thus, new low-cost
carbon feedstock sources and synthesis routes were the main focus in the last decade [9]. One
of the proposed alternative carbon sources, i.e., glycerol, has been reported as a viable route
due to relatively large production as a by-product of biofuels [16].

The global SA production has seen massive growth in the last decade, with around 15 000
metric tons produced annually in 1999 to about 30 000 metric tons in 2010. In 1999 the global
SA production was only 15 000 metric tons compared to around 35 000 metric tons estimated
in 2011, while a forecast of 500 000 to 700 000 metric tons was expected for 2020 [11,12].
Owning to emerging technologies, several startups and joint ventures started development and
built first experimental plants, namely, BioAmber Inc., with an expected production volume of
300 000 metric tons by the end of 2020; Myriant Corp. was developing plants in various plants
around the world with an anticipated capacity of 200 000 metric tons and BASF-Purac joint
venture with expected 75 000 metric tons capacity and 10 000 metric tons pant by Reverdia [17-
19]. Unfortunately, the costs of SA production technology proved to be much higher than
expected, and BioAmber was liquidated, while other companies halted or significantly lowered
their expected production capacities [12,20]. Yet, demand for SA remains high in various
industries transitioning to bio-based sources and compounded annual growth rate (CAGR) of
26% during 2021-2027 has been forecasted [21]. With new advances in bio-SA technology,
large-scale production is bound to happen in the near future [15].
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Figure 1.2. PBS production scheme.

1.1.3. Production and synthesis of 1,4-butanediol
1,4-Butanediol (Butane-1,4-diol) (BDO) is a significant volume chemical commonly used
in various industries to produce polymers and polymer fibers, i.e., polyurethanes and polyesters.
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While other notable products of BDO include y-butyrolactone and tetrahydrofuran (THF). The
global production of BDO is estimated at least 2 million tons and growing, with most of it
coming from fossil sources [22]. The BDO can be synthesized by oxidation of butane,
isomerization of propylene oxide, hydrogenation of maleic anhydride (Davy process) and
reaction between formaldehyde and acetylene (Reppe process) [23]. 1,3-Butadiene
acetoxylation technology is a unique procedure used by Mitsubishi that can produce either BDO
or THF [24]. The petrochemical route has high energy requirements, which significantly impact
the production of greenhouse gases. BDO is not naturally occurring because a new biosynthetic
pathway was developed using Escherichia coli [22]. The first direct pathway commercial plant
was opened by Novamont in 2016 [25]. Researchers and other large producers have proposed
alternative routes of bio-BDO production and involve synthesis from bio-succinic anhydride or
bio-SA [26,27].
1.1.4. Synthesis of PBS

The synthesis of PBS polymer is usually achieved with 2 step polycondensation reaction
that starts with oligomer formation and is followed by a transesterification reaction of
oligomers. The direct polycondensation of PBS is achievable but often leads to lower molecular
weight. Some authors have demonstrated direct synthesis that yields high molecular weight
PBS. Figure 1.3. shows 2 step polycondensation reaction that yields PBS polymer. The first
stage of PBS synthesis is carried out with a molar excess of BDO of about 5 to 15% [10,28].
Alternatives to SA can be used like succinic anhydride [29] and succinic acid esters [30], which
would result in the first reaction also being transesterification (not to be confused with the
second step).
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Figure 1.3. Synthesis of PBS.

Jacquel et al. explored a wide variety of metalorganic catalysts, including titanium (IV) n-
butoxide (Ti(BuO)s), zirconium (IV) n-butoxide, tin 2-ethylhexanoate, antinomy (III) n-
butoxide, hafnium (IV) n-butoxide, bismuth neodecanoate and, in addition, metal oxide
catalysts germanium (IV) oxide and antimony (III) oxide (Sb2O) for PBS synthesis [28]. The
authors ranked catalysts according to effectivity Ti > Ge > Zr ~ Sn > Hf > Sb > Bi with titanium-
based catalysts significantly outperforming others. A unique property of Ti(BuO)s was
observed regarding accelerated aging and degradation of prepared PBS and indicated that
zirconium- and germanium-based catalysts produce higher stability polymers. Stannous octoate
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(SnOct2), SboO and Ti(OBu)s were compared in the different studies for their catalytic activity
and authors found titanium-based catalyst was significantly better [31]. Coinciding with these
studies, the use of Ti(OBu)4 (n-butoxide or isopropoxide) is commonly reported in the literature
and is regarded as the best metal-based catalyst [32-34]. Very high molecular weight can be
achieved up to 2 x 10° g/mol [33,34]. The temperature in the first stage of synthesis is kept lower,
usually starting heating slowly till water is removed from the system which is achieved by rising
temperature to values between 150 to 200 °C, while in the second stage higher temperature
benefits reaction, thus temperatures between 200 to 230 °C are regarded as optimal. The stage
separation is imported because water can reduce the activity of metal-based catalysts. While
both stages of synthesis are balanced around the boiling point (235 °C) of BDO. Microwave-
assisted synthesis has been reported as an effective way to reduce reaction time and energy
requirements [35,36].

A different approach to aliphatic polyester synthesis, including, PBS was demonstrated
using rare-earth metal triflates [37]. The advantages of this method were milder conditions and
reusable catalysts. Enzymatic synthesis of polyesters has been explored as an alternative to the
conventional approach using Ti(OBu)4. Candida Antarctica Lipase B (CALB) is used with
relatively good yields and has potential manufacturing applications [38-41]. Relatively mild
conditions are used due to limited enzymatic activity up to 150 °C. The research that compares
CALB and Ti(OBu)4 indicates that organometallic compounds yield lower polydispersity and
higher molecular weight, but the authors noted the high potential of CALB [42]. Jiang et al.
reported that relatively low temperatures around 80 °C enzymatic syntheses depend highly on
solvent selection and other process optimizations [43]. The best results reported with CALB
yield molecular weight from 60 000 to 73 000 g/mol with solution polymerization showing
better yields than melt polymerization process [39,41,43].

To increase PBS and its copolymer molecular weight and mechanical properties, chain
extension have been applied [44-46]. Jin et al. reported chain extension of PBS with the addition
of maleic acid during polycondensation step to introduce double bonds for crosslinking reaction
[45]. This resulted in very high My up to 27.77 x 10*, but authors found that biodegradation of
these polymers was significantly affected. A study on chain extension of poly(butylene
succinate-co-butylene adipate) with hexamethylene diisocyanate reported high molecular
weight could be achieved while biodegradation properties are preserved [44]. The authors
identified changes in crystalline structure as the main reason for good biodegradation of
extended chain copolymer. Zhou et al. proposed using a chain extender with multiple epoxy
groups to prepare PBS foams [46]. The authors reported that the molecular weight of PBS
increased from 1.94 x 10° to 4.83 x 10° g/mol, and good cell size distribution was achieved.
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1.2. Physico-chemical and mechanical properties

PBS has often been compared to PE and presented as a biodegradable alternative. Table
1.1. shows that the properties of PBS are somewhere between LDPE and HDPE. PBS is soft
and flexible semi-crystalline polyester with melting temperature around 110 to 115 °C and heat
deflection temperature of 95 °C. In comparison, commercial variations with additives or
copolymers can be with significantly lower temperatures. The disparity between reported
properties comes from confusing PBS copolymers with PBS due to manufacturer marketing
and various modifications like chain extension playing a significant role in PBS properties. My
bellow 1 x 10° g/mol is considered a low-quality polymer which is more brittle while higher
molecular weight yields good PBS with excellent properties suitable for extrusion, film blowing
and injection molding [10]. Xu et al. reported that PBS reaches suitable properties for film
blowing when My, is around 1.8 x 10° g/mol [10]. It has been reported that PBS melting process
includes a recrystallization process observed with differential scanning calorimetry [47,48].
Crystallization occurs between 70 to 90 °C, and glass transition can be observed between -40
to -10 °C depending on manufacturer, processing, and synthesis methods [49-51]. The density is
around 1.26 g/cm?®, and while melt flow rate has extensive range depending on additives [49-51].
PBS has exceptionally high thermal stability above 300 °C and, combined with low melting
temperature, results in good processing properties [52,53]. As almost no degradation occurs
during melt processing, recycling of PBS has been suggested as a viable option [53,54]. Tensile
properties are often reported with yield strength and/or tensile strength values in the range of
20 to 60 MPa with elastic modulus around 300 MPa, and elongation (strain at break) can reach
up to 560 % [49]. Flexural properties can be changed to measure for PBS owing to the material's
soft nature. Manufacturers report the flexural modulus values around 650 MPa and flexural
strength around 40 MPa [49-51]. While in literature, much lower flexural values are reported
[55,56]. Izod impact strength values range from around 5 to 20 kJ/m? [57].

Table 1.1.
Comparison of the properties between PBS [50], LDPE [58], and HDPE [59].

Properties PBS (FZ71PM) | LDPE (9931) | HDPE (DMDA-8907 NT 7)
Density (g/ cm®) 1.260 0.923 0.952
MEFR (190°C, 2.16 kg) 22 25 7

Melting Point (°C) 115 110 131
Tensile Stress at Break (MPa) 30 12 23
Tensile Strength at Yield (MPa) 40 10 27

Strain at Break (%) 170 40 1100

Flexural Modulus (MPa) 630 317 1069
Heat Deflection Temperature (°C) 95 40 73
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Excellent mechanical properties attributed to high molecular weight PBS combined with
thermal stability, high heat deflection temperature and good processability suitable with
conventional methods have resulted in PBS being seen as a commercial biodegradable
alternative to PE and PP. PBS is safe in contact with food which significantly expands
applications to the food industry, while high heat deflection enables contact with hot beverages
[50]. Higher density of PBS can be seen as a drawback to PBS; lower melting temperature results
in reduced energy requirements for material melt-processing. In addition, when PBS is
compared to biodegradable polyesters, it shows much higher ductility compared to PLA, PHA,
PHB, PHV. Similarly, these polyesters have issues with limited thermal processing temperature
range, which is followed by rapid degradation [60,61]. PCL with relatively low melting
temperature (around 60 °C) and high price is usually suggested for specific purposes like
biomedical applications [62]. Figure 1.4. shows a tensile properties comparison between
commodity plastics and various degradable polyesters.
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Figure 1.4. Typical tensile properties of various biodegradable polyesters and non-degradable
commodity plastics LDPE, HDPE, and PP.

1.3. Crystallization process

PBS is a semicrystalline polymer with a melting temperature in the range of 114 to 116 °C.
It has been reported that the equilibrium melting temperature of PBS is in the range of 127.5—
146.5 °C [63,64]. The differential scanning calorimetry (DSC) curves of PBS often exhibit two
endothermic peaks (Figure 1.5.), which are explained by the recrystallization process [65]. The
observations are similar for ongoing isothermal and nonisothermal crystallization [66,67]. The
first peak (lower temperature endotherm) is observed at a lower temperature between 90 to 110
°C, while the second peak matches the melting temperature [68]. Qiu et al. reported that two
peaks are observed if crystallization temperature (Tc) < 90 °C [68,69]. In addition, the authors
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noted that longer crystallization time or slower cooling rate pronounce the first endotherm
intensity, while the peak shifts to lower temperatures with higher cooling rates.

Wide-angle X-ray diffraction (WAXD) for PBS yields three characteristic diffraction bands
at 19.5°, 21.9° and 22.6° (with variations around + 0.2° in literature), which are assigned to
(020), (021), and (110) planes, correspondingly [70-72]. The (021) plane peak is commonly
revealed as a shoulder to (110) plane peak. Some authors have chosen to identify an additional
weak plane (111) at around 28.7° [71,73]. The characteristic WAXD patterns are shown in Figure
1.6. The addition of fillers promotes changes in structure and peaks for planes (021) and (110)
often merge and change intensities [74,75]. Yoo et al. studied the WAXD characteristic peaks
for PBS samples crystallized isothermally at different temperatures and those obtained with
cold crystallization and reported only one crystal structure as the characteristic bands did not
change from the cooling conditions [64]. Commonly, PBS exhibits a monoclinic a crystal form
[76]. Thus, the imperfect lamellae structures can be formed in the crystallization process, and
they undergo recrystallization into more perfect lamellae during heating. Recrystallization
seems to happen only in the region previously occupied by the originally formed crystals [65].
Reversible transition to monoclinic B crystal form can be achieved by stretching (strain) [77,78].
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Figure 1.5. DSC curves in the heating process for the melt-crystallized samples with different
cooling rates [66]. The heating rate of the DSC scans was 10 K min—1.The symbols show low
(L) and high (H) temperature peaks.
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Figure 1.6. Wide-angle X-ray diffraction patterns for PBS crystallized from the melt at
different temperatures and cold-crystal-lized at 10°C [64].

The distinction between crystalline and amorphous structures can also be observed in FTIR
spectra in the region of 1710 to 1740 cm™!, which represents C=0O vibrations [79]. Yao et al.
studied PBS crystalline and amorphous phase with FTIR, DSC and WAXD [80]. Authors
assigned 1736, 1720 and 1714 cm™! bands to mobile amorphous fraction, a rigid amorphous
fraction (RAF)/intermediate phase, and crystalline phase. RAF forms semiannually with the
crystalline phase and exists by attaching to it [80]. The authors' report that peak 1720 cm™
represent both a rigid amorphous fraction and intermediate phase that characterizes the less
ordered (perfected) structure than the crystalline region. In WAXD, crystallinity is usually
calculated as relative crystallinity from WAXD peak intensities and areas. But for DSC, the
theoretical melting enthalpy of 100% crystalline PBS (AHw") is used. In literature, different
values have been reported for AHn" so far; and AHp," are 102 [81] (DSC, density, volumetric
flask method), 110.3 [80,82] (from handbooks), 110.5 [83] (calculated by the group contribution
method), 200 [84] (DSC, deduced for a large crystal of infinite size) and 210 + 10 J/g [85]
(WAXD).

1.4. Biodegradability

Bacteria and fungi can degrade aliphatic polyesters, including PBS. Manufacturers
recommend using composting conditions with a temperature above 30 °C, while studies on PBS
biodegradation often use around 58 to 65 °C combined with high water content in the soil [86].
Kim et al. reported PBS biodegradation in natural soil at temperature 60 °C resulted in around
10 wt.% mass loss over 120 days [87]. A study using compost soil with 30 °C temperature
reported around 30 wt.% loss in 180 days. The authors also noted that adding jute fibers
significantly accelerated degradation [88]. While the combination of composting soil and 58 °C
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resulted in PBS total degradation in around 100 days [89]. This was confirmed by analysis of
evolved carbon dioxide. Similar results with composting conditions and 58 °C were reported
by other authors [90]. Cho et al. studied PBS degradation in landfills and concluded that PBS
degradation was relatively slow, but pretreatment methods like thermal, enzymatic, ultrasonic
treatment and the application of adapted microorganisms significantly enhance decomposition
speed [91]. It has been reported that PBS degrades in the marine environment, indeed,
exceptional property to reduce sea pollution [86]. Unfortunately, PBS degradation was estimated
to be relatively slow around 2 wt.% in reported studies [92,93].

In addition, it has been reported that CALB can be used to rapidly reduce PBS molecular
weight in extrusion at 120 °C by processing material from 5 to 30 min [94]. Some authors have
suggested recycling PBS, which can be achieved by improving processability with covalently
grafted hydrophilic groups [54] or chain extenders [95]. Recycling biopolymers could reduce
the environmental impact of their life cycle. 1.4. Polybutylene succinate: Blends and
Copolymers

1.5. Blends and Copolymers

1.5.1. Blends

Polymer blends allow to combine existing materials to obtain enhanced properties that the
original material does not offer. Blend preparation is often seen as a cost-effective method that
does not require developing and synthesising new materials. Blends are usually divided into
miscible and immiscible, with the majority of combinations being immiscible that form two or
more phases in the material. Due to multiphase formation, desired properties are often not
achieved, and to overcome this drawback compatibilizing agent is used to cross-link polymers.
Popular cross-linking agents like maleic anhydride (MA) combine with peroxide and various
diisocyanates, significantly affecting biodegradation; thus, alternatives are often explored for
PBS blends.

The changes in blends can significantly affect the crystalline phase formation; thus, semi-
crystalline polymers can be converted to amorphous, or the opposite can be achieved. The glass
transition temperature can be changed to obtain the desired state of the material. Melt flow rate
and melt strength of material affect the ability to process material for selected application; thus,
such improvements are very desirable. Commonly blends are made to improve material’s
mechanical properties. For biodegradable polymers like PBS, desirable properties are lower
cost and adjustable degradation time.

Coltelli et al. explored PBS, and plasticized whey protein (PWP) blends with loading from
30 to 50 wt.% [96]. Authors reported that when compatibilizers are used, properties like elastic
modulus can be increased while tensile strength and elongation decreased. In addition, such
composition improved biodegradation, and unlike other synthetic polymers, PWP is a cheap
natural byproduct produced from cheese manufacturing. A study by Schmid et al. used whey
protein isolate and PBS blend (70 % w/w) with varying potato pulp (0-10% w/w) addition as a
filler for film preparation as an application for packaging material [97]. The addition of potato
pulp increased elastic modulus, significantly decreased sample elongation, and tensile strength
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was not affected, while water vapor transmission rate decreased in the sample with 2.5 wt.%
loadings.

PLA and PBS blends are among the most studied biopolymer combinations due to PLA
inherit brittleness that limits its application [98]. Thus, elongation at break is increased, and PBS
is applied for the plastification effect. As they are immiscible, the preparation and addition
compatibilizer significantly influences properties [98]. Ratsameetammajak et al. investigated
the influence of three fatty acids (lauric acid, palmitic acid, and stearic acid) on poly(lactic acid)
(PLA) and poly(butylene succinate) (PBS) blends [99]. PLA to PBS blends was predetermined
and fixed at 90:10 weight ratio, and different ratios of each fatty acid (100:0, 100:2, and 100:4)
were added to the melt blend. The authors concluded that fatty acids are a convenient and
inexpensive way of plasticizing PLA/PBS blends. The addition of fatty acids enhances the
plastic behavior of the films by decreasing the elastic modulus and tensile strength, fatty acid
addition increased film contact angle. Still, no significant difference was observed in water
vapor permeability. In a different study effect on popular cheap inorganic fillers talc, calcium
carbonate and titanium dioxide were studied in PBS/PLA blends. The authors concluded that
crystallinity is increased and the cost of blends can be significantly reduced [100]. Several
authors have reported that blends show quite different crystallization and biodegradation
performance than neat polymers [101-103]. Both PBS and PLA are suitable for applications like
food packaging and biomedical scaffolds and membranes studies on blends have also reported
high potential and enhanced performance [104-106].

Polycaprolactone (PCL) is a unique polymer with high potential for biomedical
applications, one of the best biodegradation performances from polyesters but with a relatively
low melting temperature of 60 °C and high price. Sadeghi et al. [107] report the preparation of
biodegradable membranes with different compositions of PCL and poly(butylene succinate)
(PBS) for wastewater purification. PCL/PBS membranes with PBS up to 30 wt.% were
prepared. Blending the PCL with PBS resulted in a decrease in the elastic modulus, tensile
strength, and elongation at break, but the addition of PBS to PCL increases the membrane
hydrophilicity and biodegradability. 70/30 PCL/PBS blend enhanced the permeate flux and
increased the rejection percentage of turbidity, chemical oxygen demand, and total dissolved
solids to 100%, 66.62%, and 1.61%, respectively in comparison with the PCL membrane.

Almwli et al. reported the fabrication of novel PBS/polyvinylpyrrolidone (PVP) blends for
pervaporation membrane preparation and possible application in acetone dehydration [108].
PVP up to 3 wt.% was used in the PBS blend membrane. Incorporating 3 wt.% PVP into the
blend resulted in almost a 2.7-fold increased swelling, approximately 29% lower water contact
angle, and about 26% higher tensile strength compared to a neat PBS membrane. PVP increased
the total flux, separation factor, and pervaporation separation index of the resultant membranes
by about 3, 6, and 21-fold, respectively.

Poly(butylene adipate-co-terephthalate) (PBAT) and poly(butylene succinate-co-adipate)
(PBSA) are popular copolymers that are slightly cheaper than PBS and can offer similar
properties to PBS in polymer blends. Thus this combination is viewed as unfavorable. Blends
of PBS with PBAT showed mechanical and barrier properties changed according to polymer
loading and showed good scaling [109].
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Thirmizir et al. reported PBS/poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHH) that
showed increased Young’s modulus and flexural modulus when compared to PBS, while other
mechanical properties were retained or decreased [110]. Authors reported best performance for
blends with a ratio of 2 : 8§ PBS/PHBHH and even better results when MA compatibilizer was
used.

1.5.2. Copolymers

Synthesis of copolymers can be considered an advanced method for modification of
polymer’s properties. The targeted approach by adding specific units in the polymerization
process allows modifying mechanical, physicochemical and thermal properties. In addition,
new copolymers can have lower prices, different biodegradation speeds, and compatibility with
solvents. A unique property of copolymers is relatively lower crystallinity or almost entirely
amorphous structure.

The preparation of PLA-PBS copolymers aims to achieve increased elongation properties
of PLA and the ability to reduce its brittleness. Srithep et al. used PLA-PBS copolymer as an
additive to PLA. They reported a significant increase of elongation at break with the maximum
value of 8%, and the glass transition temperature was lowered by 20 °C [111]. In other research,
it was reported that copolymer could significantly alter the properties of PBS/PLA blends, and
authors reported a decrease of the glass transition temperature by 30 °C [112]. In contrast,
Guidotti et al. explored copolymerization of PLA with poly(butylene-co-triethylene succinate)
as a scaffold for cardiovascular tissue engineering by emphasizing the elastomeric nature of
prepared material [113].

Poly(butylene succinate-co-adipate) (PBSA) compared to PBS degrades significantly faster
and has lower melting temperature and crystallinity [82,114]. PBSA has been proposed for the
film fabrication process, especially for agriculture and packaging materials[115]. Poly(butylene
succinate-co-terephthalate) (PBST) emerged as potential biodegradable alternative to
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT)[116]. The relatively
low amount of aromatic groups that do not form long chains of PBT can be biodegraded and
possess low crystallinity, but thermal properties are more similar to PBS [116]. Zheng et al.
reported that 50 mol% poly(butylene terephthalate) copolymer with PBS showed melting point
around 132 °C, the modulus of 59 MPa, an elongation to break around 1300% [117].
Poly(butylene adipate-co-terephthalate) (PBAT) has had as more successful implementation
aromatic groups in biodegradable polyester with good mechanical performance, ductility that
i1s combined with superior biodegradability compared to PBST [118]. The lower cost, melting
temperature and amorphous structure of PBAT make it suitable for preparing cheap polymer
films, while PBS has higher stiffness, semi-crystalline structure, and good performance with
processing techniques and versatility for applications.

Zeng et al. reported synthesizing poly(butylene succinate-co-diethylene glycol) copolymer
and showed that most mechanical properties, crystallinity, and melting temperature decreased.
The water contact angle of copolymers was from 61° to 69° compared to neat PBS with 75°
and resulting in the decrease of hydrophobicity contributed to improved hydrolytic degradation
[119]. As an alternative to PBS, propylene and ethylene groups have been studied in their
respective polymers and even added to PBS [10]. Their implementation can diversify biorefinery
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routes and increase the sustainability of copolymers while generally possessing lower properties
compared to PBS.

Long chains have been implemented in PBS copolymers to obtain hydrophobic polymers.
Sokotowska et al. reported poly(butylene succinate-co-dilinoleic diol) copolymers and showed
that a catalyst choice block or random polymer could be obtained [120]. In further research, it
was reported that the formation of PBS is more pronounced and the addition of long soft
segments is limited up to 30 wt.% [121]. In addition, Sun et al. reported use of 1,2-decanediol is
not only effective for enhanced elongation and can be used to control crystallization by adding
branching [122].

With a wide variety of PBS copolymers, authors often try to target the biomedical field. The
requirements of biomedical application often include lower molecular weight, biocompatibility,
and excellent biodegradation of materials. Smola-Dmochowska et al. reported oligo (butylene
succinate-co-citrate) in combination with other biopolymers has perspective for application in
bioimplants with shape memory properties [123]. By adding 30 mol% of dithiodipropionic co-
units to PBS, the inclusion of disulfide units was achieved, and authors reported a significant
increase in fibroblasts adhesion and proliferation on copolymer scaffolds compared to PBS
[124]. Wang et al. reported copolymerization with DL-malic acid units, which significantly
improve hydrophilic properties due to the addition of hydroxyl groups [125]. Poly(butylene
succinate-co-salicylic acid) was reported to have the ability to enhance plant growth [126].

1.6. Composites and Nanocomposites of PBS

1.6.1. Composite preparation

As discussed before PBS comes with crucial properties such as good mechanical
performance, high ductility and elongation at a break that can exceed 200%, good thermal
stability and processability, including, chemical resistance [127,128]. The combination of these
properties makes PBS especially attractive for polymer composite preparation [129-131]. The
addition of filler material can selectively increase gas barrier properties, yield higher stiffness
and even reduce material costs [132]. Mochane et al. reported that PBS/natural fiber composites
offer significant advantages like reducing the emission of pollutants, increasing energy
recovery and biodegradability [133]. In addition, the authors outlined substantial disadvantages
of the high flammability of such composites. Xiao et al. reviewed developments in fire
retardancy of PBS [134]. Authors summarized that several approaches exist to improve fire
retardancy, like inorganic fillers, magnesium hydroxide, expanded graphite, carbon black and
organic lignin. In addition, a promising combination of ammonium polyphosphate and
melamine has gained a lot of interest [134]. Most of these additives do not significantly hinder
applications as they have almost no toxicity or impact on biodegradability.

The studied PBS/composites consist of inorganic fillers like various versions of carbon
particles (carbon black [131,135], graphene oxide [136,137], graphene nanoplatelets [138]), silica
[139] and many more. But fully bio-based composite concept with numerous variations of
different natural fibers has become the focus of sustainability issues. Thus, natural
lignocellulose fibers are widely used for reinforcement and cost decreasing purposes. In
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addition, abundance, renewability, biodegradability, low density have played a significant role
in organic filler popularity [140].

Determining optimal filler content, obtaining good dispersion in the polymer matrix and
improving the interaction between composite components can be achieved by carefully
choosing the right preparation technology. Figure 1.7. shows PBS composite preparation routes.
Melt processing is by far the most popular choice [141-145] used to make PBS composites, while
for more specific cases, solution methods are used [136,137,146], and there are some reports of
in-situ polycondensation approach [139,147]. For example, twin screw extruder and an injection
molding machine have been used to make PBS and padauk sawdust composites [141]. A twin-
screw extruder has also been used for the preparation of PBS and hemp fibers [142], sugarcane
rind fiber [143], CNC’s [144,145] and other composites. Solution casting methods allow to work
with specific fillers and avoid their agglomeration increase in the composites. Examples of these
fillers include organically modified layered silicates (OMLS) [146] and grafting with
octadecylamine-functionalized graphene oxide for creating [137]. In addition, nanocellulose
fillers often agglomerate when they are dried, thus losing their nanostructured morphology. In-
situ polymerization has been used to develop toughened PBS composites with chitosan
nanowhiskers [147] and prepare composites with silica nanoparticles [139] and graphene oxide
(GO) [148]. For industrial applications of nanofillers, both methods can be combined to prepare
masterbatch with solution casting and then process it with melt extrusion. This combination
allows for processing composites that melt extrusion cannot be directly made and reduces
solvent usage.
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1.6.2. Inorganic fillers

Inorganic fillers like calcium carbonate can significantly lower the cost of the polymer as
they can be used with very high loadings up to 60 wt.%. For research purposes and advanced
applications fillers that increase thermal stability, conductivity or both, and mechanical
properties are more appealing [137,146,149]. The addition of 5 wt.% of graphene nanosheets
increased thermal stability by 35 °C and provided enhancement of 105-fold for electrical
conductivity compared to PBS, and changed the crystalline structure to b-form PBS crystals
that are usually observed under stress [128]. Graphene nanoplatelets have been reported to
improve water and dioxygen permeability barrier properties by 38 and 35%, respectively [138].
Graphene oxide composites with the 3% loading have increased tensile strength and storage
modulus by 43% and, 45%, respectively [148]. PBS nanosilver-coated carbon black (AgCB)
composites with loadings up to 15 wt.% were prepared via injection molding method, and
samples showed lower mechanical performance [131]. Prepared composites gained increased
conductivity approximately by order and showed anti-electrostatic properties, which authors
suggested for biofriendly keyboards. Antimicrobial activity was confirmed for the highest
AgCB loading. Carbon black (CB) was used as filler for lightweight PBS composite foams,
prepared by supercritical CO; foaming process [135]. The addition of CB accelerated the
crystallization process, improved thermal stability, increased stiffness and electrical
conductivity, and significantly enhanced compressive strength by 108%. Han et al. reported
that the addition of 3.5 wt.% silica nanoparticles increased tensile strength and elongation at
break from 26.6 MPa and 96% for PBS to 38.6 MPa and 515% nanocomposites [139]. In
addition, filler significantly accelerated biodegradation of the PBS composites due to the
reduction of the crystallinity. Stearate modified magnesium-aluminum layered double
hydroxide as filler in PBS composites accelerated biodegradation under simulated marine
conditions and lowered thermal stability due to the Mg and/or Al catalytic reactions [149]. PBS
composite with cinnamic derivatives intercalated into ZnAl layered double hydroxides with 5
wt.% loadings showed good UV protection properties [150]. Such composites can be applied
when the material is exposed to UV, thus preserving it and reducing CO> emission during
photodegradation. Fan et al. reported tetra calcium phosphate grafted with poly(Z-lactic acid)
filler for PBS composites. Such composition could be applied as potential bone substitute
material and analysis showed good biocompatibility in osteoblast attachment, spreading and
proliferation on the composites [151]. Table 1.2. summarizes inorganic fillers used for PBS
composites.
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Table 1.2.

PBS composites with inorganic fillers.

Filler Load Modification Property changed Ref.
Silica 1.8, 3.5 and ) Tensile strength at break and [139]

nanoparticles 5.5 wt.% elongation and biodegradability

nanosilver-coated 3,5,10, and Electrical conductivity and
carbon black 15% ) antibacterial properties [131]
(AgCB) ’ prop
graphene 0.3,1,2,3, - T?(fridnl?cltf\t/? lhfﬁefﬁiﬁréﬁf‘ 1 [128]
nanosheets 5 wt.% Y,
properties
01051 | oouteomine. | Ippecdlemle b [
wt.% functionalized (GOODA) & ’

thermal stability

Increased storage modulus and
- tensile stress and higher glass [148]
transition temperature achieved
PBS composite foams: smaller
cell size, a higher cell density,
05,1,3,5, and more uniform cell

carbon black (CB) 10 wt.% ) morphology, low density, [133]
improved electrical conductivity

compressive strength

graphene oxide
(GO)

0.5,1,3
wt.%

functionalized with
octadecylamine via
0.1,0.3,0.5, sonochemical exfoliation
0.7, 1 wt.% | method producing mono- to

Increase in tensile strength,

graphene oxide Young’s modulus and thermal | [136]

few-layer graphene stability
oxide/octadecylamine
Graphene 0.1,0.5, 1, improve water and dioxygen
nanoplatelets o - o . . [138]
2, wt.% permeability barrier properties
(GnP)
Cinnamic
derivatives LDH hybrids: cafeic, ferulic, Increased viscosity, lover CO,
intercalated into 2,5wt.% hydroxycinnamic, cinnamic, emission during [150]
ZnAl layered Zn, Al-COs (coprecipitation) photodegradation
double hydroxides
tetracalcium . . good biocompatibility
phosphate (TTCP, > 13&209’ 40 grafted.wnh I;LLA .Vli.rmg_ (osteoblast attachment), [151]
Cay(P0O4)20) e opening polymerization spreading and proliferation

1.6.3. Organic fillers

Plants and trees are the basis of renewable biomass, an essential resource for long-term
sustainable development. Lignocellulose biomass is the most abundant natural resource; thus,
it can be often obtained as a waste product (zero burden resource) or relatively cheap material.
It can be used directly as stems of plants or sawdust from wood with minimal treatment, but
cellulose can be purified and broken down to the nanoscale for advanced applications. PBS
reinforced with lignocellulose has been widely studied [53-55,89,141-143,152-179].  Other
polysaccharides like starch [180-182] or chitosan [147,183,184] are relatively popular for their
unique properties, but fillers can also include protein fibers like wool [185] silk [186], etc. The
resulting composite is reinforced with fibers or filled with particles, yielding a distinct set of
properties. The most observed property of them has enhanced biodegradability. The variety of
different PBS composites with organic-based fillers is summarized in table 1.3.
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Terzopoulou et al. prepared PBS/hemp shives composites with loadings up to 70 wt.%, and
all samples showed enhanced degradation in the soil but tensile strength was relatively low for
compositions above 15 wt.% [142]. Sugarcane rind fibers promoted biodegradation of PBS with
5 wt.% loadings [143]. Feng et al. studied the relationship between preparation temperature and
properties for PBS/sisal fiber composites [178]. The melt mixing induced degradation promoted
interfacial adhesion when the temperature was increased to 200 °C yielding higher mechanical
properties, but a further increase of temperature resulted in degradation and decreased
performance. In addition, it was reported that steam-explosion pre-treatment resulted in
increased specific fiber surface area and improved mechanical properties for PBS/sisal fiber
composites. The impact of water immersion on the properties of PBS/Kenaf Bast Fibre
composites with loadings from 10-40 wt.% was studied by Thirmizir et al. [179]. Authors
reported optimal properties were achieved with 30 wt.% loading, while water immersion
reduced mechanical properties permanently even after drying due to fiber swelling and micro-
cracking-induced defects. Higher fiber content resulted in increased water absorption and a
higher impact on properties after water immersion. The maximum water absorption of around
4.5% was observed at 30 wt.% loadings for PBS/burma padauk sawdust composites [141]. The
reduction of crystalline regions due to the plasticization effect derived from water molecules
was reported. In-depth analysis of cellulose, flax sugar cane, bamboo and hemp filler impact
on PBS thermal stability and ignition was studied by Dorez et al. [177]. Authors found that fillers
with higher lignin content reduced thermal stability of composites and significantly reduced
flammability of composites due to the formation of char. Thus it is recommended to add lignin
to composites. Ammonium polyphosphate fire retardant as an additive was examined to protect
composites from the ignition, which was delayed due to the formation of char but the additive
reduced long-term stability PBS [177].

To further improve composite properties, nanofillers have been applied. The increased
surface and dispersion of filler yields exceptional physical properties [187]. Several authors have
reported applying cellulose nanocrystals (CNCs) as unique fillers [127,144,188,189]. Ferreira et
al. reviewed CNC's impact on biopolymers. They said that a significant increase could be seen
for most mechanical properties, like tensile strength and Young's modulus. Still, elongation at
break is usually decreased or remains close to the value of pristine PBS [127]. With better results
are achieved if surface modifications are applied [127,190]. In addition, the amount of filler and
size significantly affects properties [191]. But the most notable contribution to nanocomposite
properties comes from the choice of preparation method [192,193]. Xu et al. reported a tensile
strength increase to 88 % for PBS/chitin nanowhisker composites (CW) and up to 41 % for
PBS/CNC composites with loadings from 1 to 5 wt.% [194]. CNCs showed even better
properties with compatibilizer methylene diphenyl diisocyanate, while both fillers showed
exceptional performance with just 1 wt.% loading. Huag et al. reported electrospun PBS/CNC
nanocomposite scaffolds for tissue engineering with filler loading up to 5 wt.% [195]. CNCs
increased in the in vitro degradation speed, conductivity, tensile properties, and scaffold had
better cell adhesion, cell viability, and cell proliferation. Thus composites were more suitable
for cell growth. Joy et al. prepared PBS composites reinforced with cellulose nanofibers
(CNFs) with loadings up to 2 wt.% [145]. Tensile and flexural moduli of CNF composites
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increased with an increase of filler load, owing to the nanofiber network formation in the PBS
matrix. But toughness and strain at break exhibited the opposite trend. Kim et al. reported in
situ polymerized PBS/CNC composites with 0.1 wt.% filler and exceptionally high tensile
strength 66 MPa and elongation at break 450%, thus achieving a 1.6 fold increase for both
parameters to PBS [196]. The authors of the following study further improved tensile strength
to 77 MPa and elongation at break to 530% with a 0.2 wt.% loading of chitosan nanowhiskers
[147]. A very high increase of toughness 3.2-fold compared to pristine PBS was reported, which
is uncommon as usually decrease is observed.

Table 1.3.
PBS composites with inorganic fillers.
Filler Load Modification Property changed Ref.
. . Increased toughness, concurrent
chitosan nanowhiskers | 0.05,0.1,0.2,0.3 ) tensile stress, and elongation at | [147]
(CsWs) wt.% : &
break
padauk sawdust 10,20 30 wt.% ; Increased stiffness, water [141]
absorption
10. 20. 30. 40 lower thermal stability, tensile
teakwood sawdust ’ wt’ o ’ APTES and flexural modulus of [157]
e composites increased
almond shell flour 30 wi.% maleinized linseed oil The increased glass transition [154]
(ASF) temperature
Hydroxyethyl cellulose
wood flour 30 wt.% lauric acid ester sprayed on | improved mechanical properties | [168]
wood flour
compatibilized with in situ enhanced mechanical and
grape pomace (GP) 40, 50 wt.% manufactured maleic thermal properties improved [156]
anhydride grafted PBS flexural and impact properties
5 different types of .
industrially modified | 40, 50, 60 wt.% - better strength properties and | 1 g,
thermal stability
starch
rice endosperm by- o . . . enhanced mechanical properties
products 10,20, 30 wt % enzymatic modification (tensile and flexural strength) [160]
Filler Load Modification Property changed Ref.
. . . improved thermal stability and
CNC 0to 7 wt.% modified w1th suceinie higher Young’s modulus, yield | [197]
anhydride
strength
superior tensile and barrier
properties, improved elongation
L-lysine diisocya-nate at break, water vapor and
(LDI) coupling agent or oxygen transmission rate values
0,
starch nanocrystals 1,3,5, 7.9 wt.% modification with N,N- lowered, better dispersion [198]
dimethyl-4-amino-pyridine achieved, complete wastewater
treatment conditions degradation
achieved
CNCs modified with acetic Improved thermal stability,
CNC 0.5,1,3,5,7 anhydride, butyric tensile modulus improved [199]
wt.% anhydride and caproic gradually, elongation at fracture
anhydride decreased
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Filler Load Modification Property changed Ref.
microcrystalline
cellulose, cellulose o Improved enzymatic degradation
acetate, cellulose 3, 10, 15 wi.% ) encreased Young’s modulus [165]
triacetate
reatment with hydrogen fiber surface roughness and
oil palm mesocarp 30 wt.% peroxide under alkaline crys.tallmlty increment, in PBS [169]
conditions matrix, resultqd in improvement
of mechanical properties
reatment with hydrogen enhanced tensile strength, tensile
oil palm mesocarp 30 wt.% peroxide under alkaline ml? dulus and clongation at [170]
conditions break, reduced water absorption
and thickness swelling
. . . improvements in flexural
lignin 50 wt.% ﬁi;::éxsﬂnzif;ggi:ﬁl property, tensile modulus and [171]
tensile strength
polymeric methylene
diphenyl diisocyanate .
50 wi.% (IE)MD%I) isocygnate- Improved impact, flexural and
switchgrass and lignin Lo . > . tensile strength, increased
. (lignin:switchgras | terminated polybutadiene . . [173]
hybrid =1:4, 1:1) prepolymer (ITPB) and polymer cryslatilinty, higher
organic peroxide chemical storage modulus achieved
additive
PBS crystallinity decreases,
15, 30, 50, 60 and degradation rate during
hemp fibers 70 wt.% ) enzymatic hydrolysis and soil [142]
burial increases
sugarcane rind fiber o . soil burial biodegradation rate
(SRF) 5,10, 15 wt.% alkali treatment accelerated [143]
O.CSr, l:ﬁr'}di’ec% p;lrr:: Increased tensile and flexural
isora nanofibers (INF) }Z) F volvmer rlz:sin - properties, decrease of [145]
p [}};hr]) toughness and strain-at-break
ngiiflid ;thhSS_ improved tensile strength and
bamboo fibers S wt.% triethoxyrs)ilarl)lz and modulus, flexural strength and | [200]
. modulus, impact strength
polydopamine (PDA)
mOd;f;e:er\;ﬁlglel)gzrz%atmg improved interfacial adhesion,
bamboo fibers 50 wt.% octadecylamine (ODA) for 'mTchlamcal 11) ropertlei; [159]
hydrophobic surface particularly tensi .e strength, and
y preparation water resistance
surface modification
treatment was carried out Increased tensile strength and
flaxseed fiber bundles 40 wt.% with concentrations of flexural stren thg [155]
10 g/L and 20 g/L sodium £
hydroxide (NaOH)
Filler Load Modification Property changed Ref.
mechanical properties and
thermal stability enhanced,
o coating fiber surface with enl.la'n'ced 1nterfac1a1' .
bamboo fibers 49 wt.% olydopamine (PDA) compatibility, glass transition [161]
polydop temperature, and crystallinity
increased with DOPA loading
rates
increase in crystallization
sugarcane rind fiber temperature, degree of
5,10, 15 wt.% - crystallinity and maximum [143]

(SRF)

weight loss rate temperature,
improved biodegradation
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Filler Load Modification Property changed Ref.

Chemothermomechanic o alkah-'treat'ed anq/or Enhanced tensile and impact
30 wt.% esterification with [162]
al pulp fiber strengths

lauroyl chloride

improved compatibility between

. 0 . . .
ramie fibers 0.5, 1 wt.% enzymatic modification fibers and polymer matrix [163]
treated with different agents .
ramie fibers 10, 20, 30 wt.% (alkali, silane, maleic Improved t'ens1le s@ength and [175]
; . . modulus, interfacial strength
anhydride, acetic acid)
. . Improved water resistance by
kenaf fiber 30 wt.% PBS treated with maleic improved fiber-matrix [176]
anhydride (MAH) . .
interaction
Improvement in tensile strength,
. fiber-matrix compatibility
cotton fiber 10-40 wt.% Silane treated . . [89]
improvement, significantly
improved biodegradation rate
different natural fibers: 5. 10, 15, 20, 30 ammonium polyphosphate fiber reduced thermal stability
hemp, flax, sugarcane (APP) was used as a fire- . . o [177]
wt.% regained with APP addition
and bamboo retardant agent added

Interfacial bonding
30 wt.% - improvement, mechanical [178]
performance increase

steam explosion pre-
treated sisal fibers

Increased flexural strength and

kenaf bast fibers 10,20, 03 0,40 - modulus, decreased impact [179]
wt.%
strength
Reduced mechanical properties,
Empty fruit brunch o modified with tapioca enhanced water vapor
(EFB) fibers 30,40, 50 wt.% starch permeation and reduced PBS [201]

composite cost

1.6.4. Composite modification

Improving the interfacial adhesion between polymer and filler is by far the most studied
topic of PBS composite materials [89,141-143,158-179]. Similarly to most conventional polymers,
the PBS is hydrophobic and is limited to intermolecular bonding, which is relatively weak to
most inorganic and organic fillers that are hydrophilic. This led to structural issues like
agglomeration, low-stress transfer to fibers and increased water uptake, to name a few. Various
methods have been applied to eliminate these issues and even further improve the properties.
This includes the use of compatibilizers, surface modifications and cross-linking agents.
Following the treatment, filler’s and/or polymer’s surface is chemically altered, coated, or
chemical bonds are formed between the components.

Lignocellulose-based fillers are commonly used for PBS, as described in the organic fillers
section. This has led to the applying widely used methods like hydroxide treatment or silane-
based coupling agents for cellulose surface modification [202]. Hong et al. investigated a green
and effective approach to enhance interfacial adhesion between PBS and bamboo fibers [200].
Fiber modification with (3-aminopropyl) triethoxysilane and polydopamine led to increasing
tensile strength by 70%, impact strength by 63%, flexural strength by 37%, and tensile strength
modulus by 25%, flexural modulus by 24% and water resistance. Three types of silanes were
used for cotton fiber (CF) treatment, and prepared composites with 10-40 wt.% were tested for
mechanical properties and biodegradability [89]. Tensile strength without treatment showed an
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increase of 15-78%, and the addition of silanes resulted in 25-118% improvement. In addition,
the best of mechanical properties were reported for samples treated with (3-aminopropyl)
trimethoxysilane, which slightly increased the thermal stability and biodegradation rate. Zhou
et al. investigated interfacial shear strength for PBS/ramie fiber composites with various surface
modifications, including maleic anhydride (MAH), acetic acid anhydride, sodium hydroxide,
and silane [175]. The best interfacial shear strength was reported for untreated ramie fibers
followed by alkaline treated samples, which showed high tensile modulus and strength values
with 30 wt.% loadings. Thus, the authors demonstrated various components on fibers surface
like wax, hemicellulose, and lignin h to enhance compatibility. While Then et al. reported oil
palm mesocarp fiber surface modification with alkaline-hydrogen peroxide treatment, resulting
in lignin, hemicellulose, and waxy substances removal [169]. A similar observation was reported
by Azhar et al. that flaxseed fiber bundle pretreated with sodium hydroxide and introduced in
PBS matrix show 84% increase in flexural strength achieved by significantly rougher surface
morphology [155]. The prepared composites with 30 wt.% loadings had higher tensile, flexural
and impact strength, which authors attributed to increased fiber surface roughness. Enzymatic
treatment of rice endosperm [160] and ramie fiber [163] surface indicated improved properties
compared to untreated composites. The authors proposed that surface can be cleaned and
restructured for better interfacial adhesion, yielding better mechanical properties and lower
water absorption. PBS/alkaline lignin composites with high loading of 50 wt.% were tested
with two different modification routes- PBS grafting with MAH and lignin treatment with silane
coupling agent [171]. Tensile and flexural properties saw a relatively good increase, while
impact strength and water adsorption were decreased. The MAH grafting saw the most
considerable increase for tensile strength and flexural modulus, while silane treatment showed
better elongation at break and tensile modulus values. A combination of 1:4 Lignin: Switchgrass
filler with 50% loading was studied with polymeric methylene diphenyl diisocyanate (PMDI)
cross-linking agent and peroxide in melt processing conditions [173]. The authors reported
around a 5-fold increase in tensile and flexural modulus after the addition of PMDI. PBS grafted
with MAH was used as a compatibilizer for PBS/kenaf bast fiber composites and authors
studied dimensional stability and water adsorption of composites [176]. Untreated composite
retained better properties than the most treated samples, the us authors concluded that grafted
polymer preparation process contributed to increased water uptake and decreased dimensional
stability. In addition, the purification process is vital for the application of this method. In a
different study the balance between mechanical and thermal properties of PBS/grape pomace
composites with MAH grafted PBS was reported at a ratio of 57:40:3. Authors reported
improved flexural and impact strength by 28% and 59% compared to pristine PBS [156].
Coating fiber surface to increase interfacial adhesion is another modification route. Hong et
al. treated bamboo fibers (BF) with polydopamine (PDA), thus showing enhanced
thermomechanical properties like storage modulus, loss modulus, thermal stability, in addition,
demonstrating the better formation of an interface between filler and matrix as indicated by
SEM analysis [161]. The following authors further improved PDA coating with graft
octadecylamine grafting and showed even better mechanical properties and significantly lower
water absorption for composites [159]. Yue et al. spray-coated wood flour with hydroxyethyl
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cellulose lauric acid ester to prepare PBS composites [168]. The authors reported tensile
strength, impact strength and storage modulus increase by 20-80% compared to uncoated
composites and obtained the best properties with 2 wt.% coatings from wood floor mass.

The nanofillers require different modification and composite preparation strategies, usually
involving more complicated chemical modification of the surface. Wu et al. reported CNC
modification with succinic anhydride and preparation of composites with filler loading up to 7
wt.% [197]. Authors reported up to 57% increase in Young’s modulus and up to 11% increase
in yield strength with modified CNCs showing better properties as filler. In addition, the authors
demonstrated that modified filler showed highly hydrophobic surface properties compared to
hydrophilic CNCs. PBS/banana starch nanocrystal (SNC) composite modification routes with
coupling agent L-lysine diisocyanate (LDJ) and surface treatment with lauroyl chloride were
compared [198]. Water vapor transmission rate and oxygen transmission rate were lower by up
to 2-fold owning well dispersed nanoparticles. Surface treatment yielded the tensile strength
and elongation at break increase up to 3.8% and 51.1% compared with the neat PBS film.
Coupling agent improved biodegradation speed while surface treatment delayed the microbial
process. He et al. used different acid anhydrides for the improvement of CNCs dispersion in the
PBS matrix [199]. To decrease hydrophilicity, the CNCs were treated with acetic anhydride,
butyric anhydride and caproic anhydride. The surface energy of modified CNCs was lower than
that of pure CNCs. The initial decomposition temperature of 5 wt.% modified CNCs/PBS
composites was slightly higher compared to unmodified sample. Tensile tests indicated the
tensile modulus improved gradually with increase of modified CNCs content, whereas the
elongation at fracture decreased. CNCs modified with phthalic anhydride in melt were further
squeeze treated, resulting in a significant increase in tensile strength from 35.2 MPa to 136 MPa
[56]. Almond shell flour (ASF), a common agricultural waste material, was functionalized with
maleinized linseed oil (MLO) particles and used as filler for PBS composites [154]. The addition
of MLO contributed to a significant increase of elongation at break, achieving around a 3-fold
increase compared to untreated composite and showing even slightly higher results than pristine
PBS. The authors reported optimal properties for 2.5 wt.% loading of MLO with 30 wt.%
loading of the filler.
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1.7. Applications of PBS based Materials
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Figure 1.8. PBS applications and their relative distribution.

Short term use of light packaging materials and films is problematic for the recovery and
recycling of plastics [203]. These products often end up in landfills, soil, forest, or ocean
contributing to major pollution, which can be avoided with the use of bioplastics. The remains
of plastics in soil can significantly reduce the yield of crops and contribute to food supply issues
in the long term [204]. Once microplastics are formed, it is almost impossible to collect them
from soil or water, but they will remain in this form for hundreds of years. While their impact
on humans and animals is only being studied, the alarming rate of their rising content in nature
has pushed for new policies and legislation [205].

New applications for bioplastics are introduced every year, resulting in a growing market
size. Perspective application fields are given in Figure 1.8. Since the PBS biodegradation has
been widely studied and degrades into water and carbon dioxide, it is presented as an alternative
to commodity polymers like PET, PP, LDPE, and HDPE [49-51]. The manufacturers and
scientists alike have presented these comparisons, which show a great feasibility for replacing
commodity plastics with similar thermal and mechanical properties [49,51,206]. As seen in
Figure 1.9. the manufacturers like Mitsubishi Chemicals have suggested application mainly in
food packaging and agriculture industries [206]. In addition, there is great potential for
biomedical applications like scaffolds for tissue recovery, drug delivery and implants
[130,207,208]. While large industries like automotive are pushing for sustainable manufacturing
[209].
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1.7.1. Agriculture & food packaging
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Figure 1.10. Biodegradable PBS bottles [211] and cutlery [212].

Food packaging requires properties that extend the product's shelf-life and protect it during
transportation and storage. Packaging must have excellent barrier properties to prevent
microbial contamination and water vapor, carbon dioxide, aroma, and oxygen permeation
[213,214]. The PBS mechanical, thermal, and barrier properties must be adjusted by developing
modification strategies that include chemical crosslinking, blending with other polymers, and
composite processing to guarantee these requirements. It is also crucial to adapt the foraging
behavior for various conditions, especially toward moisture content, ultraviolet and visible light
irradiation.

For example, PBS polymer materials processed into films, compost bags, or boxes are
promising candidates for biodegradable packaging, particularly food packaging, cosmetics, and
mulching films in agricultural applications. Mitsubishi chemical corporation has developed a
line of PBS biodegradable plastics for the preparation of coated/laminated paper for
applications like drinking cups and oily food wraps as they are resistant to elution to oil and
vinegar [206]. It is also resistant to the permeability of sauces and oils.

The PBS grades produced are processable in LDPE machinery, have excellent printability,
low heat seal temperature, and excellent heat seal strength.

Another example is futamura, a leading producer of sustainable cellulose packaging films,
and Scientex, the Malaysian flexible packaging manufacturer. They selected PBS as a sealant
layer to create bio-based laminated solutions with biodegradable zippers. The multi-layer
construction is entirely compostable and offers excellent sealing characteristics and appearance,
along with moisture and oxygen barrier properties, making it suitable for various types of dry
food [210]. PBS can also be used in environmentally friendly applications, thanks to its excellent
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dimensional stability and flowability. It can be formed by injection molding into cutlery and
bottles that quickly decompose in the soil as shown in Figure 1.10. In addition, the excellent
biodegradation properties enable applications like mulch films and pots for seedlings. This is
especially important as these films are broken down by weather, ultraviolet radiation, and
mechanical treatment. They do not leave permanent pollution in the soil.
1.7.2. Biomedical engineering
PBS properties include biocompatibility, biodegradability and non-cytotoxicity, making it
suitable for medical applications like implantable materials, tissue engineering, drug delivery
and encapsulation [130,207,208]. The benefits of using drug delivery systems based on the PBS
are easy preparation, prolonged, controlled, and steady release of drugs. For biomedical
applications, the PBS is emulsion polymerized as microcapsules or electrospun from solution
as nanofibers. Some of the reported structures are shown in Figure 1.11.
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Figure 1.11. Scanning electron microscopy images of (a) electrospun scaffolds collected on
conventional flat collector [208], (b) helically coiled scaffolds collected in methanol bath [208]
and (c) PBS microcapsules for drug delivery [207].

1.7.3. Adhesives
PBS as a biodegradable adhesive is shown in Figure 1.12. PBS adhesives can alleviate the
environmental problems caused by nondegradable hot-melt adhesives. A case study of hot melt
adhesive based on PBS was reported [215]. The authors tested PBS and prepared poly(butylene-
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co-isosorbide succinate) copolymer applied them between two iron plates. The use of
copolymer further improves the bond strength between adhesive and metal interfaces. The
suitability of PBS as a direct-melt coating on recycled paperboard for grease resistance in
microwave rapid reheat and heat and hold convenience food packaging applications was
researched [213]. This research demonstrates that PBS can be a viable alternative to
perfluorinated and petroleum-based chemicals and polymers. Advantages include more
sustainable end-of-life options owning to oil migration resistance at elevated temperatures and
biodegradability.

(b)

Figure 1.12. (a) PBS as hot melt adhesive [215] and (b) paperboard coated with PBS [213].

1.7.4. Automotive

There is a potential to substitute polypropylene (PP), polyethylene terephthalate (PET), and
polyethylene (PE) with PBS owing to its high tensile strength and heat resistance. Now there is
no clear evidence that PBS is used in the automotive market. Car producers are confronted with
many inherent technical challenges with biodegradable polymers, including the need to
overcome potential biodegradation, ensure the polymer material's stability when exposed to
environmental factors, dealing with natural variability in fibers, and adjusting the
manufacturing process for new material. However, in 2006, Mitsubishi Chemical and Faurecia
(FR) offered the global auto market a sound, versatile, and lightweight biopolymer material
[216]. They co-developed a bio-based plastic called BioMat that could be massed-produced and
used for automotive interior parts such as door panels, trim and strip, structural instrument
panels, console inserts, air ducts, and door panel inserts. Faurecia further developed BioMat,
optimizing it with hemp fiber filler to produce injection molded car parts, which were expected
to reach market as early as 2016 [209]. Figure 1.13. shows car panel produced from BioMat.
While now, no new information on BioMat has been shared by Faurecia. The other possible
applications for biopolymers in the automotive could be the engine and transmission cover in
underbody panels, scuff plates, interior trims, door linings, luggage trim upholstery, and cowl
side trim and seat cushions, door scuff plate, and toolbox area [217]. The composites, blends,
and combination of various bio-based materials can fully substitute fossil-based materials.
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N
Figure 1.13. Injection molded PBS/hemp custom interior panel [209].

1.7.5. Water and wastewater treatment

Durable and biodegradable membranes from PBS to efficiently filter the wastewater and
reduce the wastewater pollutants are actively researched. Figure 1.14. shows membranes
produced from PBS. Commonly other PBS blends with other biopolymers are proposed to
control the morphology, hydrophilicity, chemical structure, crystalline structure, mechanical
properties, and biodegradability of the membranes for those applications [218,219]. For example,
the membranes of high thermal stability and composability were prepared using immersion
precipitation technique to control macro and microvoids [218]. Authors reported that the
addition of cellulose acetate could regulate macro void formation and thus change permeation
properties. Sadeghi et al. prepared PBS/ polycaprolactone membranes with immersion
precipitation technique and reported the best composition with weight ratio of 85:15 [219].
Furthermore, the performance of the obtained membranes was validated through the treatment
of wastewater sampled from the chips and snacks factory and their efficiency was testified by
high values of pure water flux, flux recovery ratio, and permeate flux and the higher rejection
of pollution.
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Figure 1.14. SEM cross-sectional and surface images of the PBS membranes with microvoids
[219].
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1.8. Techno-economic potential and challenges

When it comes to the commercialization and mass production of bio-based polymers, there
are often two main drawbacks given. The limited amount of farmland and the relatively high
cost of bioplastics. While the farmland question might be more complicated with various
solutions such as sea farming and innovative ways to increase crop density, the initial challenge
lies within the price. This raises the question of whether bioplastics can compete on price. In
this regard, we can set the base line using conventional polymers like PP and PE. The bulk price
for PP and PE, according to various sources, ranges from around 1.0 to 2.0 $/kg [220,221]. As
PBS is still considered an emerging product with limited production, we can look at PLA and
polybutylene adipate terephthalate (PBAT), which are currently two of the most produced bio-
based polyesters [222]. According to various sources, bulk prices for PLA and PBAT are within
arange of around 2.0 to 3.5 $/kg [222,223]. According to a 2015 European Commission report,
the bulk price of PBS was 4.5 $/kg [222]. A slightly lower price estimation was provided by
Wageningen University at 4.0 $/kg for PBS in 2016 [224]. loannidou et al. researched techno-
economic risk assessment for PBS based on sugar beet pulp, glucose syrup, and corn stover
feedstocks [225]. The authors assumed that PBS is produced as fully bio-based and examined
production capacities of up to 120 kt/year. When production reaches 60 kt/year, the estimated
production costs for PBS are around 2.6 $/kg for glucose syrup and corn stover. According to
estimations, use of sugar beet pulp could offset production costs (around 4 $/kg) to a minimum
selling price of 1.4 $/kg (60 kt/year or more) with sales of high-cost pectin byproduct. Thus, it
can be concluded that the current price of bio-based polyesters is around two to three times
higher than their conventional fossil-based counterparts. As remaining oil volumes are reduced
due to increasing oil extraction costs, the price gap between bio-based and oil-based polymers
is expected to narrow in the coming decades. It is widely accepted that oil prices are much more
unstable than crop (feedstock) prices [226]. This opens the door for various pieces of legislation
to influence consumer choices, such as tax and environmental policies aimed at closing the
price gap and changing consumer preferences.
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2. MATERIALS AND METHODS
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Figure. 2.1. Structure of the research.
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2.1. Materials

Polymer

Poly(butylene succinate) (PBS) selected was BioPBS™ grade FZ71PB® (PTT MCC
Biochem Company Ltd) and, according to the producer, is bio-based (50 wt.%), the
biodegradable thermoplastic polymer [50]. Bio-based content comes from bio-succinic acid
used in the synthesis. Its inherent melting point is 115 °C, density — 1.26 g/cm® and melt flow
index — 22 g/10 min (2.16 kg, 190 °C). According to the manufacturer, FZ71 is flexible semi-
crystalline polyester with excellent properties suitable for cast extrusion and extrusion coating.
It can be used in contact with food and hot beverages with temperatures up to 100 °C. In
addition, PBS is compostable in soil, landfills and at home, while recommended temperature
for compost is at least 30 °C.

Recycled cellulose

The rCell was received from the TetraPak® recycling industry company as a recycled
cellulose pulp (Figure 2.2.a) that was separated from aluminium and polymer components
during industrial-technological processing. Before laboratory processing, the pulp was ground
with the Retsch cutting mill SM300. A sieve with 4 mm was used for the first grinding cycle,
followed by the second milling with a sieve size of 250 um (Figure 2.2.b). Mill was fed
manually, and rotation speed was set for the whole process at 1500 rpm. rCell is fibre filler,
characterized by average length —200 um, average width —20 um (Fig. 3.2.a-d).

Figure. 2.2. Characteristics of raw materials: (a) received recycled cellulose from
industrial plant and (b) recycled cellulose filler after grinding process.

Microcrystalline cellulose

Microcrystalline cellulose was obtained from bleached softwood kraft pulp (Metsd Botnia
AB) according to the procedure reported by the authors [76]. In compliance with this method,
the pulp was impregnated with a thermocatalytic degradation catalyst — weak hydrochloric acid
solution (0.05%) and used modulus were 1:20. After pressing out the excess liquid, the pulp
was thermally treated at a temperature of 120 °C until a dry state. This facilitated the destruction
of the amorphous part of cellulose, while the crystalline one remained almost intact. The degree
of polymerization decreased and reached the so-called leveling-off degree of polymerization
(LODP), which, in the case of cellulose, was ~ 250 units [77]. Then, the partially degraded pulp
was ground in a ball mill “U.S. Stoneware JAR MILL 755RMV1” (USA) with variable speed.
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The milling jar was made from alumina-fortified porcelain, with a capacity of 5.7 L. Cylindrical
grinding media from corundum 2.1cm x 2.1cm in size were used; charging factor 1 kg/L;
grinding time ~15 h. As a result, microcrystalline cellulose powder was obtained. The
microstructure of the obtained microcrystalline cellulose was evaluated by SEM and shown in
Figure 2.3. Average size of obtained MCC particles is 10-40 um. Zeta potential for obtained
MCC particles is about -16.9 mV.

Nanofibrillated Cellulose

Nanofibrillated cellulose gel-like dispersion (11 wt.%) was prepared using mechanical
treatment with the previously established thermo-catalytic method. NFC fabrication is like
MCC preparation but involves the addition of water after the drying process and wet milling
(instead of dry milling for MCC) of the cellulose for 15 h. The length of NFC was measured in
a range from 200 to 550 nm with an average of 350 nm by dynamic light scattering (Malvern
Nano ZS-90) as shown in Figure2.4.a, while Figure 2.3.b is AFM image and shows diameter
size between 15-50 nm for nanofibrils.
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Figure 2.4. (a) Dynamic light scattering for NFC suspension and (b) AFM image of NFC.

Other chemicals
Laboratory grade hydrochloric acid, chloroform and N,N-dimethylformamide (DMF) were
purchased from Merck KGaA (Darmstadt, Germany). Carbodilite® HMV-15CA was
purchased from Nisshinbo Chemical Inc (Japan). Carbodilite contained a carbodiimide (CDI)
group, which worked as a chain extender and hydrolysis stabilizer. Addapt® BioWet 25 Lis a
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solvent-free water-based, readily biodegradable surfactant based on polyhydroxy amides
(PHA). Addapt® Ester 80DA is a water and solvent-soluble synthetic aliphatic ester (EST)
dispersing agent. BioWet 25 L and Ester 80DA were both purchased from Adapt Chemicals
B.V (Netherlands). 3-Aminopropyltrimethoxysilane (APTMS), maleic acid anhydride (MAH),
and acetic acid were purchased from Sigma—Aldrich (Germany). Polymeric diphenylmethane
diisocyanate IsoPMDI 92140 (PMDI) was purchased from BASF (Germany).

2.2. Testing Methods

Dynamic light scattering

Zeta potential and size of particles for MCC were determined on Zeta Sizer Nano ZS90

(Malvern, UK) for 0.05 wt.% suspension in distilled water.
Optical microscopy

The rCell particle sizes were calculated from the images of particles deposited on the glass
slide, which were taken using an optical microscope Leica DMR (Leica Microsystems,
Germany) at 5x, 10x magnifications. Leica Image Suite™ software was applied for particles’
length and width size measurements.

Differential scanning calorimetry

The Mettler DSC-1 instrument was used for calorimetric tests. Samples with a weight
around 10 mg were scanned in heating and cooling modes from 30 to 150 °C in a nitrogen
atmosphere. The heating and cooling rate was set to 10 °C /min, and the specimens were kept
at a constant temperature for 5 min before cooling and second heating. The crystallization and
melting temperatures, enthalpies, and crystallinities, respectively, were calculated from the
experimental heating and cooling curves. The melting peak crystallinity of the PBS and the
composites was calculated using the following equation:

AHyp,
= m X 100% (21)

Xm
where AH,, corresponds to the measured melting crystallization enthalpy of the specimen, AHy;,
is the theoretical melting enthalpy of 100% crystalline polymer (110.5 J/g for PBS [227]) and
W, 1s the cellulose filler weight fraction in the composition.

The crystallization peak crystallinity of the PBS and the composites was calculated using

the following equation:

AH,
= m X 100% (22)

Xc

where AH_ corresponds to the measured cooling peak crystallization enthalpy of the specimen.
Thermogravimetric analysis

The thermogravimetric tests were performed on a Mettler TG50 instrument. Specimens

about 10 mg in weight were heated in the air up to 800 °C. The material thermal stability was

evaluated from the weight-loss heating curves. The weight loss was calculated, according to

ASTM D3850, by using the Mettler original software.
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Hydrostatic density testing
The density p was determined by weighing the material in air and ethanol on Sartorius KB
BA 100 electronic scales equipped with a Sartorius YDK 01 hydrostatic density measurement
kit. The density of the PBS and the composites was calculated using the following equation:

d, = Raldeon=000120) 4 4 40120 (2.3)

P 0.99983(mg—ms)
where m, is the sample’s measured mass in air atmosphere, ms is the sample’s measured mass

when the sample is submerged in ethanol, deion is the density of ethanol, which was measured
with the aerometer.

The theoretical density of the composites was calculated using the following equation:
de = dcer®cer + dpps(1 — @cer) (2.4)
where dcel is the density of cellulose 1.50 g cm™ obtained from the literature [228], el is the
volume fraction of cellulose in the composite and dpgs is the experimental density of PBS. At
least 10 parallel samples were tested.

Vickers microhardness

The Vickers microhardness was measured on a Vickers M-17 1021 device equipped with
an optical microscope lens magnification 4 times with a 0.20 kg load and a loading time of 20
S.

The Vickers microhardness of the PBS and the composites was calculated using the
following equation:

o a P-g
Hy = sin (2) (dkn/1000)2 (2:5)

where a is the diamond pyramid facet angle (136° from the specification of the instrument), P
is the applied load, g is the standard acceleration due to gravity (9.807 m/s> was used), d is the
average diagonal value of pyramid’s indentation, k is the correction factor for the applied load
(1.00 from the specification of the instrument for 0.20 kg load) and n is the correction factor
for lens magnification used (1.30 from the specification of the instrument for 4 times
magnification).
Fourier transform infrared spectroscopy performed in attenuated total reflectance
mode

The FTIR was used to study the bonding and interactions between the components of the
prepared PBS/rCell composites. FTIR spectra of composites were collected at a resolution of 4
cm™! on a Nicolet 6700 (ThermoScientific, Germany) in the region of 800-4000 cm™'. Sixteen
measurements of every specimen were performed, and the average spectrum is shown; the
measurement error was 1%.

Dielectric spectroscopy

The Novocontrol Alpha Broadband Dielectric Spectrometer was used to determine the
dielectric properties. The prepared films were cut into a circular shape with a diameter of 25
mm for the measurements. The electrodes were set in parallel plate configuration, and
frequencies ranging from 0.01Hz — 10 MHz were measured at ambient temperature (around
20°C).
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Dynamic mechanical analysis

The force and displacement amplitudes and phase shifts were determined with the dynamic
mechanical analyser Mettler DMA/SDTAS861e. The specimens were tested at a temperature
interval was -80...+80 °C, the applied force of 5N, elongation of 10um, frequency of 1 Hz and
heating rate of 3 deg/min, tension mode. Tested specimens were 8.50 mm in length, 4.00 mm
wide and 0.15 mm thick, preconditioned in 50 % relative humidity at room temperature for
24 h.

Scanning electron microscopy

The morphology of dispersion in the polymer matrix was analysed with Phenom Desktop
SEM (USA) for results section 3.1. The images were obtained using a 10 kV voltage setting.
The surfaces of the PBS/rCell samples used for the measurements were fractured in liquid
nitrogen. The surface coating was not applied.

The composite’s fractured surfaces were examined using an SEM Hitachi Tabletop
Microscope TM3000 (Japan) was used for results section 3.2. and 3.4. The composite
specimens were fractured using liquid nitrogen and used as they were to obtain images in
different magnifications with a voltage 10-15 kV. The surface coating was not applied.

For MCC powder sample (section 2.1.) TS Vega Tesca5136M (Czech Republic) was used
with a voltage of 15 kV. The surface coating was not applied.

Tescan Mira\LMU (Czech Republic) was used to visualize the nanocomposites' surface
morphology prepared with a fracture in the liquid nitrogen for results section 3.3. An
acceleration voltage of 5 kV was used for image generation, while the specimens were fixed on
standard aluminum pin stubs with an electrically conductive double-sided carbon tape. The
surface coating was not applied.

Tensile testing

Tensile tests were performed at room temperature on a universal testing machine Tinius
Olsen model 25ST (USA), equipped with a load cell of 5 kN at 0.2 mm min ™' crosshead speed.
Dumbbells samples were dried in a vacuum oven for 12 h at 60 °C and successfully pre-
conditioned overnight under the environmental conditions of measurement. 10 parallel
measurements were performed for each composite at room temperature and ambient conditions.

For water immersion tests, samples were inserted in the distilled water and kept at 25 °C in
the thermostat for 25 or 50 days, followed by removal from water and pre-conditioned overnight
under the environmental conditions before measurement. 5 parallel measurements were
performed for each sample.

Disintegration under composting conditions

The composite material's disintegration degree was studied under aerobic simulated
composting conditions at 58 °C and water content at 50 wt.%. Thin films were cut into the
sample shapes (25 mm % 25 mm x 0.10 mm), and 5 samples for each composition were
sandwiched between sieves. Specimens were submerged at a depth of 5 cm in a commercial
compost soil consisting of local Latvian swamp peat (Formoss, Latvia) and packed in plastic
containers. The range of pH values from 5.7 to 6.3 was obtained from the measurements. The
laboratory-scale test was used to determine disintegration, and before the measurements,
specimens were vacuum dried.
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For results section 3.1. after recovery, the samples were washed with distilled water and
dried in a vacuum oven at 37 °C for 24 h. Disintegration times were selected to recover samples
in 10 days intervals and after 50th day in 5 days intervals. The visual appearance of films was
registered during disintegration.

For results section 3.2. specimens were vacuum dried for 2 h at 60 °C. The specimen’s
weight was measured before the test (reference abbreviated as 0 days) and on following days
10, 20, 30, 40, 50, 55, 60, 65, 70, 75. Average mass loss in percentage was calculated after
measurements.

For results section 3.3. the recovery time of samples was every 10 days until degradation.
Recovered samples were washed, dried in a vacuum oven at 37 °C for 4 h, weighed, and
photographed. Simultaneously, disintegration was analysed with FTIR and DSC in the same
manner as for pristine specimens described above.

For results section 3.4. specimens were vacuum dried for 2 hours at 60 °C. The specimen’s
weight was measured every 5 days for a total of 90 days, while reference was abbreviated as 0
days. Average mass loss in percentage was calculated after measurements.

Atomic-force microscope

Atomic-force microscope (AFM) Park NX10 (Park Systems Corporation, South Korea) in
the tapping mode was used to analyse NFC dimensions. Samples were prepared from small
drops of very dilute suspensions on the glass.

Surface wetting and energy

The contact angle of the pristine PBS and composite specimens was analysed with a Theta
Lite optical tensiometer (Attension®, China) using the static sessile drop method. Five separate
measurements with drops (2 pL) of each test liquid were deposited on the surface of the
specimen, and the measurements were obtained in 30 s. Distilled water, glycerol and
diiodomethane were selected as liquids and measurements were conducted at 20 °C. Total
surface free energy (SFE) and its dispersive, polar components were calculated from contact
angle values using Attension® original software via Owen, Wendt, Rabel and Kaelble method
(OWRK). The Zisman model was used to calculate critical SFE values.
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3. RESULTS AND DISCUSSION

The development and research of polybutylene succinate/cellulose composite materials
were divided into four parts, which are reflected in the sections of the PhD thesis. The first
section focuses on the use of recycled cellulose as a cheap filler derived from waste. Recycled
cellulose was used after shredding without any further treatment and mixed in a range of 10 to
50 wt.% with PBS. The data from this section allowed to understand the optimal choice of the
amount of filler for further research.

The second section uses smaller cellulose particles, such as microcrystalline cellulose and
nanofibrillated cellulose. The particle size of MCC is about 10 times smaller than previously
used recycled cellulose and is close to the size of wood flour (a popular waste product). But
NFC is one of the most relevant and popular nanofibers of natural origin, which is already being
produced in relatively large quantities in various pilot plants. In this section, NFC was freeze-
dried from an aqueous solution, thus simplifying the composite manufacturing process. The
results obtained with freeze-dried NFC did not yield the expected benefit, so in-depth studies
were performed in the next section.

When considering the possibility of forming PBS/NFC composites, two methods were
chosen: the solution method, widely used in the literature for sample preparation, and the
masterbatch process, which is suitable as an industrial production method. Furthermore, the
loading of NFC was reduced to a maximum of 15 wt.% to avoid agglomeration. The section
investigated the amount of NFC that could be added to the polymer to improve the properties
of the composite and how this process could be combined with the production of industrially
viable thermoplastic polymer composites. The use of NFC, unlike the fillers discussed above,
could increase the cost rather than reduce the cost of composite material, but it is possible to
obtain unique applications and excellent properties that are not provided by micro-sized fillers.

The fourth section deals with a more complex variant of composite production, which
involves adding a modifier to the polymer and cellulose system. For this section, a high loading
of filler (70 wt.% MCC) was chosen to maximize the impact on the properties depending on
the type of modification. Modification can make the production process more expensive and
complex, so it can be justified by reducing the required mass fraction of bioplastic. As an
additional benefit from the modifications, the possibility of regulating the rate of biodegradation
of composite materials was observed.

3.1. Sustainable tetra pak recycled cellulose/poly (butylene succinate) based
woody-like composites for a circular economy

Long term sustainability requires the elimination of waste products and their integration in
the circular economy according to goals set by the European Union. Such is the case with Tetra
pak one of the world's most extensively used food packaging materials. More than half of the
Tetra pak packaging ends up in the landfills due to the complicated disposal that requires special
processing plants. This chapter aims to investigate recycled cellulose (rCell) that has been
separated from polypropylene and aluminum in the industrial processing plant as a structural
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filler for functional biocomposites. Cellulose-based waste products are widely used as filler
materials for the composites classified as wood-plastic composites (WPCs) and are one of the
leading materials for sustainable building materials, furniture, and packaging industry. From
bio-based and biodegradable polymers, poly(butylene succinate) (PBS) has comparable
mechanical properties to polyethylene and polypropylene as a matrix for the composites. Thus,
this study proposes a novel application route for rCell obtained during the Tetra pak recycling
process and evaluation of its performance. High filler loading from 10 to 50 wt.% has been used
in the melt blending process to prepare 5 compositions that contain 55 to 75 % bio-based carbon
content. Life cycle inventory has been combined with excessive thermal and mechanical
analysis to assess the composite's suitability for various applications, including submerging in
water.
3.1.1. Material processing and composite formulations

The PBS/rCell composites were processed by melt compounding with Brabender® Mixer
S0EHT thermoplastic mixer. The screw rotation speed was set to — 60 rpm, heating to — 130 °C
for all zones, mixing time — 5 min. Altogether, five compositions were obtained: PBS/rCell
composites 10, 20, 30, 40, 50 wt.% of rCell. The materials are characterized by the recycled
component 0-50 wt.%, bio-based component 50-100 wt.% and bio-based carbon content 50-
75% (see Table 3.1.). The processed composite materials were cut into pieces and compression
molded with Carver CH 4386 to obtain film specimens. The processing was done at 140 °C;
granules were preheated for 2 min and compressed under 3 metric ton pressure for 3 min
followed by rapid cooling between thick steel plates with the total weight of 30 kg. The injection
molding was performed with previously granulated composite, and the temperature was set at
190 °C for all heating zones. Dumbbell specimens were obtained from the injection molding
and used for the tensile test. At the same time, films were prepared with the thickness of 0.1
mm for dynamic mechanical, denigration measurements and 1.0 mm for density, calorimetric,
thermal, and dielectric properties.
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Table 3.1.

The prepared PBS/rCell composites and their bio-based carbon content.

Recycled Bio-based Bio-based
Sample component, component, carbon content,
wt.% wt.% %

PBS - 100 50
10rCell 10 90 55
20rCell 20 80 60
30rCell 30 70 65
40rCell 40 60 70
50rCell 50 50 75

3.1.2. Life cycle inventory
Method

The life cycle inventory (LCI) study was carried out in compliance with the ISO 14040 and
ISO 14044 standards, where overall guidelines were provided for conducting LCI and LCA
studies.

Goal and scope

The goal of the LCI study was to carry out a cradle-to-gate for PBS/rCell composites —10
wt.% and 50 wt.% of rCell production to be further involved in an LCA for PBS/rCell
composites. In the LCI stage, inputs and outputs within the system's boundary are identified
and quantified [ISO 14040 and ISO 14044].

Functional unit

The functional unit (FU) for PBS/rCell composite production was one kilogram (1 kg) of
composite — 10 wt.% and 50wt.% of rCell. All input and output data, which are known from
the laboratory manufacture of the 10 wt.% and 50 wt.% biocomposite, were included in
functional unit.

System boundary

The system boundary of PBS/rCell composites =10 wt.% and 50 wt.% of rCell production
is presented in Figure 3.1. The system boundary considers all the energy and material inputs
into, and environmental outputs from, at the cradle-to-gate processes associated with the
laboratory manufacture of the PBS/rCell (10 wt.% and 50 wt.% of rCell) biocomposite: drying
of PBS and rCell, grinding of rCell pulp, processing of PBS/rCell composite by melt
compounding, compression molding (CM) or injection molding (IM) of PBS/rCell pellets.
Drying of PBS and rCell and grinding of rCell pulp are the two steps involved in the raw
material processing of inputs, while manufacturing of the biocomposites can be separated into
melt compounding, compression, and injection molding stages. The challenge of the PBS/rCell
biocomposite materials is a lack of real products and applications. The bio-based PBS
composite is considered as very perspective material that will replace fossil-based analogs;
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while real products are still to be developed continuously. As a result, cradle-to-grave LCI is
impossible at this stage of the development.

Table 3.2. presents the LCI flows for manufacturing the two biocomposite compositions at
the laboratory scale combined with the product performance analysis flowchart. For LCI
analysis two compositions have been selected: 10 wt.% and 50wt.% rCell. While performed
tests and structure analysis methods are also listed.

The raw-material processing in composition with 10 wt.% rCell consumes 5.2 kWh of
energy (about 18 % in CM process and 16 % in IC process from total energy consumption) for
the laboratory-scale manufacture. As appropriate in the case of composition with 50 wt.% rCell:
10.0 kWh (about 30 % in CM process and 27 % in the IC process from total energy
consumption). Among the processes involved in the composite manufacture, is the most
energy-intensive process as it consumes in composition with 10 wt.% rCell about 82 % (MC
molding) and 84 (IC molding) and in composition with 50 wt.% rCell about 70% (MC molding)
and 73% (IC molding) of the total energy demand. Solid waste accounts for both composite
processing routs are about 5.5 % (0,06g) that can be reused. Fugitive emissions from component
material processing, blend compounding, and drying were not tracked during the lab-scale
manufacture. There is no significant waste during processing, while the biocomposite’s waste
received at IM and CM is again processed into samples for further testing.
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Figure 3.1. The system boundary and performance analysis flowchart of PBS/rCell
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Table 3.2.

LCI flows for the laboratory manufacture of the 10 wt.% and 50 wt.% biocomposite’s

compositions.
Tmput Unit Quantity per declared unit (1 kg of composite)
10 wt.% 50 wt.%
Materials
PBS kg 0.95 0.53
rCell (5-6 % moisture content) kg 0.13 0.58
Electric energy
Raw material processing
Drying kWh 4.00 4.00
Grinding kWh 1.20 6.00
Total kWh 5.20 10.00
Composite manufacturing
Melt compounding kWh 16.25 16.25
Compression molding (CM) kWh 7.00 7.00
Injection molding (IM) kWh 10.40 10.40
Total energy CM process kWh 28.45 33.25
Total energy IM process kWh 31.85 36.65
Emissions
Solid waste kg 0.06 0.06
Dust kg 0.01 0.02
Water vapor kg 0.01 0.03

3.1.3. Determination of the structural properties

Table 3.3.

Vickers micro hardness, the theoretical density, and the experimental density of pristine PBS
and PBS/rCell composites.

Wicel, PrCell, dp, ds, A, dpolys & Jem? Hy,

wt.% vol.% g/em® g/em’® % MPa
0 0 1.365 1.365 0 1.365 255+31
10 15 1.337 1.386 3.6 1.308 567+40
20 30 1.329 1.406 5.6 1.256 490+60
30 45 1.323 1.426 7.5 1.179 488+19
40 60 1.320 1.446 9.2 1.050 431+15
50 75 1.313 1.466 11.2 0.752 365+50
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Figure 3.2. shows the typical example of the obtained optical microscopy (a) and SEM (b)
images of rCell, measured sizes distributions of rCell (c-d), PBS/rCell composite optical
microscopy (e) and SEM (f) images. As it was previously stated, the rCell are characterized by
average length — 200 um, average width — 20 pm. The microstructure of the PBS/rCell
composite is shown in Fig.1(f). Table 3.3. summarizes the weight content percentage of the
cellulose (Wicel), volume content percentage of the cellulose (¢rcen), Vickers microhardness
(Hv), the theoretical density (d;), the apparent polymer density (dpoly), and the experimental
density (dp) calculated according to descriptions in the methods section.

It corresponds well with the observed decrease of measured experimental composite density
and calculated polymer apparent density (see Table 3.3.). The rule of mixtures was used to
calculate the theoretical density of the composites and used as a reference [229]. The polymer
structure can be described by the apparent density dpoly of the polymer. The polymer density
contribution in the composite is calculated similarly as in [230] and according to the equation:

d—dcel'Pcel
d = — 3.1
poly 1-@cel (3.1)

The PBS/rCell’s experimental density decrease is considered from the possible
agglomeration of cellulose particles and the formation of voids and defects in the composite
microstructure by rCell particles addition, as observed in Fig.3.f and reported in the literature
[231,232]. Similar factors have caused the gradual decrease of the polymer density. The
divergence A of the experimental and calculated composites density values showed a substantial
increase with higher contents of rCell. An increase in rCell content leads to  significant
depression of the apparent polymer matrix density in comparison to the initial polymer density
due to the heterogeneity of the matrix structure. Value of A for the composition PBS/rCell 50
wt.% 1s almost 11%. This corresponds that the higher filler loadings develop more structural
defects, voids, and heterogeneities in the composites (Figure 3.2.f), leading to the decrease in
polymer material density.
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200 um

Figure 3.2. rCell particles: (a) optical microscopy image, (b) SEM image; rCell size
distributions: (¢) length, (d) thickness; 40rCell composite: (e) optical microscopy image,
(f) SEM image.
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3.1.4. Determination of filler and matrix interaction
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Figure 3.3. FTIR spectra of PBS/rCell composites.

The FTIR spectra of the prepared PBS/rCell composites is shown in Figure 3.3. The
characteristic spectra for aluminum and polyethylene residues in the ground tetra pak rCell filler
were not observed in the obtained FTIR spectra that testify good purity of the rCell filler. FTIR
spectra PBS/rCell composites of the different compositions had a similar shape. The cellulose’s
OH groups stretching vibration is the peak at 3323 cm™ [233]. FTIR absorption band at 896 cm™
! assigned to C—O—C stretching at B-(1a4)-glycoside linkages, is designed as an “amorphous”
absorption band, an increase in its intensity occurring in the amorphous cellulose [234]. The
presence of methylene groups in the PBS backbone is described as stretching vibration at 2948
cm’! (Figure 3.4.a) [156]. While 1712 cm™! region (Fig 3.4.b), also seen in this figure, is
attributed to C=O0 stretching vibrations of the ester group in the crystalline domain, and the peak
located at about 1738 cm™! is C=0 stretching in the amorphous region [79]. Ester group is known
to work as hydrogen bond acceptor and has a lone electron pair which can form hydrogen
bonding with hydroxyl group from cellulose. Cellulose mechanical properties come from its
strong network of hydrogen bonding between cellulose hydroxyl groups which is hard to disrupt
with molecules that lack strong polar groups. The change of the intensities for the 1712 cm!
peak indicates that in lower concentration hydrogen bonding between cellulose and PBS is more
unlikely to happen but in higher concentration there is a significant increase in peak intensity,
indicating the presence of hydrogen bonding between filler and matrix. The peak at 1153 cm!
(Figure 3.4.c) is assigned to the asymmetrical stretching vibration of the C-O-C bond, and the
bands at the 1046 cm™! region were assigned to O—C—C stretching vibrations [156,235]. While
the bands at 918 an 806 cm™' have been attributed to bending vibrations of C-OH from the
carboxylic acid group [156]. The peak close to 2900 cm™ was observed for cellulose with the
experimental measurement at 2916 cm™ and is attributed to C-H stretching vibrations, and it
can clearly be differentiated from PBS backbone absorption described above [236]. FTIR
absorption peak intensity at 1427 cm!, assigned to asymmetric CH, bending vibration of the
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crystalline chain domains, increases by the higher cellulose content and reveals the formation
of hydrogen bonding interaction between the components (Figure 3.4.a) [234]. The C-O-C and
C=0 bond intensity is also pronounced after cellulose filler incorporation due to the possible
adsorption interactions of polymer chains with the cellulose surface (Figure 3.4.c). This
increase in its intensity could reflect the trans-crystallization after the cellulose incorporation,
while the overall degree of crystallinity of the composite samples, which was testified also by
thermal analysis, decreases (see Table 3.4.).
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Figure 3.4. FTIR spectra of (a) CHa, (b) C=0O and (c) C-O groups for PBS/rCell composites.

3.1.5. Mechanical properties and effect of immersion in water

The mechanical and viscoelastic properties of the PBS/rCell composites are directly
dependent on the developed microstructure features. The loading of 10 wt.%. of rCell into the
PBS has resulted in almost a 2-fold improvement of the hardness values (see Table 3.3.). In
contrast, hardness value decreases gradually with rCell loading up to 50 wt.% into the polymer.
This observation well corresponds to the common forms of the defects, the voids and the
heterogeneities in the polymer/cellulose composite material with high cellulose filler loadings
[237]. The elasticity of the composites showed a tendency to increase significantly as higher
amounts of cellulose are mixed into the PBS/rCell composite. This is in line with previous wood
polymer composites studies [194,238,239]. The prepared PBS/rCell composites remarkably
enhance Young’s modulus E (Figure 3.5.a). The E value rises almost monotonically with the
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higher rCell content. It indicates an almost 2-fold increase and the 3-fold in E for the samples
containing 30 wt % and 50 wt.% of the rCell. The tensile strength at break ¢ decreases
significantly after the rCell filler incorporation (Figure 3.5.b). The composition with the 50
wt.% of the rCell showed a 2-fold decrease of the ¢ value. The ductility of the composite
expressed as tensile strain at break ¢, decreased from 30% to 3% when rCell loading reached
50 wt.%. This observation is common for polymer composites filled with cellulose loading
above 20 wt.% [240]. The immersion in water has a remarkable influence on the tensile
properties of all the tested compositions. The received data indicates that the quality of
cellulose-based structures is significantly impacted by moisture content [241]. It results in some
decrease in the ductility, and some depression in the elasticity, while the strength of the
composite remained almost unchanged after 50 days of immersion in water tests. Drop in the
composite ductility can be facilitated by swelling and subsequent shrinking of the cellulose
particles during the immersion and drying steps [242]. It is reported that the water absorption in
the polymer composite filled with cellulose is inherently higher than that of a neat polymer
because the water molecules can more readily penetrate the composites through existing voids
and heterogeneities in the structure [243]. The observed high voids content in the composite
sample PBS/rCell 50 wt.% can provoke the tensile properties to decrease.

Moreover, the PBS polymer hydrolysis can occur during water immersion, which can
significantly accelerate the degradation of the polymer matrix and diminish the overall
properties of the composite material [244]. Complete polyester degradation is possible in the
water that was reported by [245]. The composite material has remained stable after 50 days water
immersion test performed at room temperature of 25 °C. The test temperature is very crucial to
the decomposition process. It is predicted that decomposition could be facilitated at higher
temperatures, which is also confirmed by efficient material’s decomposition testing at 58 °C in
compost soil. The cleavage of the macromolecules could occur initially in the amorphous
polymer, while the polymer crystals remained unaffected at this decomposition stage, which
could contribute to the more rigid structure of the composites and some increase in tensile
characteristics [246]. As well as, the polymer effectively shielded cellulose filler reinforcement,
and it was not compromised, resulting in it retaining its structural load-bearing properties [247].
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Figure 3.5. Tensile properties for PBS/rCell composites: (a) Young’s modulus E; (b) tensile

strength o; (c) strain €.

3.1.6. Crystallization behaviour of composite

Table 3.4.
Thermal properties of PBS/rCell composites

Sample T, °C T, °C X m, %0 Yo %o Tiow, °C | Tsow, °C Tgeg, °C

rCell - - - - 317 484 340

PBS 114 81 65 63 366 395 397
10rCell 115 88 43 45 363 397 401
20rCell 116 89 32 36 354 395 401
30rCell 118 90 27 26 353 397 405
40rCell 117 90 18 19 344 394 402
50rCell 115 90 16 14 329 384 392

Figure 3.6. presents the DSC second heating (a) and cooling (b) of the PBS and the
PBS/rCell composites. The results for the melting temperature (Twm), crystallization temperature

(Te), the crystallinity from the second heating melting peak (ym) and the crystallinity from the
crystallization peak () are reported in Table 3.4. A broad melting peak is identified from
almost 90 °C and reaches 125 °C for the neat PBS. The melting temperature Trm of the PBS is

63



114 °C. The cellulose loading does not affect the T of the composite material. The presence
of the cellulose particles commonly induces the nucleation of the polymer chains and the
formation of the trans-crystalline phase on the cellulose surface [248]. The crystallization peak
of the composites increases almost 9 °C; T shifts to the higher temperatures from 81 °C for
the PBS to up 90 °C for the PBS/rCell 30 wt.%. The polymer composite crystallization also
starts at higher temperatures than for the neat polymer. However, the crystallinity ym and ¢
values revealed an apparent decrease when rCell was incorporated into the PBS matrix. The
addition of more than 10 wt.% of cellulose components could destroy the crystallinity of PBS
polymer [249]. The strongly disrupted polymer chain mobility in the cellulose’s interface
significantly disrupts the crystals’ growth in the PBS/rCell composite. For example, it is found
that the ym decreased from 65% for the neat PBS to 16% for the PBS/rCell loaded with 50 wt.%
of cellulose.
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Figure 3.6. DSC curves of PBS/rCell samples: (a) second heating, (b) cooling.

3.1.7. Investigation of thermal stability

TGA was used to investigate the thermal sensitivity and degradation properties of PBS/rCell
composite materials and the influence on composition with the increased filler content. Figure
3.7. showed TGA (a) and DTG (b) curves of PBS/rCell composites. Table 3.4. summarizes
TGA data from which the Tiov, represents the temperature of thermal degradation for 10%
weight loss, Tsov represents the temperature of thermal degradation for 50% weight loss, Tqeg
represents the temperature at maximum weight loss rate. It reveals that the maximum
degradation temperature for rCell is 340 °C, and the neat PBS is 398 °C. The cellulose
incorporation induces lowered thermal stability for the composites [250,251]. PBS curve shows
single-stage degradation. The degradation of PBS starts with small weight loss above 200 °C,
which has been attributed to the degradation of oligomers present in PBS, while the main
degradation of PBS starts at around 350 °C and is explained by a random cleavage of the ester
bond due to the transfer of hydrogen atom from -CH [252]. In turn, the PBS/rCell composites
show similar thermal behaviour, except for PBS/rCell 50 wt.% having two-stage degradation,
which is indicated in the DTG curve. The thermal degradation process of the composites is
defined primarily by the PBS polymer chain degradation, while PBS/rCell 50 wt.% composite
is affected by cellulose thermal degradation. With the increase of the cellulose content, it can
be observed that the curves shift to lower temperatures. This is pronounced when Tio is
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observed for 50% rCell, which is 329 °C resulting in a 37 °C decrease compared to pristine
PBS. If we take Tso into consideration, 50% rCell stands out having 10 °C lower temperature
compared to PBS and other composites. The thermal degradation temperature Tgeg is 397 °C;
while the PBS/rCell composites, Tqeg remain almost unaffected from the rCell content in the
composite materials. For best thermal properties and maximum cellulose loading, 30 to 40 wt.%
compositions show optimum performance.
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Figure 3.7. (a) TGA curves and (b) DTG of PBS/rCell composites.

3.1.8. Investigation of viscoelastic properties

Viscoelastic properties of the PBS/rCell composites were investigated by dynamic
mechanical analysis. Storage modulus E’, loss modulus E’’ and the loss factor tand as a function
of temperature are shown in Figure 3.8. Results show a tremendous increase in the measured
viscoelastic characteristics (E’, E’’, tand) in all investigated temperature ranges. As more rCell
content is loaded into the polymer, the respective improvement of composite properties to store
energy reversibly, transformed energy irreversibly and to dissipate energy is to a greater extent
related to the reinforcing effect of the used filler. The increase of the content of the fiber filler
featured high geometrical dimensions aspect ratio improves reinforcing efficiency significantly
[253]. For example, in the case of rCell loading 50 wt.%, the composites E’, E’* and tano at
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room temperature (20 °C) have increased about 3, 6 and 2-fold, accordingly. While loss
modulus E”’, which characterizes the dissipated energy into heat and loss, has a maximum at
the temperature range of -40 to 10 °C. The relative heights of the loss factor tand are
proportional to the energy dissipation property of the material. It shows at temperature -10 °C
almost the 30% decrease in tand value for composites with rCell content 20-50 wt.%.
Compositions 20rCell, 30rCell, 40rCell, and 50rCell show enhanced values of E’, E’’ in the
whole measured temperature range, meaning that well-dispersed fiber network and
reinforcement is established.
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Figure 3.8. DMA curves of PBS/rCell samples: (a) storage modulus E’, (b) loss modulus E*’
and (c) loss factor tand.

3.1.9. Investigation of dielectric properties

Figure 3.9. shows the dielectric properties of the PBS/rCell composites. It was observed
that the dielectric permittivity € (Figure 3.9.a) tended to increase starting in all frequencies
range as larger content of rCell filler is loaded into PBS. It can be seen in Figure 3.9.b that the
dielectric loss permittivity €" also showed an increase after the addition of rCell. The ¢’ and &"
values decrease with the increasing of the applied field frequency. It corresponds to the increase
of the amorphous fraction with the frozen chain mobility in the polymer matrix of the composite
[254]. In turn, Figure 3.9.c shows the conductivity ¢ of the PBS/rCell composites. The observed
o increase with higher frequency attributes to the common electrical insulators’ behavior due
to the polarization of accumulated permanent dipoles and induced dipoles in the polymer chain
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[255]. The observed dielectric properties of the PBS/rCell composites indirectly indicate that
aluminum was separated successfully during Tetra pak recycling.
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Figure 3.9. Dielectric properties for PBS/rCell composites: (a) real permittivity €'; (b) loss
permittivity € and (c) conductivity c.
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3.1.10. Determination of the compositing performance

Degradation of the PBS and PBS/rCell composites under the composting conditions were
used to evaluate the disintegrability in natural environments. The visual evaluation of the
samples at different degradation times is shown in Figure 3.10. Considerable changes in all
sample's visual appearance are obtained already after 10 days. At the same time, the composite
samples compared to the neat PBS showed evident brittleness and size reduction after 30 days.
After 70 days of evaluation, all the samples were completely degraded under the composting
condition at 50 °C. Figure 3.11. shows the disintegrability values (%) of the evaluated samples
as a function of the burial time. A clear decrease in the degradation time is observed for the
PBS/tCell composites in comparison to the neat PBS. The higher content of biodegradable
cellulose in the material strongly facilitates the degradation of the PBS/rCell composites. This
contribution relates to the quicken water absorption from the composting medium, resulting in
an evident increase in disintegrability values for the composite samples. Similar observations
were reported by [87,256]. The observed decrease in the crystallinity of the polymer matrix also
could forward the degradation and disintegrability of the composite samples. Fortunati et al.
indicated that the polyester hydrolysis begins in the intrinsic amorphous regions of the polymer
and significantly accelerates the degradation of a polymer material [257]. Similar behavior of
progressive degradation of samples after loading with the cellulose fillers was also reported by
several researchers [245,257,258]. Finally, it was observed that after 70 days of the degradation
test, all samples reached complete degradation. These observations testified to the possible
application of the processed composite materials as biodegradable materials with disintegration
times up to 70 days in controlled environmental conditions.
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50rCell
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Figure 3.10. Photos of PBS/rCell composite films during biodegradation studies in soil burial
test conducted in composting conditions.
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Figure 3.11. Disintegradability for PBS/rCell composites at different times.

3.1.11. Implications

The global demand for new sustainable materials and technologies is continuously rising,
particularly in conjunction with the escalating demand of replacing petroleum-based products
as a result of the foreseen shortage in oil feedstock and the increased ecological consciousness.
Consequently, forestry resources and wood are surfacing as a viable alternative to overcome
these challenges. Therefore, forest-based industries are constrained to develop high-value
products and materials through innovative and sophisticated technologies. Polymer-based
products have been developed as alternatives within the forest-based industries sector, using
wood as the main component. Non-environmentally friendly petroleum-issued polymers
(polyolefins) constitute the main component of such woody like products. For interest to the
present research, the fabrication of common wood polymer composites (WPC) typically
involves mixing of wood flour, petroleum-based plastic pellets and additives before processing
the resulting composites into the desired final material. The forest-based industries are suffering
from a significant lack in innovative development in terms of 100% green biocomposites and
their sustainable fabrication processes. EU Industrial Strategy for sustainable reindustrialisation
demands the implementation of the circular bioeconomy. Manufacturers of wood-plastic
products such as wood-like panels and boards (see Figure 3.12.) should explore circular
alternatives in order to substitute the fossil polyolefin plastics and wood flour fillers. The bio-
based polymer (bioPBS synthesized from biomass) and recycled cellulose (rCELL recovered
from Tetra pak waste) are 100% renewable and 100% recyclable components that could be
considered for the use for manufacturing of sustainable biocomposite material. This implies
that raw timber consumption could be reduced, and more sustainable forestry can be
maintained. Herein, we show that using the proposed sustainable raw components and
replacing fossil-based components with bio-based and recycled components can improve the
final biocomposite material's thermal and mechanical properties. Summarizing, the proposed
biocomposites consist of the recycled component 0-50%, the bio-based component 50-100%
and the bio-based carbon content 50-75% (see Table 3.1.). By varying the PBS and rCell content
in the composite, we were able to modify the structure and exploitation performance of the
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composite material. The obtained biocomposites could be manufactured by extrusion, injection,

and printing fabrication techniques.
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Figure 3.12. Melt compounded wood polymer composites decks and sheets profiles.

3.1.12. Summary

This study investigates the performance of woody-like composites' performance consisting

of the bio-based poly(butylene succinate) and 10-50 wt.% recycled cellulose obtained from the

industrial Tetra pak processing plant. Based on the experimental results, the following

conclusions are presented:

1.

The addition of 50 wt. % of rCell into PBS leads to a 2-fold improvement of the hardness
of composite compared to the neat PBS. The Young’s modulus increases almost 3-fold,
while tensile strength and ductility decrease correspondingly. The dynamic mechanical
analysis showed that at room temperature, the storage modulus also improves by 4-fold,
the loss modulus — by 6-fold, while the glass transition temperature remained almost
unchanged.

The crystallinity of the polymer, calculated from DSC curves, significantly decreases
after the incorporation of the recycled cellulose into PBS. It is resulting in a
predominantly amorphous structure with higher filler loading. The increase in the
crystallization temperature indicates that cellulose induces the nucleation of the polymer
chains. PBS matrix effectively shields filler, enhancing the thermal stability of the rCell.
Thermal stability was higher for lower rCell loadings in the PBS matrix.

The composting of PBS and PBS/rCell films evidenced that cellulose accelerates the
degradation of PBS, resulting in decreased degradation times for the composites. The
independence of the filler loading was observed and could be explained with similar
degradation speeds.

The obtained sustainable woody-like composite material with biodegradable properties
it could be suggested as an alternative for conventional fossil polymer-based wood-
plastic composites. We have prolonged the Tetra pak life cycle by introducing a new
application for recycled cellulose for industries like packaging, furniture and
construction. The Bio-based carbon content increases from 50% up to 75% with the
usage of composite materials. The research was conducted at a laboratory scale, while
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the melt-blending is an industry-wide standard and could be applied for large scale
production.

. LCI investigation found that within system boundary, the difference of energy
consumption between 10 and 50 wt.% was 4 kWh for 1 kg of PBS/rCell composite. The
most energy-intensive process for the PBS/10rCell composite processing is 82 % for
the MC molding and 84 % for the IC molding of the total energy demand; while for the
PBS/rCell 50% composite — 70% for MC molding and 73% for IC molding of the total
energy demand.
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3.2. Bio-based poly (butylene succinate)/microcrystalline
cellulose/nanofibrillated cellulose-based sustainable polymer composites:
Thermo-mechanical and biodegradation studies

Biodegradable polymer composites from renewable resources are the next generation of
wood-like materials and are crucial for developing various industries to meet sustainability
goals. Functional applications like packaging, medicine, automotive, construction and
sustainable housing are just some that would greatly benefit. Some of the existing industries
like WPCs already encompass given examples but are dominated by fossil-based polymers that
are unsustainable. Thus, there is a background to bring a new perspective approach for the
combination of microcrystalline cellulose (MCC) and nanofibrillated cellulose (NFC) fillers in
bio-based poly(butylene succinate) matrix (PBS). MCC, NFC and MCC/NFC filler total
loading at 40 wt.% was used to obtain more insights for wood-like composite applications. The
ability to tailor the biodegradable characteristics and the mechanical properties of PBS
composites is indispensable for extended applications. Five compositions have been prepared
with MCC and NFC fillers using the melt blending approach. The use of melt blending
technique in combination with freeze-drying was evaluated for PBS/NFC composite
preparation. Additionally, to estimate the compatibility of the components and morphology of
the composite's SEM analysis was performed for fractured surfaces. The contact angle
measurements testified to the developed matrix interphase. Differential scanning calorimetry
evidenced the trans-crystallization of the polymer after filler incorporation. Degradation under
compositing conditions was evaluated.

3.2.1. Material processing and composite formulations

PBS was dried in a vacuum for 5 hours in 80 °C according to manufacturer’s
recommendations. MCC and NFC in the form of powders were dried in a vacuum for 24 hours
in 60 °C. The composites were prepared with Brabender® Mixer SOEHT with the blending
temperature set to 140 °C and the rotation speed to 70 rpm. The pure PBS sample was
processed; 5 composites were prepared with 40 wt.% of MCC, NFC and MCC/NFC
combinations in the PBS matrix. The prepared compositions are summarized in Table 3.5.
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Table 3.5.

The prepared PBS/cellulose compositions.

Sample PBS, wt.% NFC, wt.% MCC, wt.%
PBS 100 0 0
40NFC 60 40 0
40N7/M3 60 28 12
40N5/M5 60 20 20
40N3/M7 60 12 28
40MCC 60 0 40

Carver CH 4386 hydraulic press was used to prepare thin films having a thickness of 0.1
and 0.3 mm for tests. Mini-Jector #55-1E injection moulding device was used to prepare
dumbbells shaped samples for tensile tests. Compression moulding was performed at a
temperature of 140 °C for 5 min and 3 metric ton of pressure, followed by rapid cooling to room
temperature between thick steel plates. Injection moulding device was set at the temperature
of 190 °C, and samples were cast in the steel moulds.

3.2.2. Materials and energy flows

Table 3.6. presents the materials and energy flows for the manufacture of the two types of
celluloses fillers - MCC and NFC at the laboratory scale for a method that is optimized for
around 50 g production but for consistency is recalculated for 1 kg of filler production. The
raw-material processing steps are very similar for kraft cellulose and require treatment with
diluted hydrochloric acid 20 L, filtering and washing with distilled water which is then dried
for 8 hours in thermostat resulting in 224 kWh energy consumption and dry cellulose. Before
milling, the cellulose for NFC preparation was suspended in water while the cellulose for MCC
preparation was milled dry. Both processes require 15 hours of jar milling that require 210 kWh
electric energy. After milling, MCC was ready for the composite preparation in a solid powder
state, while NFC was obtained as gel and required further freeze-drying to obtain solid filler for
melt processing. The freeze-drying process requires 417.6 kWh, which results in a total energy
of 851.6 kWh for NFC preparation compared to 434.0 kWh for MCC preparation a difference
of almost two-folds. Emissions were evaluated, and both processes resulted in very similar
amounts that consisted of 0.009 kg of solid waste mainly attached to devices and lost in cleaning
and a small amount of dust 0.001 kg, additionally around 20 L of acidic water is produced.

As seen in Table 2, the energy required in production for both MCC and NFC are equal and
material input demand slightly more distilled water for NFC production. Thus, the wet
processing of NFC is the major challenge to find sustainable routes for NFC incorporation into
the polymer matrix. In our case, freeze-drying almost doubled the required energy for the
production of the nanocellulose. While other methods of NFC polymer preparation often use
organic solvents, which introduce other issues like toxicity and recovery of the expensive
solvents [259]. Nanofillers often require much lower amounts to achieve similar properties than
micro-sized fillers, so the case for lower NFC usage can make a difference [260]. To expand on
this topic, a full life cycle analysis is needed that considers other factors like PBS production
costs, sustainable bio-based carbon content and recycling or waste processing.
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Table 3.6.

Materials and energy flow for the laboratory manufacture of the MCC and NFC.

. Quantity per declared unit (1 kg of composite)
Input Unit
MCC NFC
Materials
Softwood kraft pulp kg 1.010 1.010
Hydrochloric acid 0.05 wt.% L 20 20
Distilled water L 2 12
Electric energy
Drying kWh 224 224
Jar milling kWh 210 210
Freeze-drying kWh - 417.6
Total energy kWh 434 851.6
Emissions
Dust kg 0.001 0.001
Solid waste kg 0.009 0.009
Acidic water L 20 20

3.2.3. Thermal properties

The thermal stability along with the degradation of the composite films was assessed using
thermogravimetric analysis. Figure 3.13. shows the weight loss and the derivative weight loss
curves of the pristine PBS, composites, and NFC, MCC fillers. It can be observed from the
differential weight loss curve that PBS, NFC and MCC all have single-stage degradation curves
while composites have two-stage degradations, from which first can be attributed to cellulose
filler and second to PBS matrix. NFC starts to degrade faster and has a narrower degradation
peak, and it loses less of its overall weight compared to MCC, and this could be attributed to
the NFC structure that includes fibrils of varied nano sizes. PBS effectively shields cellulose
filler, increasing composite thermal degradation at 50% weight loss by 60 °C compared to MCC
and NFC. Compared with pristine PBS, the thermal stability of composites was reduced.
Weight loss curves indicate that cellulose has lower thermal stability, and both NFC and MCC
are similar and shows maximum weight loss at around 320 °C, while PBS has a much higher
temperature at 406 °C. The initial weight loss for the cellulose samples at around 100 °C has
been attributed to the bonded water, while the cellulose carbon skeleton pyrolysis starts at
around 300 °C [261]. Table 3.7. summarizes TGA data from which the Tso, represents the
thermal degradation temperature for 5% weight loss, Tso represents the temperature of thermal
degradation for 50% weight loss, Tmax represents the extreme weight loss rate temperature.

Then the thermal stability of 40NFC composite was 18 °C lower at Tso compared to
40MCC and composition 40N3/M7 had the highest degradation temperature at 305 °C, proving
25 °C and 7 °C increase respectively compared to single type cellulose specimens. For the
values of Tsoe, and Tmax, all compositions showed similar values, except 40MCC sample had
10 °C lower maximum weight loss temperature compared to other composites.
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Figure 3.13. (a) Thermogravimetric analyses contours and (b) differential thermogravimetric
contours of PBS, PBS/cellulose composites, NFC and MCC under air atmosphere.

Table 3.7.
Thermal properties of PBS/cellulose composites.

Sample Tsw, °C | Ts0%, °C | Tmax, °C Tm, °C T, °C Hm, J/g H, J/g Xe» %o
PBS 356 400 406 114.2 75.3 75.1 72.9 66.0
40NFC 280 384 392 114.2 81.9 31.8 35.0 52.8
40N7/M3 286 384 392 115.1 88.1 345 36.8 55.4
40N5/M5 296 379 392 115.8 89.0 37.7 37.2 56.1
40N3/M7 305 383 395 115.8 87.6 39.0 38.2 57.6
40MCC 298 382 383 116.5 85.2 38.8 42.6 64.2

DSC experiments were used to analyse the thermal and crystallization properties of
PBS/cellulose composites. Table 3.7. displays the different thermal properties summary (e.g.
crystallization temperature (Tc), melting temperature (Tm), crystallization enthalpy (Hc),
melting enthalpy (Hm)), while the crystallization and melting curves are shown in Figure 3.14.
Pristine PBS exhibited a sharp crystallization peak and crystallization temperatures (T¢) at 75.3
°C. The addition of NFC shifted crystallization temperature to 81.9 °C, while the addition of
MCC continued to enhance the crystallization temperature to 85.2 °C, but for NFC/MCC filler
compositions, even higher values were observed of which 40N5/M5 composition crystallization
peak was at 89.0 °C. While the crystallinity degree . decreases with the addition of cellulose
fillers from 64.2% for 40.0% MCC down to 52.8% for 40.0% NFC and NFC/MCC follow the
same trend with higher NFC content resulting in lower overall material’s crystallinity. It has
been reported that cellulose fillers structure impacts the crystallization process, while
agglomeration of NFC filler lowers crystallinity [262]. Thus, the degree of crystallization y.
increases by higher MCC content indicating heterogeneous nucleation of PBS matrix [263],
while observed the different values of crystallinity for 4ONFC and 40MCC composites indicate
strong dependence on the structure of cellulose filler. The observed curves indicate the polymer
crystal nucleation by both fillers and pronounced trans-crystallization that can be observed as
splitting in the melting peak. For PBS/MCC composite, this is observed as a spilt peak or second
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smaller peak [264]. The melting temperature of the composites is elevated compared to PBS and
show narrower peaks, which might be the result of trans-crystallization, as a result offset to
higher temperatures is observed [265].
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Figure 3.14. (a) Second heating melting peaks and (b) crystallization peaks of PBS and
PBS/cellulose composites under the nitrogen atmosphere.

3.2.4. Thermomechanical and tensile properties

The thermo-mechanical properties of the PBS composites were studied with DMA. As
evident from Figure 3.15.a, the storage modulus of the prepared composites increases
significantly with the addition of cellulose fillers to the PBS matrix. The storage modulus was
increased from 66 % up to 119% at 20 °C with the lowest result for 40N7/M3 composition and
highest for 40MCC, which showed the best enhancement in the whole temperature range
compared to PBS. Similar trends were obtained for the loss modulus peaks (Figure 3.15.b),
which indicated the increase in the composite dampening properties, which saw an increase
from 75 % up to 100% at 20 °C, with 40MCC having the highest observed value and 40N7/M3
lowest compared to PBS. But before the glass transition temperature, composition 40N5/M5
showed a significantly higher loss modulus than the rest of the composites. The storage and the
loss modulus saw an increase in the entire temperature array, indicating a good filler dispersion
and existing reinforcement network through whole composite and good load-bearing properties
[266]. The loss modulus increase can be explained by the particle—particle slippage, in this case
cellulose filler and polymer PBS matrix that dissipated more heat than pure PBS [267]. The glass
transition values as seen in tan § peak (Figure 3.15.¢) ranges from -21 °C to -16 °C and are
relatively unchanged for the composites compared to PBS value -16 °C. The absolute values of
tan § peak that characterize the energy dissipation were slightly decreased, resulting in lower
energy requirement for viscoelastic deformation of the composites, indicating weak interactions
between PBS matrix and NFC/MCC fillers [268]. Thus, the storage and the loss modulus
increase could be explained by the rigid MCC and NFC fibres proving the enhancement and
reinforcement network.
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Figure 3.15. (a) The storage modulus E’; (b) the loss modulus E’’ and (c) loss tangent tan 6
curves of PBS and PBS/cellulose composites.

Figure 3.16. shows mechanical properties for PBS/cellulose composites tested in tension
mode. The addition of the cellulose fillers to the PBS matrix causes an increase from 271 MPa
to 561 MPa (107 % increase) for 4ONFC with the highest value 626 MPa (131 % increase) for
40N5/MS in Young’s modulus, and this could be attributed to inherited high modulus value of
cellulose. The difference between filler crystallinity with similar composition has been shown
to impact Young’s modulus and could explained higher values achieved with compositions that
have higher MCC content [269]. Synergic effect of the fillers has been observed for 40N5/M5
composition, while 40NFC and 40N7/M3 compositions showed the lowest Young’s modulus.
A decrease has been observed for tensile strength from 30.9 MPa for PBS down to 22.5 MPa
for 40MCC and lowest value 12.9 MPa for 40NFC, with is a similar situation for the elongation
values as 40MCC has highest observed at 5.11 % and 40NFC lowest 3.18%. A decrease in
tensile strength can directly be attributed to weak interactions between filler and matrix [269].
This results in stress concentrations that lead to brittle points in the composite’s structure that
reduce tensile strength and elongation values [270,271]. While from hybrid compositions, the
highest tensile strength was observed for 40N3/M7. Thus, it can be observed that NFC shows
poorer mixing with PBS matrix compared to MCC, and this could be attributed to different
structures, surface area and crystallinity of cellulose, which affects the amount of available OH
groups and increase chemically bound water [272]. Ductility decrease has been explained by the
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increased volume of cellulose with high loading that enlarges the contact surface, which results
in restricted polymer chain movements [273]. That is commonly observed as a sharp decline in
elongation and has been reported for PBS/plant fibre compositions [274,275] and other polymers

like polypropylene/wood composite systems [273,276].
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Figure 3.16. Tensile strength results of PBS and PBS/cellulose composites: (a) Elastic
modulus E; (b) tensile strength o and (c) strain «.

3.2.5. Structure, morphology, and surface properties

The SEM images of the fracture surfaces of pristine PBS and PBS/cellulose composites are
shown in Figure 3.17. SEM photographs indicate that PBS matrix coverage of MCC and NFC
differ significantly. 40NFC composition has voids and a very rough fracture surface that
includes micropores. The addition of MCC to NFC resulted in 40N7/M3 hybrid that has reduced
the number of voids and improved filler dispersion, while surface roughness persists. It can be
observed that 40N5/M5 hybrid composite has much less of previously described defects, and
they have become local, but the basic structure of surface roughness is more even and smoother.
40MCC and 40N3/M7 composites have very similar fracture surfaces. There are no large voids
compared to 40NFC composition, surface’s structure is smooth and has now visible micropores,
and blend filler is spread through matrix evenly, and there are no visible large agglomerates.
Still, small voids can be observed even in these two compositions, and some smaller
agglomerations with poorly covered cellulose can be observed. Tensile strength values
achieved by 40N7/M3 composition show that even with very poor dispersion and compatibility
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NFC can achieve acceptable results. Thus, application of for PBS/NFC blends should involve
modification or grafting methods to achieve superior properties possessed by NFC.
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Figure 3.17. Scanning electron microscopy micrographs of PBS and composites.

The percentage weight loss in composting conditions for PBS and PBS/cellulose
composites is presented in Figure 3.18. While visual specimen degradation can be observed in
Figure 3.19., for the pristine PBS, it takes around 75 to 80 days to become almost
indistinguishable from the soil. As seen in the case of MCC and NFC filled compositions, it
takes 10 days shorter for them to degrade, resulting in total time around 65 to 70 days. We also
observed that PBS/cellulose composites lose their ductility much faster, become brittle, and
easily crumble with slight pressure, while pristine PBS retained mechanical toughness longer.
The composition with MCC showed slightly enhanced degradation compared to NFC ones. It
has been reported before that cellulose-based filler enhances the degradation of PBS in
composting conditions and the weight percentage of filler determines the impact on the
degradation time [89]. A hydrolysis mechanism is the first stage of PBS degradation and requires
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enzymatic activity in soil and water, while degradation products are processed by bacteria and
fungi [54,277]. It has been shown that the amount of water, temperature, and composition of soil
influences degradation time significantly [165,278]. Other factors like crystallinity also impact
the speed of degradation, and generally amorphous regions of polymers degrade faster than
crystalline ones [54]. So, the result where compositions with MCC indicated faster degradation
than those with more NFC could be explained by better filler distribution in the polymer matrix
as observed in SEM images. Thus, better compatibility and distribution of MCC in blend allows

to enhance composting properties further.
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Figure 3.18. Percentage weight loss of PBS and PBS/cellulose composites in soil burial test
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Figure 3.19. Photos of biocomposite films during biodegradation studies in soil burial test
conducted in composting conditions.



Table 3.8.

Surface properties of PBS and PBS/cellulose composites.

Distilled water OWRK Zisman
Sample
0, deg SD Tot, mN/m 4, mN/m >, mN/m Yer, MN/m

PBS 77.1 1.4 43.7 40.4 33 434
40NFC 76.4 1.0 42.3 39.0 33 41.9
40N7/M3 75.4 0.7 41.7 38.4 33 41.3
40N5/M5 73.5 1.1 41.5 37.5 4.0 39.5
40N3/M7 75.0 0.8 42.9 39.1 3.8 41.6
40MCC 76.9 1.7 42.5 39.2 33 42.6

Contact angle measurements were used in addition to biodegradation studies to determine
surface wettability. Table 3.8. summarizes the measured contact angle (®) values with a
standard deviation of distilled water for pristine PBS and PBS/cellulose composite films,
surface free energy (SFE) calculated with the Owen, Wendt, Rabel and Kaelble (OWRK)
method (total SFE of solids abbreviated as tot composed of dispersive component rs and polar
component 1s?) and Zisman method (ycr critical SFE of solids) using 3 different solutions
(distilled water, glycerol and diiodomethane). The contact angle values are lower for
PBS/cellulose compositions compared to PBS, which means that the surface of the composites
has improved wettability. Hybrid systems showed a lower contact angle value compared to
single cellulose filler, with the lowest result for 1/1 composition. Zisman and OWRK methods
showed that SFE decreased with the addition of cellulose, but the polar component was
increased compared to PBS. Hybrid systems showed the lowest SFE, while their polar
component was higher than PBS and single filler systems. All compositions show that polymer
covers cellulose fillers effectively, while lower contact angle values and higher polar
components indicate improved wettability, which plays a role in biodegradation. As observed
in the degradation experiment in composting conditions (Figure 3.19.) PBS effectively covers
cellulose filler and protects the surface from water and microorganisms, till the polymer layer
is degraded.

The insights presented in this research have been combined with literature analysis to
present a discussion for the selection of the filler. The MCC application in powder form makes
it suitable for melt processing, showing good filler dispersion in varied concentrations even up
to 70 wt.% [246]. Thus, the micro-sized cellulose fillers offer economic, environmental benefits
and are suitable for conventional melt processing methods. This results in systems that can be
highly loaded with microcellulose and are renewable with high bio-based carbon content, which
is not always the case for bio-based polymers that are often partly oil-based. NFC is generally
used in low concentrations up to 10 wt.% due to agglomeration issues that may arise [33]. Wet
processing is considered standard for NFC, and film casting or freeze-drying is done by
dispersing in water-soluble polymers to preserve nanostructure [144]. Some studies suggest that
the nanostructure of NFC can be preserved after freeze drying [279]. Crystalline cellulose fillers
are often easier to disperse in a polymer matrix, while fibrils tend to agglomerate. Very high
mechanical properties and the high aspect ratio combined with nano size means that only small
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NFC amounts are needed to reinforce polymer matrix and higher concentration presented
diminishing affect returns or even decreased performance.
3.2.6. Summary

PBS polymer matrix can effectively shield the cellulose fillers from thermal degradation.
As a result, the lower mass-loss rate was observed, and degradation occurred over a wider and
upper-temperature range. The composites crystallization temperature was also increased,
indicating heterogeneous nucleation of PBS stimulated by cellulose fillers. The crystallinity
saw a decrease due to cellulose limiting PBS chain mobility.

The composites storage modulus increased significantly in the measured temperature range,
confirming an effective filler reinforcement network. The tensile test showed that Young’s
modulus improved about two-fold, whereas tensile strength decreased along with elongation
values. Surface wetting with water showed a slight decrease in observed contact angle values
and increased polar component of the surface free energy. This was confirmed with weight loss
measurements in composting conditions, where composites disintegrated 10 days faster than
the pristine PBS sample. Thus, PBS/cellulose films would start to biodegrade faster, but still,
have a good resistance during the product lifetime. The SEM images of the fracture surfaces
displayed that MCC and NFC pose very different compatibility with PBS, which coincided with
results observed in the mechanical and dynamical mechanical analysis.

Life cycle inventory for the fillers revealed an almost two-fold increase in energy
consumption for NFC compared to MCC. We concluded that NFC having a higher surface area
resulted in stronger hydrogen bonding, leading to large agglomerates and uneven filler
distribution. Freeze-drying is not optimal processing method for unmodified NFC and wet
processing is advisable. So, MCC is more suitable and economically viable in the case of
unmodified cellulose filler application with melt blending for PBS composites.

82



3.3. Adding value to poly (butylene succinate) and nanofibrillated cellulose-
based sustainable nanocomposites by applying masterbatch process

The present study highlights the beneficial effects of premixing of highly loaded poly
(butylene succinate) (PBS) / nanofibrillated cellulose (NFC) nanocomposites under solution
conditions and its use as a masterbatch for melt blending. The proposed masterbatch process
strategy is an up-and-coming manufacturing technique for nanocomposites. This chapter
demonstrates the preparation of masterbatch NFC composition with a very high loading of 50
wt.%. Research is aimed towards understanding the solution and melt processing effects on the
structure and exploitation properties. The composites with NFC loadings from 5 up to 15 wt.%
have been prepared by diluting the masterbatch and compared to conventional solvent casting.
The masterbatch process can significantly reduce overall solvent usage and improve the NFC
dispersion within the polymer matrix. SEM, DMA and tensile tests were used to evaluate
composites performance. Biodegradation studies in the composting conditions were performed
to underpin the weight, visual changes, calorimetric properties, while chemical changes were
studied using spectroscopy. In addition, the reinforcement factor was calculated and analyzed.
Obtained high-performance PBS/NFC composite materials are perspectives for films and
packaging applications.

3.3.1. Material processing and composite formulations

PBS granules were dried in a vacuum furnace (J.P. Selecta) at 60 °C (5 to 20 mbar) for 8
hours before further processing. NFC gel was diluted with dimethylformamide (DMF) from 11
wt.% to around 3 wt.%. To remove water, NFC was transferred to dimethylformamide (DMF)
via solvent-assisted centrifugation, which was repeated 2 times, and the high shear mixer LSM-
A (Silverson Machines LTD) achieved even dispersion in the solvent (2 min, 5500 rpm). PBS
solution in chloroform (5 wt.%) was prepared and mixed with NFC/DMF suspension using a
high shear mixer (2 min, 5500 rpm). Five samples were cast 5, 10, 15, and 50 wt.% of NFC/PBS
and a pure PBS as reference. Samples were dried in ambient conditions for 2 days and inserted
in a vacuum furnace for 4 hours at 70 °C to remove the remaining solvents. The sample 50
wt.% NFC/PBS was mixed with dried PBS granules in thermoplastic mixer Brabender® Mixer
S0EHT (Germany) to produce 5, 10, and 15 wt.% samples. The processing conditions were
adjusted to 70 rpm for twin screws, heating in all zones was 130 °C and 5 min melt
compounding followed by an additional 5 min of mixing in 160 °C.

Compression molding (Carver CH 4386) was used to obtain the specimens' films with a
thickness of 0.10 mm for the biodegradation test and 0.25 mm for other tests. The compression
molding heating plates were set at 140 °C, while the samples were preheated for 2 min,
compressed for 3 min (3 MT pressure), cooled for 3 min between steel plates (30 kg of thermal
conductive mass). To distinguish samples following abbreviations were selected 5S, 10S, 15S
was used for solvent cast samples, and SM, 10M, 15M for melt-compounded samples from
masterbatch (Table 3.9). Figure 3.20. shows the visual appearance of prepared films where PBS
is pure white, a masterbatch is in yellow-brown, which was obtained from cellulose, while 10
wt.% loaded samples are given as examples for composites, which all added very similar
appearance of a pale brown tint to films.
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The prepared PBS/NFC compositions.

Sample PBS, wt.% NFC, wt.% Preparation

PBS 100 0 solution and melt
M 95 5 solution
10M 90 10 solution
15M 85 15 solution

58 95 5 masterbatch melt
10S 90 10 masterbatch melt
15S 85 15 masterbatch melt

Table 3.9.

Figure 3.20. Visual appearance of prepared sample films: (a) PBS, (b) masterbatch with 50

3.3.2. Structural properties

wt.% NFC loading, (c) 10S and (d) 10M.

Figure 3.21. contains SEM images of selected specimen fracture surfaces in liquid nitrogen.
The melt composite SM shows a much better NFC distribution in the PBS matrix than 5S
(Figure 3.21.a and 3.21.b). Sample, 5S, shows regions that contain almost pure polymer, while
the image also shows an agglomeration for NFC. NFC shows good PBS adsorption on the fibril
surface at 5 wt.% loadings. While in Figure 3.21.c 15M, the NFC is dispersed evenly, fibrils
are encompassed in a polymer matrix showing no signs of being pulled out or separated from
PBS. A slight agglomeration can be seen between some of the nanocellulose fibrils, but no
significant defects can be observed. Unfortunately, 15S (Figure 3.21.d) SEM image indicates
poor filler dispersion in matrix. Also, separation of filler and polymer matrix phases can be
observed in the 15S sample. Similar SEM results were reported in the literature for PLA/NFC
composites prepared by solvent casting, and the authors noted that agglomerates directly
contributed to fracturing formation [280].
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Figure 3.21. SEM micrographs of selected compositions obtained by a fracture in liquid
nitrogen.

3.3.3. Thermal properties

The effect of NFC filler loading on the thermal properties was investigated through
differential calorimetric (DSC) analysis. The results are reported in sections a and b of Figure
3.22, and summarized in Table 3.10. The DSC second heating scan (Figure 3.22.a) clearly
shows a single peak. It indicates a slight increase in melting temperature (Tm), which can be
attributed to thermal lag owing to the NFC filler's low thermal conductivity. The
nanocomposites' crystallization behavior indicates an increase in crystallization temperature
(T¢) and crystallinity (yc). The NFC promotes crystallization and acts as a nucleating agent
indicated by an increase in crystallization temperature by 3 to 4 °C. Rastogi et al. reported
similar observations for polyhydroxybutyrate/NFC composites [281]. Crystallinity was
calculated from crystallization enthalpy instead of melt enthalpy, as it has been reported before
that the melting process of PBS involves recrystallization [282]. Compared to neat PBS
crystallinity 66%, nanocomposites saw a slight crystallinity decrease to 54 — 58% due to the
obstructed PBS chain movements in the cooling process by the NFC filler presence. Melt
blended samples show lower crystallinity than solvent cast ones, and as seen above in structural
analysis (SEM), filler dispersion is the main difference between the two preparation methods.
Thus, an even spread filler interferes more with the crystallization process. However, it can also
be concluded that the NFC samples can form a new crystalline polymer phase, which is
consistent with the reported observation in literature for PLA/NC composites [280]. The increase
in NFC filler up to 15% loading slightly lowers the crystallinity.
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Figure 3.22. DSC (a) heating curves and (b) cooling curves of PBS and 5, 10 and 15 wt.%
PBS/NFC nanocomposites fabricated using solution casting and melt compounding methods.

Table 3.10.
Thermal properties of PBS/NFC composites.

Sample | T.,°C | AHoJg | 7%.% | Tm, °C A;/{g‘“’ Tsoi, °C | Ts0%, °C | T, °C | T, °C
PBS 75.0 72.9 66.0 114 75.1 357 401 404 571
M 79.4 60.7 57.8 115 61.7 344 386 400 577
5S 77.4 60.0 57.2 114 53.1 337 382 396 577
10M 78.1 54.6 54.9 115 54.6 330 396 395 582
10S 78.5 58.1 58.4 114 59.3 338 387 400 561
15M 77.6 50.3 53.6 116 49.2 326 392 398 579
15S 77.8 54.1 57.6 114 50.9 308 389 398 583

3.3.4. Thermal degradation

The thermogravimetric analysis curves of neat PBS and nanocomposites are shown in
Figure 3.23. Table 3.10. presents an overview of thermal stability parameters Tse, Ts0%, which
indicate the weight loss at 5 and 50 wt.% correspondingly, while Tmax, Te show the maximum
decomposition temperature and the ending decomposition temperature. A weight loss occurs
faster for solvent cast samples above 120 °C losing 2-3 wt.%, which can be attributed to the
remaining solvents in the composites. In contrast, the melt-processed samples and pristine PBS
only saw a decrease in weight after 250 °C. Tse, of the nanocomposites indicate a difference in
decomposition temperature from 13 up to 49 °C compared to neat PBS. The decrease has been
observed much more rapidly for solvent cast samples and samples with higher NFC filler
sample concentration, indeed, as the region above 300 °C is the typical decomposition
temperature for cellulose [284]. The maximum decomposition temperatures and Tsoy, for the
nanocomposites were within the region of 5 °C, which also contained a 10 °C difference from
PBS. As seen from the measurements, the overall thermal stability was decreased by 10 to 30
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°C approximately compared to neat PBS, except for the 15S sample. The decomposition ended
at around 570 °C where PBS's remaining mass was around 0.07 wt.%, while the
nanocomposites remained around 1 wt.% as there were no organic remains left it can be
possibly attributed to inorganic char. The addition of NFC did not significantly impact the
nanocomposites' application prospects, while relatively high decomposition above 250 °C

indicates that recycling as a possibility remains.
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Figure 3.23. (a) TGA thermogram and (b) first derivative TGA curves of PBS and 5, 10 and

15 wt.% PBS/NFC nanocomposites fabricated using solution casting and melt compounding

methods.

3.3.5. Biodegradation studies in the composting conditions
Visual and mass changes

Visual changes and mass changes of PBS and nanocomposites during the biodegradation
process are presented in Figure 3.24. and Figure 3.25., respectively. Five parallel samples for
each specimen were used, and two of each were removed every 10 days to register changes.
Nanocomposites can be distinguished by the light brown color caused by cellulose's thermal
treatment during the preparation process, which intensifies in higher NFC loading for the
composites. After 10 days, changes are minimal, but small dark spots where soil particles are
embedded in the surface are visible, which after 10 more days have resulted in brown
discoloration spots indicating degradation on the surface. Most notable changes after 20 days
are visible for the 15M specimen, which has visible macro-scale holes that slowly appear for
all nanocomposites at the 30- and 40-day mark.

In comparison, the PBS sample only developed dark brown spots between 30 and 40 days
and visible holes at 60 days. This indicates that cellulose filler accelerates the biodegradation
process. As this process is commonly known as hydrolysis, we believe that cellulose and PBS's
hydrophilic and hydrophobic nature influences water adsorption speed. Thus, once the top layer
of PBS is breached, the matrix does not fully cover cellulose particles. They become local spots
for more intensive biodegradation that involves the participation of microorganisms. From 30"
to *50™-day, nanocomposites lose their ductility and become fragile and discolored fully. Small
cracks were visible, and a notable surface roughness increase can be seen. The color changes
could be linked with the amorphous phase's degradation, which leads to crystallinity changes,

87



as seen in Table 3.11. Finally, reaching the 70""-day, nanocomposites become inseparable from
the soil, very thin and extremely fragile. Almost no distinguishable nanocomposites particles
could be recovered after 90 days; thus, all remaining parts from all 5 parallel measurements
were used for FTIR and DSC measurements. Although the PBS specimen was degrading slower
and visually looked more intact, the film was thin and fragile and crumbled in small pieces,
almost inseparable from the soil after the 80" mark. The mass changes were relatively linear
after the initial 20 days and saw a slight increase with every 10 days until most of the samples
were degraded at around the 60" day, where we saw a decrease in weight loss speed, which
was partly impacted by the inability to separate the soil from specimens, thus contributing to
measured mass. The mass changes clearly show that composites with higher cellulose content
degraded faster.
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Figure 3.24. Photos of biocomposite films during biodegradation process taken every 10 days
until disintegration in the compost soil.
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Figure 3.25. Cumulative weight loss of PBS and 5, 10 and 15 wt.% PBS/NFC
nanocomposites fabricated using solution casting and melt compounding methods during the

biodegradation process.
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DSC analysis

Figure 3.26. shows DSC thermograms of pristine and biodegraded samples are compared
to those buried in composting soil for 50, 70, and 90 days. Table 3.11. supplements the
information with crystallization temperature at 50 and 70 days (Tsoc, T70c) and melting
temperatures at 50 and 70 days (Tsom, T7om), crystallinity at 50 and 70 days (ysoc, ¥s0c), and
melting and crystallization enthalpy at 50 and 70 days (AHsom, AH70m, AHsoc, AH70c). Fig. 3.26.a
shows the splitting of the single melting peak into two peaks during the biodegradation process.
Two melting peaks or splitting of the single peak have been reported to be a common occurrence
for various PBS polymers and composites and are not unique to PBS [285]. It can be attributed
to the primary and secondary crystallization of two different lamellae in PBS. The first type is
more susceptible to heat that recrystallizes the perfect structure before melting and, together
with the fusion process, results in the second more prominent peak [47,48]. The decrease in the
melting temperature can be seen for all selected samples at 50 and 70 days with an average
decrease of 4-5 °C, which indicates the rapid reduction in molecular weight for PBS [286].

Further changes are hard to distinguish due to recrystallization behavior. At 50 days, the
increase in melting peak area can be observed and similarly is even more pronounced for
crystallization peak; this could be explained by shorter chains being more mobile in the
crystallization process, and for filled systems decrease in NFC content could result in higher
PBS percentage compared to the original sample. Crystallinity changes calculated from
crystallization enthalpy at 50 days show a slight decrease for 5 wt.% samples and an increase
for the samples with 15 wt.% loadings, but the changes are within 2 to 5 %. Following analysis
at 70 days shows a notable decrease in crystallinity, with 15M having only 8% crystalline phase.
Further decomposition in the soil results in the formation of voids as visible on film structure.
Then the microplastics are developed, which are hard to separate from the soil; thus, peak
intensities decrease and become even undetectable at 90 days for nanocomposites with 15 wt.%
loadings. There is a clear difference in the crystallization process for PBS and nanocomposites.
PBS sample has much more pronounced peak broadening and a sharper decrease in
crystallization temperature down to 69 °C compared to 73 - 76 °C for NFC-filled composites
at 70 days. It has been reported in the literature that cellulose-based fillers accelerate PBS
biodegradation and cellulose degrades faster in the soil [278]. Thus, samples with NFC filler
degrade much faster around cellulose as it is much more hydrophilic than PBS, which results
in films breaking apart faster (see Figure 3.25.) While remaining large pieces with lower overall
degradation are analyzed, thus changing the representation of the process. PBS has much more
even degradation in a volume of the measured film reflected in broader peaks and indicates a
higher molecular weight difference. Owing to previous observations and knowing that
biodegradation is mainly a surface process, while DSC scans reflect volume properties, the
entire process cannot be captured. Further analysis with FTIR was performed.
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Figure 3.26. DSC (a) second heating curves and (b) cooling curves during the biodegradation
process of selected samples: PBS, 5M, 5S, 15M and 158S.

Table 3.11.

Calorimetric properties of PBS/nanocellulose composites after biodegradation.

Tsoe, | AHsoc, Tsom, | AHsom, | T70e, | AHzoe, T70m, | AH7om,
Sample Y50, Yo Y70c, Y0
°c | e oc | wg | cc | e oc | e

PBS 73.8 75.4 68.2 111 83.3 69.2 42.1 38.1 109 70.8

5M 78.1 69.2 66.0 110 753 76.1 513 48.9 109 55.8

58 77.6 54.9 523 110 70.4 75.1 61.8 58.9 111 64.6

I5SM 76.7 58.9 62.7 110 62.6 74.6 7.66 8.16 111 8.70

15S 77.0 | 60.42 64.3 112 62.8 73.3 48.1 51.3 112 57.5

FTIR analysis

Figure 3.27. shows the FTIR-ATR spectra of PBS and selected composites before and after
the biodegradability test at 50 and 90 days. The characteristic peaks of PBS can be identified
2946 cm! the stretching of the C-H bond, 1712 cm™ carbonyl C=0 bond from ester linkage,
1151 cm™ known as C-O or C-O-C asymmetric stretching vibrations together with 1046 cm™!
band for symmetric stretching and are most commonly reported in PBS analysis [287,288]. The
addition of bands, like 955 cm™! attributed to C-O stretching of the amorphous domain, 918 cm™
!assigned to C-O stretching of the crystalline domain, 806 cm™ for CH, in-plane bending, and
650 cm™! for COO bending vibrations together with bands from 1000 to 1300 cm™ region can
be used to identify and to distinguish PBS from other polymers [287,289,290]. When biodegraded
spectra are compared to pristine specimens, a significant decrease in the peaks' intensity can be
observed. The most notable decrease is for 1712 cm™ and 1151 cm™! directly related to ester
bonds cleaved in the hydrolysis process. After 50 days, a new peak can be observed in PBS
spectra at the 3295 cm™! signature region for OH stretching vibrations. This peak can also be
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observed in the composite structure and comes from cellulose, but similarly is attributed to OH
stretching vibrations. Thus, directly indicating the presence of cleavage products. Another shift
is observed at 50 days and becomes more pronounced at 90 days when the partial or complete
disappearance of 1712 cm™! band and emergence of new peaks in the region from 1500 to 1665
cm’!. It could be related to the emergence of carboxylic end groups, ketone species, and vinyl
groups in the presence of microorganisms [47]. At 90 days spectra for most specimens, a broad
peak from 930 to 1170 cm™! with a peak around 1020 cm™' emerges and can be attributed to C-

O stretching vibrations of various biodegradation products.
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Figure 3.27. FTIR spectra representing biodegradation process of selected samples: (a) PBS,
5M, 5S and (b) 15M, 15S.

3.3.6. Mechanical properties
Tensile characteristics

The tensile modulus, ultimate strength, and elongation at break for the neat PBS and PBS
/NFC nanocomposites are shown in parts a to ¢ of Figure 3.28. Also, stress-strain graphs for
selected samples are shown in Figure 3.28.d. The differences for neat PBS treatment did not
reveal any notable changes. Because of the high intrinsic modulus of NFC, it acts as rigid
reinforcement to the polymer matrix. The high aspect ratio of the NFC results in a large surface
area for the interaction with PBS matrix; thus, two limiting factors can be considered, the
effective loading at which properties peak and adhesion between polymer and matrix. The
composites' elastic modulus grew progressively with increasing NFC content for melt
compounded samples showing a 1.4-fold and 1.7-fold increase for 5% and 15% samples,
correspondingly. However, solvent cast one's samples showed an increase of almost 1.4-folds
with higher NFC loadings (Figure 3.28.a). Figure 3.28.b shows the composite’s tensile strength
indicating around a 10% decrease compared to neat PBS, while most samples show similar
values within margin error. A slight reduction can be explained by limited adhesion between
filler and matrix, which has been observed for PBS [291] and other polyester polymers like PLA
[292]. The NFC filler cannot properly support stresses transferred from the polymer matrix.

However, at the same time, similar tensile strength values indicate that adhesion exists just
slightly weaker when compared to polymer chain to polymer chain interaction [293]. Elongation
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at break shown in Figure 28.c decreased with the increase of NFC content except for the 5S
sample, which showed almost no decrease and combined with almost no increase in tensile
modulus for this sample, it can be concluded that good filler dispersion was not achieved, and
agglomeration occurred. As microfractures with voids and agglomerates can be seen in Figure
3.21. Such elements in structure can significantly contribute to the formation of internal
stresses, thus lowering nanocomposite's mechanical performance. The decrease in elongation
values was around two-fold for most samples, while 15M had a 3-fold decrease. Melt
compounded samples show an almost linear increase of modulus and linear decrease in
elongation values indicating good ability to scale with NFC filler content; thus, a more
homogeneous filler distribution is achieved.

In comparison, solvent cast samples reached the best properties at 10 wt.% NFC. They were
limited by filler dispersion that seemed to agglomerate. The elongation decreases with higher
filler loading is commonly observed as stiffer particles are introduced and polymer chain
movement is restricted [294]. Xu et al. reported that for PBS compositions with 1 to 5 wt.%
cellulose nanocrystals, tensile strength increased by 45% from 23.3 up to 33.9 MPa, elongation
decreased by 30%, while elastic modulus changes were not obtained [194]. Other authors have
reported research on polypropylene/NFC composite with 6 wt. % prepared from 30 wt. %
masterbatches. They reported only a 20% increase in elastic modulus, a 30% decrease in
elongation, and almost no changes in tensile strength [295]. The proposed research on
polypropylene composites indicates similar observations to ours but with a lower increase in
elastic modulus, while PBS and CNC seem to interact differently compared to NFC.
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Figure 3.28. Tensile properties: (a) tensile modulus, (b) tensile strength and (c) elongation at
break for PBS and 5, 10 and 15 wt.% PBS/NFC nanocomposites fabricated using solution
casting and melt compounding methods. (d) Typical stress—strain curves presenting a ductile
fracture in the samples: PBS, 10M, 15M, 10S and 15S.

Thermomechanical characteristics

The storage modulus E’, loss modulus E” and tan 6 of neat PBS and nanocomposites are
shown in parts a to ¢ of Figure 3.29. as a function of temperature. Storage modulus values
decreased with an increase in temperature as it is commonly observed for the polymers and saw
a sharp decrease in the glass transition region from -40 to +10 °C. NFC filler contributed to the
material's high dimensional stability by significantly elevating values in all measured
temperature ranges. The only notable exception was the 5S sample, which failed to form a
reinforcement network; thus, agglomerates could not contribute to the stiffness of the composite
in the viscoelastic state. The gradual increase of storage modulus values was observed with
increased NFC concertation. At the same time, the melt blended samples showed higher overall
values when filler loading was equally explainable by better dispersion. The drastic increase of
storage modulus for 15M composite compared to SM and 10M, which performed similarly,
could be explained by NFC's ability to form a continuous filler network in high loadings instead
of separate particle reinforcement [296]. The highest storage modulus values were measured to
15M sample with the 1.4-fold increase at -70 °C and 2-fold increase at +70 °C compared to
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neat PBS. NFC hindered the polymer chains' movement, resulting in increased dampening
properties, as shown in Figure 3.29.b. The increase in loss modulus values for all measured
temperature ranges was observed for NFC loadings 10 and 15 wt.%. From - 70 °C up to the
glass transition, 15M showed the highest increase in loss modulus but was overtaken by 158 in
the viscoelastic region.

The increase of loss modulus values can be explained by a decrease in crystallinity, which
changes the required energy for the segmental movements of PBS [297]. Tan o values show the
ratio between storage and loss modulus, which decreases due to stiff nanoparticles introduction
into the polymer matrix, resulting in a reduced potential for energy dissipation and more elastic
properties of nanocomposites than neat PBS. The glass transition temperature can be
determined from the tan & peak in Figure 3.29.c. A clear shift to lower temperatures can be
observed for all nanocomposites; for example, a sample with 15% of NFC shows the glass
transition at -16 °C. Besides, the neat PBS has a glass transition at -21 °C. Owing to these
changes, the interaction between filler and matrix can be one explanation. Another common
explanation is the restricted chain mobility that impacts segment rearrangement during phase
transition [298].

Parameter C calculated from equation (3.2) describes the overall effectiveness of the filler
in the composite using the storage modulus [299]:
I —

(Bg/B0) atri

where E;' — glassy storage modulus measured at -60 °C and E,' — viscoelastic storage modulus

(3.2)

measured at 40 °C. Parameter C lower than 1 shows effectively dispersed fillers compatible
with the polymer matrix, while lower the value better the reinforcement [300]. Figure 3.30.a
shows graphed parameter C values which decrease within higher NFC loadings. Except for the
5S sample with a C value of 1.11, other samples showed successful reinforcement. Melt
processed samples had significantly better C values than solution cast samples with the same
NFC wt.%, and the best value was achieved by 15M with C = 0.69.

The analysis can be enhanced by calculating reinforcement efficiency factor — », which
characterizes the filler interaction with the polymer matrix [301]. An empirical relationship
between composite’s storage modulus (E.') and the polymer matrix’s storage modulus (En') can
be written using Einstein's considerations for suspensions with rigid particles [299,302]:
E'.=E,(+7rV) (3.3)

where V¢— the volume fraction of filler in the composite.
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Figure 3.29. Temperature dependence of (a) storage modulus, (b) loss modulus and (¢) tan 6
curves from DMA measurements comparing PBS and 5, 10 and 15 wt.% PBS/NFC
nanocomposites fabricated using solution casting and melt compounding methods.

From equation (3.3), the ratio E//Em was calculated and plotted against V¢ as shown in
Figure 3.30.b, where dash lines represent » value trend, while specific values are given in Figure
3.30.c. Calculations for E./Em were performed using the storage modulus values at 25 °C.
Reinforcement efficiency, unlike parameter C, does not directly correlate with filler loading.
Melt processed samples similarly outperform solution cast ones. 5S shows similarly poor
results, which indicate almost no formation of reinforcement network. In comparison, other
solvent cast samples show an increase in values that are significantly lower than melt-processed
samples. Masterbatch process shows great potential, with a 5SM sample having the highest 1-
value of 10.75, which sees a decrease in higher filler loadings. Such results can be expected
with the high loading of the nanofillers as agglomerates are formed. The contact surface
between the filler and the polymer is affected, decreasing the mechanical performance [301]. As
seen from the results, solvent cast samples had a high concentration of agglomerates even at
the lowest loading. It resulted in the opposite trend of adding more NFC yields better
reinforcement. Cailloux et al. reported a polyethylene glycol (PEG) carrier system for melt-
processed 5 wt.% loaded PLA/NFC composite preparation [297]. However, storage modulus
values compared to neat PLA showed almost no increase. The values decreased when PEG was
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included in the composite’s composition, which further illustrates NFC dispersion's importance
with the correct nanocomposite preparation method.
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Figure 3.30. (a) C factor as a function of weight content calculated from E’ values at - 60 °C
and 40 °C, (b) E'c/E'm ratio plotted with vol% at 25 °C and (c) reinforcement factor (r) with
samples wt.% at 25 °C.

3.3.7. Summary

The highly loaded masterbatch process has great potential for application in industrial
composite film preparation for packaging and other applications. The composites gain
increased stiffness, improved biodegradability and, as described in literature, increased barrier
properties. The use of nanosized cellulose did not significantly affect composites tensile
strength, a common issue for polymers reinforced with cellulose and lignocellulose fibers. The
research will help with the further industrialization of biodegradable cellulose nanofibrils.

Nanofibrillated cellulose was used as a filler for poly (butylene succinate). Highly loaded
50 wt.% masterbatch preparation route was compared to conventional solvent casting. The
effect on the filler dispersion and loading was studied to understand these bio-based and
biodegradable compositions. The nanocomposites' optimal preparation method was the
masterbatch process, and reinforcement network was achieved with the lowest concentration of
5 wt.% NFC. SEM analysis indicated good filler dispersion even at a high loading of 15 wt.%
for the sample prepared from masterbatch, but all solvent cast samples had visible
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agglomeration. Biodegradation disintegration time was significantly reduced till 60 days, with
composites showing up to 20% lower weight within the same amount of time in the soil. The
observations were confirmed by FTIR and DSC measurements that showed various degradation
products consisting of vinyl, hydroxyl, ketone, and carboxyl groups produced by
microorganisms and hydrolysis and decreased crystallization temperature. The total
degradation time of nanocomposites was determined to be around 80 days. Thermal degradation
analysis showed good thermal stability for all compositions, and the lowest maximum
decomposition temperature was 398 °C compared to 404 °C for neat PBS. The lowest
temperature for 5 wt.% loss was 308 °C which is well above 160 °C used for masterbatch
preparation. The mechanical properties increased with NFC loading; indeed, elastic modulus
enhanced up to almost 1.7-fold, storage modulus up to 2-fold, and loss modulus up to 1.3-fold
in room temperature. In addition, the glass transition temperature was increased by 2 to 5 °C
compared to neat PBS. Reinforcement efficiency reached 10.75 for SM showing the highest
results, while the overall effectiveness of the NFC filler from parameter C = 0.69 was for the
15M sample. NFC filler's nucleating effect on PBS was observed with an almost 4 °C increase
in the crystallization temperature, but polymer chain movements were restricted, and
crystallinity decreased by 8 to 13%.
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3.4. Highly loaded cellulose/poly (butylene succinate) sustainable
composites for woody-like advanced materials application

The main goal of this study was the preparation and characterization of poly (butylene
succinate) (PBS) and micro cellulose (MCC) woody-like composites with various modification
methods. These composites can be applied as a sustainable woody-like composite alternative
for conventional fossil polymer-based WPCs. The PBS/MCC composites were prepared using
a melt blending with a very high filler loading of 70 wt.%. MCC was modified to enhance the
dispersion and compatibility by means of carbodiimide (CDI), polyhydroxy amides (PHA),
alkyl ester (EST), (3-Aminopropyl) trimethoxysilane (APTMS), maleic acid anhydride (MAH)
and polymeric diphenylmethane diisocyanate (PMDI). Tensile tests were used to evaluate
composites performance in regard to unmodified system and original polymer. Data was
enhanced with DMA analysis that showed storage modulus changes depending on the
temperature. FTIR was studied to examine bonding between the polymer and cellulose
components in the composite. In contrast, SEM complemented results with liquid fracture
surface showing significant differences between chosen modification methods. Thermal
stability and biodegradability were evaluated to assess prepared composites potential
applications.

3.4.1. Material processing and composite formulations

The aim was to use the high loading of MCC filler in the composite. Thereto PBS was
mixed with 70% (w/w) cellulose in a thermo-kinetic mixer (Plastograph EC plus S0EHT,
Brabender GmbH & Co. KG, Duisburg, Germany). Considering the previous investigations,
which showed the possibility of high loadings of cellulose filler for PBS composites
manufacturing, the MCC filler content was proposed to be equal to 70 wt.%. The processing
temperature was set to 130 °C, and the screw speed was 70 rpm. In total, 40 g per batch were
introduced in the thermo-kinetic mixer for a total mixing time of 7 min. The PBS and MCC
were dried in a vacuum chamber at 40 °C for 24 hours before composite preparation.

The PBS/MCC composites were ground and compression-moulded with a Carver CH 4386
hydraulic press to obtain thin films. The plate temperature was set to 140 °C, and the material
was preheated for 2 min and formed with a pressure of 3 metric tons for 3 min, followed by
rapid cooling between metal plates at room temperature for 3 min. The dog-bone shape and
stripes specimens were cut. These specimens were further tested for tensile, structural,
dynamic-mechanical, density, calorimetric, and thermal properties.

3.4.2. Chemical modification of PBS/MCC composites

It 1s well known that the modification of the polymer/cellulose composites is needed to
enhance the polymer and cellulose components’ interface compatibility as a means to obtain
high exploitation properties of the final composite material [27]. The strong interfacial adhesion
and efficient stress transfer across phases of the polymer matrix and cellulose filler can be
established by different modification additives during the composite processing. Based on this
principle, the additives of MAH, PMDI, CDI, EST, PHA, APTMS are used to adjust the
interfacial interactions through compatibilization of the components [78-85]. The used
compositions and the modification procedures were selected regarding the literature data and
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preliminary tryouts. Altogether, seven different PBS/MCC compositions were obtained by
using different chemical modification treatments of composites to improve the compatibility
between the components (Table 3.12). The obtained PBS/MCC composites and specimens were
stored in sealed bags before any testing.

Table 3.12.
Obtained PBS/MCC compositions.

Sample Description of modification
PBS Neat polymer
70MCC Untreated microcrystalline cellulose
70MAH Maleic acid anhydride
70PMDI Polymeric diphenylmethane diisocyanate
70CDI Carbodiimide
70EST Aliphatic ester
70PHA Polyhydroxyamide
70APTMS (3-Aminopropyl) trimethoxysilane

For PBS/MCC composite modification, 1 wt.% of MAH, 1.5 wt.% of PMDI and 3 wt.% of
CDI were loaded during the melt processing process with a thermo-kinetic mixer [81-84]. At
the same time, modified MCC was blended with PBS without any additional additive loading.
The modified MCC preparation is the following. 30 g of MCC was suspended in 500 ml water,
and the mixture was homogenized with ultrasound sonification for 10 minutes. Slowly 90 ml
of PHA or EST were added in 2 hours, stirring and ultrasound sonification were applied
sequentially for 30 min time periods [85]. The acquired modified MCC suspensions were then
filtrated and dried in a vacuum. For the salinization, 50 mL of APTMS was dissolved in 250
mL distilled water and stirred, while the solution pH was stabilized to 4 by the addition of acetic
acid [52]. 50 g MCC was added to the solution after pH was fixed at 4. The mixture was stirred
at room temperature for 2 h, followed by filtration and drying in a vacuum. Chemical reaction
and permanent surface modification of MCC has accomplished a vacuum oven at 120 °C for 2
h. The schemes that demonstrate interactions of filler or matrix with selected chemical
modifications are presented in Figure 3.31.
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Figure 3.31. Applied chemical modifications, coatings, and chain extender.
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3.4.3. Thermal properties

TGA was used to investigate the influence of the composition on the thermal sensitivity and
degradation properties of PBS/MCC composite materials. Figure 3.32. showed TGA (a) and
DTG (b) curves of PBS/MCC composites. All PBS/MCC compositions showed a small mass
loss of 2% below 100 °C, corresponding mainly to the removal of residual water [28]. The
degradation mechanism and degradation temperature of neat PBS and ¢ PBS/MCC composites
differed strongly. It is assumed that MCC has lower thermal stability than neat PBS polymer
[29,30]. This means that the incorporation of the MCC induced less thermal stability of
PBS/MCC composites. Lee, et al. reported this for PBS/kenaf fiber composites [31]. The
temperature at 5% mass loss for 70MAH composition was 240 °C and for 70EST composition
was 290 °C. The rest of the composites showed a temperature at 5% mass approximately in this
240-290 temperature range. The PBS exhibited only single-stage degradation with a peak at
406 °C, whereas MCC filled composites revealed two degradation peaks in the temperature
range of 301-398 °C. It indicated that the single-stage thermal degradation process was defined
primarily by the PBS polymer chain degradation, while PBS/MCC composites degradation was
affected by cellulose incorporation, mutual interaction between polymer matrix and fillers and
filler surface modification. Roman and Winter evidenced the strict relation of cellulose surface
modification and its thermal stability [32]. The temperature at 50% mass loss for PBS was 401
°C. The first stage of degradation in DTG (Figure 3.32.b) is at around 310 °C for the 70MCC
sample; while for 70MAH, 70PMDI, and 70CDI composites the thermal degradation shifted to
lower temperature 315 °C, then for 70EST, 70PHA and 70APTMS composites, thermal
stability increased up to 340 °C. The composites loaded with chemically coupled and modified
MCC revealed enhanced thermal degradation temperature at 50% mass loss up to 360 °C. This
was described to the formation of crosslinked structures with the altered chains and inhibited
chain release during the formation of the char in the thermal degradation process [33]. The
similar behavior of thermally more stable PBS composite than neat PBS was reported by Tang

et al. [34] when using grafted-nanocellulose as reinforcement.
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Figure 3.32. (a) TGA curves and (b) DTG of PBS/MCC composites.

The results of DSC in the form of the heating and cooling thermal curves of PBS/MCC
composites are shown in Figure 3.33. The thermal curves showed a characteristic endothermic
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melting transition (Figure 3.33a) and exothermic crystallization transition (Figure 3.33.b).
Meaning changes in the shape of the transitions were observed. While the crystallization
process shifted to the higher temperature range. The influence of the MCC usually results in
either enhanced crystallization characteristics due to the nucleation effect or obstruction of
polymer molecular chains, which limits the growth of polymer crystals [35]. Enhanced
crystallization by means of nucleation and trans-crystallization has been reported mainly for
polymer composites with cellulose and other fillers contents up to 30 wt.% [36]; while surface
modification of cellulose can strongly hinder polymer chain mobility through physical
adsorption and entanglement. This promoted the polymer transcrystallization process on the
cellulose, which also has been ascribed by observed pronounced enhancement of the
composite’s mechanical and dynamic mechanical characteristics [37]. Generally, the high
loading of MCC reduced crystallinity significantly [38]. This is also the case for composites
with extremely high loadings — up to 50-80% of MCC. In Table 3.13. the experimental values
of melt temperature (Tm), crystallization temperature (T¢), enthalpy of melting (Hm), enthalpy
of crystallization (Hc), crystallinity (%), density (d) and voids (A) are presented. All samples
with modified MCC showed a very pronounced decrease in X compared to neat PBS and also
in comparison to the 70MCC sample. X of neat PBS has been found to be about 68%. In the
case of 70APTMS, 70PHA and 70EST samples  has decreased to 52, 56, 58% correspondingly.
Similar findings have also been also reported in the literature [38]. The MCC'’s silane treatment
improved its dispersion in a polymer matrix, reduced agglomeration and suppressed the
crystalline phase more strongly than PHA and EST modifications of MCC filler [39]. The chain
cross-linking and/or extension mechanisms can further limit polymer chain movements and
reduce crystallinity [35]. It is observed that crystallinity decreased by about 20% for
compositions 70MAH, 70PMDI and 70CDI in comparison to neat PBS. Melting temperature
Tm and crystallization temperature Tc of the obtained samples were modestly decreased and
increased correspondingly. This means that crystallization of polymer chains with altered
flexibility and mobility in the composites interfered with the crystallization process [34,36,38],
which has started earlier at higher temperatures and resulted in lower crystallinity by about 30%
of the final composite.
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Figure 3.33. DSC curves of PBS/MCC composites: (a) heating, (b) cooling.
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3.4.4. Structure and Morphology Characterization

The experimental density values d of the composites, obtained by the weighting method
[40], are summarized in Table 3.13. The value of the parameter d*, defined as the apparent
density of the polymer, was calculated by the equation reported elsewhere [41]. It can
correspond to the decrease of the polymer density due to the pronounced drop in crystallinity
observed in DSC. SEM images of the fractured surfaces of PBS/MCC composites (Figure 3.34.)
evidenced the aggregates of MCC particles. According to the literature [42,43], cellulose
particles had a common tendency to aggregate at high MCC loadings. The fractured surfaces
of the 70MCC sample were very rough. MCC particles can be seen for 70MCC, 70MAH,
70EST, 70PHA samples. In turn, 70CDI, 70PMDI, and 70APTMS samples’ surfaces looked
smooth, homogeneous, and dense in different magnifications. These compositions could be
characterized by enhanced compatibility between the polymer matrix and the filler. It is
evidenced by the pronounced decrease of crystallinity, dense structure, and uniform dispersion
of MCC particles. It also well correlates with the obtained d and  values for the PBS/MCC
composites. It is reported that the used MAH, EST, PHA, CDI, PMDI, and APTMS can wet
and disperse to some extent the cellulose fillers more efficiently in the polymer matrix. MAH
can also form an ester linkage between the maleic anhydride and the hydroxyl groups of the
cellulose and facilitate cellulose dispersion [44]. While Espino-Pérez, et al. established that
PMDI is a very effective compatibilizer, as chemical coupling can be established between the
isocyanate and the hydroxyl groups on cellulose; the isocyanate and the carboxylic acid end-
groups of the polyester [45]. In turn, the cellulose treatment with the silane is also reported to
be the most effective among the others to improve the compatibilization and dispersion, which
indicates that intramolecular and intermolecular interactions between the cellulose and the
polyester are established [46].

The characteristic groups of the composites can be evaluated by FTIR spectroscopy. The
representative FTIR spectra of the tested compositions are shown in Figure 3.35. and selected
spectra overlays in Figure 3.36. The characteristic absorption peaks associated with components
are highlighted. The absorption band between 3600 and 3100 cm ™' (1) corresponds to OH
vibration in MCC. The band between 3000 and 2800 cm™! with the absorption band at 2946
cm ! (2) and the band at 1331 cm™ (4) corresponded to symmetric and asymmetric CHa
stretching vibration [47]. While 1712 cm™! (3) C=O stretching vibrations of the ester group are
usually used as one of the key bands to characterize PBS spectra [19,48—-50]. At 1150 cm™ (5)
is an absorption band for the C-O stretching vibration of PBS. The decrease in its intensity
reflects a reduction in the crystallinity of the composite material [49]. A shift of this band
corresponds to the interaction between cellulose and polymer chain in the composite [51].
Finally, a band between 1050 and 1010 cm™ with the maximum at 1046 cm™ (6) corresponds
to the stretching vibration of the O-C-C. In the 70APTMS sample’s spectra, a new absorption
band is observed at 1557 cm™! and has been attributed to the NH scissoring bending vibration
[48,50,52]. In the 70EST sample’s spectra, there are decreased intensities of the ester’s C=0
and C-O characteristic bands at 1712 and 1150 cm™! correspondingly, while the O-C-C group’s
band intensity increased at 1046 cm™. This could indicate the intramolecular interactions
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Figure 3.34. SEM micrographs of fractured surfaces of PBS/MCC composites.
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between the ester chains and the cellulose surface. An absorption band at 1100 cm™ could be
attributed to C-O stretching vibration for the aliphatic ether linkage in the interphase of cellulose
and polymer matrix. In the 70PHA sample, there is a noticeable increase of the ester’s group
bands intensities at 1712 and 1150 cm™ that could be resulted from formed ester linkages
between the cellulose and polymer. In turn, the 70CDI composition can be characterized with
the new bands at 1556 and 1245 cm™ that could correspond to the NH and CN, correspondingly
[53]. The reaction of the carbodiimides and the carboxyl groups end-groups of the polyester
macromolecules could lead to the chain extension, chain crosslinking, and the urea group
linkages. The 70PMDI spectra have shown absorption bands at 1603 and 1510 cm™!, which
could be attributed to the C=O urethane group stretching and C=C aromatic rings,
correspondingly; these linkages could be formed between the isocyanate and the hydroxyl
groups on cellulose, and the isocyanate and the carboxylic acid end-groups of the polyester
[45,54,55]. The 7T0MAH composition is characterized by the characteristic absorption bands at
1712 and 1150 cm™!, which can testify to the formation of the ester linkages between the maleic
anhydride and the hydroxyl groups of the cellulose [44].
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Figure 3.35. FTIR spectra of PBS/MCC composites.
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Figure 3.36. FTIR spectra of PBS/MCC composites with spectra overlays.
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3.4.5. Thermomechanical properties

The dynamic mechanical data of the composites were measured with respect to the
temperature. The viscoelasticity of PBS/MCC composite improved and rigidity dropped by
with an increase of temperature. Figure 3.37. shows the temperature dependence of the storage
modulus E’, loss modulus E’” and damping factor tand for PBS/MCC composites. PBS has three
regions in the DMA curve that could be identified glassy, glass transition and rubbery regions.
Glass transition region of PBS started with a sharp decrease in storage modulus that
corresponded to the peak in loss modulus and tand graphs. Introduced 70 wt.% loading of MCC
into PBS polymer can restrict overall chain mobility severely that drastically raise its viscosity
[56,57]. Accordingly, MCC composites showed a less pronounced transition between the glassy
and rubbery states.

MCC acted as a very effective reinforcement and increased storage and loss modulus
strongly, but due to the limited incompatibility of polymer and matrix, these enhancements can
be limited to some extent [10,12,58]. This can be overcome by increased crosslinks’ density
and enhanced intersegmental interactions for the modified samples, resulting in higher rigidity
of the polymer chains in composites. This can distribute mechanical stress more evenly in the
material and improve mechanical properties [59,60]. The modified compositions characterized
the improved stiffness after the PHA, CDI, PMDI and APTMS treatment due to the efficient
cross-linking and chain extending of the composite and polymer correspondingly [35]. The
limited polymer chain flexibility leads to a strong increase in material viscoelasticity.
Furthermore, the E' and E’’ increased in all temperature range for those samples. For example,
there was an almost 4-fold increase in E’ for 70APTMS composition at room temperature in
comparison to neat PBS. APTMS treatment provided an almost 1.6-fold increase at +70 °C and
a 2-fold increase at 0 °C in E' in comparison to the 70MCC sample. In contrast, PMDI treatment
gave 2.5-fold at +70 °C and 1.7-fold increase at 0 °C. In turn, 70EST composition showed
pronounced enhancement in viscoelasticity properties and a decrease in stiffness compared to
70MCC, which can be related to plasticization of the material by introducing flexible long alkyl
chains of the ester surfactant molecules [61]. It also showed strong enhancements in E’’, which
testified that higher energy was demanded the polymer viscoelastic deformation [62].

The loss factor tand dependence from the temperature is shown in Figure 3.37.c. It
corresponds to the efficiency of energy dissipation due to the viscoelastic deformation of the
material [28,57]. The representative tand varied with the temperature and the composition
nature. MCC did not significantly affect the glass transition temperature of the material, but it
did significantly affect the magnitude of tand absolute values. MCC loading raised the absolute
values of the energy dissipation factor significantly because the composite’s viscoelastic
deformation requires more energy [63]. The noticeable gain in the energy dissipation of the
70EST composite confirmed the enhancements of the composite’s viscoelastic characteristics
due to the long alkyl chains of ester molecules. The characteristic temperature of the tand peak
corresponded to a glass transition of the polymer matrix. For example, its value was —15 °C for
PBS, -30 °C for 70EST, -10 °C for 70MAH. The shift in tand temperature provided information
about the strong enhancement of interactions between polymer chains and filler and polymer
chains due to enhanced cross-linking correspondingly.
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Figure 3.37. DMA curves of PBS/MCC samples: (a) storage modulus E’, (b) loss modulus E”’
and (c) loss factor tand.

Table 3.13.
Thermal and physical characteristics of PBS/MCC composites.
Sample T, °C T, °C Hm, J/g H., J/g Ye» Yo d, g/lem’ d*, g/em?
PBS 114.2 75.3 75.1 72.9 68.0 1.365 -

70MCC 117.5 79.4 21.4 19.8 64.6 1.370 0.947
70MAH 114.7 83.6 16.9 20.4 51.0 1.362 0.925
70PMDI 111.3 86.2 15.8 16.0 47.6 1.336 0.851
70CDI 113.1 83.4 15.6 16.8 47.1 1.315 0.791
70EST 114.8 81.8 19.2 18.2 57.9 1.385 0.990
70PHA 115.3 80.0 18.5 20.3 55.8 1.402 1.038
70APTMS 115.2 81.3 17.3 20.2 52.2 1.385 0.990

“calculated using the MCC density = 1.600 g/cm?[64].

3.4.6. Mechanical properties
The tensile properties of the PBS/MCC composites were tested in tension mode. The
Young’s modulus E increased almost 4.5-fold for 70MCC composite in comparison to neat
polymer (Figure 3.38.a). The increase in E is explained by the reinforcing effect, a common
characteristic of highly loaded composite materials. As can be observed in Figure 3.38.b-c,
there was a significant drop in tensile strength for some samples, and tensile strain decreased
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for all samples compared to neat PBS. Generally, the addition of wood filler negatively affects
the mechanical properties of the composite material. Kajaks et al. report that the increase of the
wood filler amount strongly drops the strength and the ductility of the polyolefin/wood
composites [65,66]. For example, for the 70MCC composite, the obtained E was 862 MPa, the
o was 9.7 MPa, but the € value was 1.78 %. Similar results were also obtained for petrochemical
polypropylene (PP) composites [66], which showed E of 510 MPa, ¢ of 10.9 MPa and € of 5.09
%, and PP/wood composite filled with 50% of birch plywood sanding dust. Several authors also
stressed that the mechanical properties of wood polymer composites are strongly dependent on
the filler content, coupling agent and filler’s modification treatment [67-69]. As expected, the
additional cross-linking treatment of MCC composites increased the compatibility of the
cellulose filler and the polymer matrix. As a result, the E values are increased to some extent.
E values of the 70PMDI, 70CDI and 70APTMS compositions were remarkably higher than for
70MCC composite, which means improving the compatibility, stress transfer efficiency, and
interfacial strength by establishing chemical bonds at the interfaces between cellulose and
polymer matrix phases [27]. The E value raised 1.4-fold for 70PMDI, 1.6-fold for 70CDI and
1.1-fold for 70APTMS correspondingly. The tensile strength ¢ values for those samples were
also significantly higher than for 70MCC composition and similar to initial neat PBS. The
obtained ¢ values and the E values of the modified MCC composites are comparable to the
polymer/wood composites reported by several authors [44,65,70].

Generally, all composites showed brittle tensile behaviour [36,58], which is also common
for high rigid composites loaded with 70 wt.% of fillers. A common cause is the formation of
aggregates and voids in the composite’s structure and little bonding between the filler and
polymer. This has been clearly evidenced by obtained SEM micrographs of the fracture surfaces
for the processed composites (Figure 3.34.). This brittle behaviour can be attributed to
successful chemical modification of MCC during composite preparation, which resulted in
cross-linking bonding’s’ being developed between filler and polymer. While 70MAH, 70PHA
and 70EST composites showed moderate improvement in rigidity, a strong decrease in strength
and strain, which could have been affected by poor dispersion and weak bonding between
components of the composite material. It is reported that the MCC interacted strongly with the
polymer chains only by polar interaction with chain ester group units [43]. However, the
functionalization of the filler surface leads to the enhancement of interaction strength with the
developed moieties at the MCC [71]. Whether the chemical bonding of cellulose with the
polymer chains through cross-linking contributed to further enhancement of material stiffness
properties [58,72]. It should be noted that remarkable stiffness improvements have been
generally achieved only when MCC filler is homogeneously dispersed in the polymer matrix
that can promote strong interfacial interaction and suppressed polymer chain mobility [73].
Hence the tendency of particle agglomeration can be diminished by chemical treatment of its
surface [74,75].
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Figure 3.38. Tensile properties for PBS/MCC composites: (a) elastic modulus E; (b) strength
c; and (c) strain €.

3.4.7. Biodegradation under composting conditions

As discussed by the authors, the polymer structure, molecular chain weight, and size can
severely affect PBS biodegradation in soil [303]. The temperature, moisture, pH, and the
population of active microorganisms are also essential to facilitate the material biodegradation
process [304].

However, the obtained biocomposites modified by different chemical routes showed further
degradation only after 30 days in compost soil. The biodegradation of the biocomposites was
maintained until the complete disintegration of the material or up to 90 days, as shown in Figure
3.39. The calculated disintegration as a function of ageing time is summarized in Figure 3.40.
The received results reveal that the cellulose and polymer modification chemistry significantly
impact biocomposite durability due to their different hydrophobic character, as shown in Figure
3.31.
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Figure 3.39. Biocomposites degradation in composting conditions: (a) 70EST, (b) 70MAH,
(c) 70PHA, (d) 70MCC, (e) PBS, (f) 70APTMS, (g) 70PMDI, (h) 70CDI.
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Figure 3.40. Percentage weight loss of PBS and biocomposites in soil burial test conducted in
composting conditions.

PHA, APTMS, PMDI, and CDI treatment reduced composites biodegradation, which
becomes even longer than the neat PBS and 70MCC composite. This shows that surface
wettability does not directly translate to accelerated degradation due to the developed good
adhesion between filler and matrix [305] and decreased surface area for the degradation process
[306]. Biocomposites 70EST and 70MAH behavior are opposite to the previous ones. 70EST
and 70MAH degrade rapidly from the 5 and 15 days, and samples cannot be separated from the
soil as seen after 30 and 55 ageing days correspondingly. The total biodegradation of the
obtained biocomposites corresponds to polyesters PBS and biodegradable cellulose character
promoted by its hydrolysis under high humidity and bacteria conditions [303,304]. It is reported
elsewhere that both low crystallinity of the polymer and high hydrophilicity of the cellulose
facilitated the water wetting the composites surface, enhanced water penetration, and promoted
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the attack of water molecules on the polymer chains [307]. Chemically modified biocomposites
with incorporated polar functional groups of amines and carbonyls can absorb moisture through
hydrogen bonds, then its biodegradation occurs rapidly [31]. While non-polar nature silane and
urethane functional groups introduced into the chains slow down the sample’s total
deterioration until 90 days. While 70MAH, 70PHA, and 70MCC biocomposites degrade after
55, 60, and 65 days, because they showed voids, cracks, and poor adhesion between cellulose
filler and polymer matrix as discussed in the previous study in SEM analysis [305] and,
therefore, these samples absorb more moisture than other samples such as 70PMDI, 70APTMS,
and 70CDI, which formed excellent phase contact surface. Used PMDI content does not impart
the degradation properties of the biocomposites strongly. The observed results are in line with
that obtained by other authors [305,306,308], that the complete deterioration of the
PBS/lignocellulose biocomposites was between 60 to 100 aging days in the composting
conditions.
3.4.8. Summary

The prepared PBS/MCC composites are very promising materials as a sustainable woody-
like composite alternative for conventional fossil polymer-based wood-plastic composites
(WPC) application. Composites were processed by melt blending, and filler content was
selected at 70 wt.%. Surface chemical treatment and composition modification were performed
to enhance compatibility between cellulose filler and polymer matrix as well as enhance several
exploitation properties. The structure of the composites is affected strongly by the used
chemical modification treatment of the MCC, which was identified with FTIR analysis.

The chemical modifications of MCC composites lead to enhanced mechanical, thermo-
mechanical and thermal properties of the PBS/MCC composites. Tensile strength was enhanced
around 3-fold for 70CDI, 70PMDI and 70APTES compared to unmodified composite, while
elastic modulus values were enhanced for all compositions (except 70EST) 1.1 to 1.7-fold.
Storage modulus demonstrated that formation of a stable reinforcement network yielded up to
a 4.5-fold increase at 40 °C and up to a 6-fold increase at 75 °C for prepared modified
composites compared to neat PBS. The observed changes in storage modulus values and glass
transition indicated the formation of strong interfacial bonds. The ductility of the obtained
composites is strongly decreased after incorporating the cellulose; nevertheless, the composites’
can be applied for various construction applications, including profiles, decks, and housing of
appliances, where high ductility is not compulsory.

The significant differences in biodegradation time were caused by selected modifications,
which can be used for specific applications. 70EST composite degraded remarkably in 30 days,
more than two times faster than neat PBS, while 70CDI and 70PMDI samples retained at least
a third of their mass after 90 days. MCC promoted biodegradation as indicated by unmodified
composites degradation time, which was about 10 days shorter.
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4. COMPOSITE MATERIAL PROPERTIES — AN OVERVIEW

In total, the Thesis includes the preparation of 23 composites with a comparison to neat
PBS. Table 4.1. summarizes the highest loadings of three cellulose fillers prepared in various
ways and two of the best compatibilized compositions of MCC. From the obtained data, it is
clear that the most significant changes are observable in mechanical and thermomechanical
properties. Generally, the addition of cellulose fillers resulted in a stiffer material compared to
PBS. The addition of cellulose fillers also increased the crystallization temperature and
decreased the crystallinity. Crystallinity was significantly reduced as a result of the
modifications. All cellulose fillers reduce the thermal stability of composites compared to neat
PBS. However, the processing temperatures used for melt mixing at 130-160 °C are
significantly lower than even the initial degradation that occurs above 250 °C. Modifications
strongly shifted the glass transition temperature. But for the composites prepared only from
cellulose and PBS, the melting and the glass transition temperatures remained close to the PBS
value.

Table 4.1.

An overview of properties for highly loaded composites for representative fillers and
preparation methods.

Properties PBS 50rCell | 40MCC | 40NFC 158 I5M | 70MCC | 70CDI | 70APTMS
T, °C 114 115 117 114 114 116 118 113 115
T, °C 75 90 85 82 78 78 79 83 81
Yo Yo 66 14 64 53 58 54 65 47 52

Ts0%, °C 401 384 382 384 389 392 377 363 380
E, MPa 271 866 613 561 383 460 862 1425 950
o, MPa 30.9 12.6 22.5 12.9 26.3 28.2 9.72 333 27.8
€, % 333 1.99 5.11 3.18 14.2 10.8 1.78 3.46 2.60
E’, MPa
683 2001 1495 1395 931 1060 1731 2750 3274
(20°C)

E”’, MPa
(20°C) 27 139 58 53 40 27 198 116 129
T,, °C -18 -18 -16 -17 -16 -17 221 -26 -23

The biodegradation time in days for prepared composites is shown in Table 4.2. The results
indicate that cellulose accelerates the degradation of composites compared to neat PBS, but the
use of various compatibilizers and chemical modifications can significantly shift the
degradation time in both directions, i.e., shorter or longer. Furthermore, increasing the cellulose
content reduces the time it takes for the composite to degrade.

112



Comparison of biodegradation Time.

Table 4.2.

PBS/NF PB wt.?
PBS/MCC/NFC S/N ¢ 870 wi.%
PBS PBS/rCell melt solution and MCC
composites . masterbatch | compatibilized
composites ) .
composites composites
Biodegradation time in 30-90 (2
the composting 75-85 70 65-70 80 remained even
conditions, days after 90 days)
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S. CONCLUSIONS

1. In total, 23 different types of compositions were prepared within the scope of the Tesis, with
cellulose filler loading ranging from 5 to 70 wt.%. Three different types of cellulose fillers were
successfully integrated into composite formulations — recycled cellulose, microcrystalline
cellulose, and nanofibrillated cellulose. The compositions were studied using melt blending,
masterbatch melt processing, and solution casting methods. Six different types of modification
methods were tested, and their tuneable properties were determined.

2. The freeze-dried NFC powder direct melt incorporation into PBS resulted in agglomeration
of cellulose filler and poor mechanical performance of the composite compared to the
PBS/MCC composite. PBS/NFC composites prepared with the masterbatch process showed up
to 30 % higher mechanical and thermomechanical properties at room temperature compared to
those prepared with the solution method.

3. Chemical modifications of the MCC composites led to enhanced mechanical, thermo-
mechanical, and thermal properties of the PBS/MCC composites. The high loading of 70 wt.%
MCC demanded compatibilization between filler and matrix. Chemical modifications
influenced the glass transition temperature — 10-20 °C shifts to both higher and lower
temperatures. The modification of cellulose prior to melt mixing increased the thermal stability
of the composite material by up to 30 °C.

4. Biodegradation under composting conditions showed that PBS degrades completely in 75 to
85 days, while the addition of cellulose accelerated biodegradation by approximately 10 days.
Higher loadings of cellulose accelerated biodegradation, with the most notable difference
observable at concentrations of 5 to 10 wt.%. The cellulose type only slightly influences
degradation. Chemical modification strongly influenced the PBS/MCC composite
biodegradation time, which ranged from 30 to 90 days with some compositions retaining part
of their mass even after 90 days.

5. Biocomposites are suitable for a variety of applications, like WPCs, packaging materials,
mulch films, and many more, and these composites only start to degrade when buried in the
soil. The exceptional thermal stability exhibited by compositions during processing proved that
PBS/cellulose composites are compatible with conventional processing methods and can be
produced on an industrial scale.
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