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THE EFFECT OF PREPARATION METHODS ON THE
MORPHOLOGICAL AND RHEOLOGICAL PROPERTIES OF PHBH/CNC
NANOCOMPOSITES

SUMMARY

The growing use of conventional plastics has become a serious environmental
problem. Most of these materials are produced from petroleum and remain in the
environment for many years after use. As a result, plastic waste accumulates in
landfills, soil, and oceans, causing long-term pollution and ecological damage. At the
same time, the dependence on fossil resources increases carbon emissions and limits
sustainability. For these reasons, there is a strong need to develop alternative materials
that are both environmentally friendly and derived from renewable sources.

Biodegradable polymers offer an important solution to this problem.
Polyhydroxyalkanoates (PHAS) have attracted great interest because they are produced
by microorganisms and can fully degrade under natural conditions. Poly(3-
hydroxybutyrate) (PHB) is a key member of the PHA family and has attracted strong
industrial interest because it is biodegradable and hydrophobic. To overcome some of
its limitations, a copolymer known as poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH) was developed. The presence of 3-hydroxyhexanoate
(3HH) units in the polymer chain increases flexibility and toughness compared with
PHB. These units also reduce brittleness and improve processability, which makes
PHBH more suitable for applications such as packaging, agricultural films, and
medical products.

Despite these advantages, PHBH still has some limitations. Its mechanical strength is
lower than that of many conventional plastics, and it shows slow crystallization and
weak melt stability. These properties make processing difficult and limit its use in
more demanding applications. Therefore, improving the performance of PHBH while
keeping its biodegradable nature is an important research goal.

One effective way to enhance polymer properties is the preparation of nanocomposites.
In this approach, small amounts of nanoparticles are added to the polymer matrix. Even
at low concentrations, these fillers can significantly improve stiffness, strength and
thermal stability. Among the available nanofillers, cellulose nanocrystals (CNCs) are
especially attractive. CNCs are obtained from natural cellulose, which is abundant,
renewable, and biodegradable. They are lightweight, stiff, and have a large surface
area, which allows strong interactions with polymer chains.

When CNCs are well dispersed in a polymer, they can greatly improve its mechanical
and thermal properties. They can also influence the crystallization behavior of the
polymer by acting as nucleation agents. However, CNCs tend to form agglomeration
because of strong hydrogen bonding between their surfaces. This makes it difficult to
achieve a uniform dispersion, especially in hydrophobic polymers such as PHBH.
Therefore, the processing method and the choice of solvent play a crucial role in
determining the final properties of the nanocomposites.
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In this study, PHBH/CNC nanocomposites were prepared using the solution casting
method. This technique allows better control over CNC dispersion compared to melt
processing, particularly for hydrophilic fillers. Four different solvents were used:
tetrahydrofuran (THF), chloroform (CHL), dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO). These solvents have different polarities and solvating abilities,
which can strongly affect how PHBH and CNCs interact with each other.

First, the influence of solvent type on CNC dispersion and melt behavior was
examined. For this purpose, nanocomposites containing 3 wt.% CNC were prepared
using each solvent. Rheological measurements were then carried out to study the
internal structure of the materials. Rheological behavior is very sensitive to filler
dispersion. When CNCs are poorly dispersed, the material behaves similarly to neat
PHBH. When CNCs are well distributed and interact with each other, the melt
becomes more elastic and more resistant to flow.

The results showed that the solvent had a strong effect on composite structure. Samples
prepared with THF and CHL showed only small changes in rheological behavior,
indicating limited CNC dispersion. DMF performed better, leading to higher viscosity
and elasticity. The best results were obtained with DMSO. In this case, the
nanocomposites showed a strong increase in elastic behavior at low frequencies, which
suggests the formation of a well-connected CNC network inside the PHBH matrix.

The superior performance of DMSO can be explained by its strong ability to interact
with both PHBH and CNCs. DMSO can effectively weaken the hydrogen bonds
between CNC particles, reducing their tendency to agglomeration. After identifying
DMSO as the most suitable solvent, nanocomposites with different CNC contents (0.1,
1, 3, and 5 wt.%) were prepared. Rheological analysis showed that increasing the CNC
content gradually changed the melt behavior from liquid-like to more solid-like. At a
very low CNC concentration, a continuous filler network was formed, known as the
percolation threshold. This value was found to be extremely low, showing that CNCs
are very effective when they are well dispersed.

Thermal analysis also revealed that CNCs improved the crystallization behavior of
PHBH. The crystallization temperature increased and the crystallization process
became faster, which is beneficial for industrial processing. These effects are related
to the nucleating ability of CNCs, which help polymer chains organize more easily
into crystalline regions.

Overall, this study shows that the properties of PHBH can be greatly enhanced by
adding small amounts of cellulose nanocrystals. The effectiveness of this improvement
strongly depends on the solvent used during processing. Among the solvents
examined, DMSO led to the best CNC dispersion and the most noticeable gains in
rheological and thermal performance. These results demonstrate that PHBH/CNC
nanocomposites have strong potential as sustainable, high-performance materials. By
carefully adjusting the solvent and CNC content, the properties of PHBH can be
tailored for more demanding uses while still preserving its biodegradable and
environmentally friendly nature. This strategy supports the development of advanced
bioplastics that can reduce dependence on conventional petroleum-based polymers and
promote more sustainable material.
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HAZIRLAMA YONTEMLERININ PHBH/CNC NANOKOMPOZITLERININ
MORFOLOJIK VE REOLOJIK OZELLIKLERIi UZERINDEKI ETKISi

OZET

Geleneksel plastiklerin giderek artan kullanimi, giiniimiizde 6nemli bir ¢evresel sorun
haline gelmistir. Bu malzemelerin biiylik bir kismi petrol kaynaklidir ve kullanim
sonrasi dogada uzun siire bozunmadan kalmaktadir. Bu durum, plastik atiklarin
diizenli depolama alanlarinda, toprakta ve 6zellikle okyanuslarda birikmesine neden
olmakta; uzun vadeli ¢evresel kirlilige ve ekolojik zarara yol agmaktadir. Ayrica fosil
kaynaklara bagimlilik, karbon emisyonlarini artirmakta ve siirdiiriilebilir tiretim
yaklagimlarini sinirlamaktadir. Bu nedenle hem cevre dostu hem de yenilenebilir
kaynaklardan elde edilen alternatif malzemelerin gelistirilmesi biiyilk Onem
tasimaktadir.

Biyobozunur polimerler, bu ¢evresel problemlere kars: etkili ¢oziimler sunmaktadir.
Ozellikle polihidroksialkanoatlar (PHA’lar), mikroorganizmalar tarafindan dogal
yollarla sentezlenebilmeleri ve wuygun ¢evresel kosullar altinda tamamen
bozunabilmeleri nedeniyle biiyiik ilgi gormektedir. PHA ailesinin dnemli bir iiyesi
olan poly(3-hydroxybutyrate) (PHB), biyobozunur ve hidrofobik yapisi sayesinde
cesitli endiistriyel uygulamalarda degerlendirilmistir. Ancak PHB’nin yiiksek
kirilganlik gostermesi, dar isleme penceresi ve siirli mekanik dayanimi, kullanim
alanlarin1 6nemli 6lgiide kisitlamaktadir. Bu sinirlamalarin agilmasi amaciyla, poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) kopolimeri gelistirilmistir. Zincire
3-hidroksihekzanoat (3HH) birimlerinin dahil edilmesi, polimer zincir hareketliligini
artirmakta; boylece esneklik ve tokluk iyilesmekte, kirilganlik azalmaktadir. Ayrica
islenebilirlik ve darbe dayanimi da belirgin sekilde gelistirilmektedir. Bu 6zellikleri
sayesinde PHBH; ambalaj malzemeleri, tarimsal filmler, tek kullanimlik {iriinler ve
biyomedikal uygulamalar gibi bircok alanda potansiyel bir alternatif olarak
degerlendirilmektedir.

Buna ragmen PHBH nin performans agisindan bazi sinirlamalar1 devam etmektedir.
Ozellikle mekanik dayanim degerleri geleneksel petrol bazli polimerlere kiyasla daha
diistiktiir. Ayrica kristallenme kinetigi nispeten yavastir ve bu durum {iretim siirecinde
verimlilik acisindan dezavantaj olusturabilir. Bu nedenle, biyobozunur yapiy1
koruyarak malzemenin mekanik, reolojik ve termal performansini artirmak énemli bir
arastirma hedefidir.

Polimer ozelliklerini gelistirmek i¢in en etkili yontemlerden biri nanokompozit
yaklagimidir. Bu yaklasimda polimer matrise diisiik oranlarda nano boyutlu katki
maddeleri eklenir. Nano 6lgekli takviyeler, yiiksek yiizey alanlar1 sayesinde polimer
zincirleriyle giiclii etkilesimler kurarak malzemenin rijitligini, mukavemetini ve termal
kararliligini artirabilir. Ayrica reolojik davranis lizerinde de belirgin etkiler gostererek
isleme Ozelliklerini iyilestirebilirler. Bu baglamda seliiloz nanokristalleri (CNC),
yenilenebilir kaynaklardan elde edilmeleri, biyobozunur olmalar1 ve yiiksek mekanik
dayanimlar1 nedeniyle 6zellikle dikkat cekmektedir. CNC’ler yiiksek 6zgiil yiizey
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alanina sahip olup, polimer zincirleri ile hidrojen baglar1 tizerinden gii¢lii etkilesimler
olusturabilirler.

CNC’lerin polimer matriste homojen sekilde dagilmasi durumunda, mekanik
dayanimda artig, elastik modiilde yiikselme ve kristallenme davraniginda iyilesme
gozlenebilir. Bununla birlikte CNC’ler yiizeylerindeki yogun hidrojen baglar
nedeniyle giiclii aglomerasyon egilimi gdstermektedir. Bu durum 6zellikle hidrofobik
karaktere sahip PHBH gibi polimerlerde dispersiyon problemlerine yol agmaktadir.
Dolayisiyla iiretim yontemi ve kullanilan ¢oziiciiniin se¢imi, nanokompozitlerin mikro
yapisini ve nihai 6zelliklerini belirleyen kritik parametrelerdir.

Bu calismada PHBH/CNC nanokompozitleri ¢ozelti dokiim yontemi ile hazirlanmistir.
Cozelti bazli yontem, oOzellikle hidrofilik takviyelerin dagilimmi kontrol etme
acisindan eriyik karistirma tekniklerine kiyasla daha avantajlidir. Calismada farkli
polarite ve ¢ozme kabiliyetlerine sahip tetrahidrofuran (THF), kloroform (CHL),
dimetilformamid (DMF) ve dimetil stilfoksit (DMSO) ¢oziiciileri kullanilmistir. Bu
¢oziiclilerin fizikokimyasal Ozellikleri, CNC dispersiyonu ve polimer—takviye
malzeme etkilesimleri {izerinde belirleyici rol oynamaktadir.

Ilk asamada ¢oziicii tiiriiniin CNC dagilimi ve reolojik davranis iizerindeki etkisi
incelenmistir. Bu amagla her ¢oziicii ile %3 (agirlikga) CNC igeren nanokompozitler
hazirlanmistir.  Reolojik analizler, partikiill ag yapisina ve parikiill-matris
etkilesimlerine son derece duyarlidir. CNC’lerin iyi dagildigi sistemlerde diisiik
frekanslarda elastik davranis artis1 ve viskoz akisa kars1 direng gozlenmistir. Sonuglar,
¢Oziicli tiiriiniin kompozit yapisi lizerinde giiclii bir etkisi oldugunu ortaya koymustur.
THF ve CHL ile hazirlanan numunelerde sinirl iyilesme gozlenirken, DMF ile daha
belirgin gelismeler elde edilmistir. En yiiksek performans ise DMSO kullanilan
sistemlerde tespit edilmistir. Bu sistemlerde diisiik frekans bolgesinde belirgin elastik
davranis artisi, PHBH matrisi i¢inde siirekli ve baglantili bir CNC ag yapisinin
olustugunu gostermektedir.

DMSO’nun iistiin performans, yiiksek dielektrik katsayis1 ve giiglii polar karakterine
baglanabilir. Bu 0Ozellikler, CNC ylizeylerindeki hidrojen baglarin1 zayiflatarak
parcaciklar arasi etkilesimi azaltmakta ve aglomerasyonu engellemektedir. Boylece
daha homojen bir dispersiyon saglanmakta ve polimer matrisi i¢inde perkolasyon ag1
olusumu desteklenmektedir. En uygun ¢o6ziicii olarak DMSO belirlendikten sonra
farkli CNC igeriklerine (%0,1, %1, %3 ve %S5) sahip nanokompozitler hazirlanmistir.
Reolojik sonuglar, CNC miktar1 arttikca malzemenin daha kati benzeri bir davranis
sergiledigini ve diislik CNC oranlarinda bile perkolasyon aginin olustugunu
gostermistir.

Isil analizler, CNC ilavesinin PHBH’nin kristallenme sicakligini artirdigini ve
kristallenme hizini iyilestirdigini ortaya koymustur. Bu durum, CNC’lerin etkin
cekirdekleyici ajan olarak gorev yaptigmi dogrulamaktadir. Kristallenmenin
hizlanmasi, iiretim siireclerinde ¢evrim siiresini kisaltarak endiistriyel agidan énemli
avantajlar saglamaktadir. Ayrica daha diizenli kristal yapi olusumu, malzemenin
mekanik performansini da olumlu yonde etkileyebilir.

Sonug olarak bu ¢alisma, diisiik miktarda seliiloz nanokristali ilavesinin PHBH nin
reolojik ve termal 6zelliklerini belirgin sekilde gelistirebildigini gostermektedir. Bu
tyilesmenin basarisinda ¢oziicii se¢imi kritik rol oynamaktadir ve DMSO, CNC
dispersiyonu ve ag olusumu agisindan en etkili ortam olarak 6ne ¢ikmistir. Elde edilen
bulgular, PHBH/CNC nanokompozitlerinin siirdiiriilebilir, ¢cevre dostu ve yiiksek
performansli malzeme sistemleri olarak giiclii bir potansiyele sahip oldugunu
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gostermektedir. Coziicti tiiri ve takviye oraninin optimize edilmesiyle, PHBH’nin
Ozellikleri daha genis uygulama alanlarma uyarlanabilirken biyobozunur yapisi
korunabilir. Bu yaklasim, geleneksel petrol bazli polimerlere olan bagimliligin
azaltilmasina ve daha siirdiiriilebilir malzeme teknolojilerinin gelistirilmesine katki
saglamaktadir.
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1. INTRODUCTION

The widespread use of petroleum-derived polymers has led to growing environmental
concerns, creating an urgent need for more sustainable material solutions. In this
context, bio-based and biodegradable polymers have emerged as promising
alternatives that can reduce dependence on fossil resources and lower environmental
impact [1,2]. Recent data from European Bioplastics indicate that the global
production capacity of bioplastics is projected to more than double by 2030, increasing
from 2.31 million tons in 2025 to approximately 4.69 million tons [3]. Among
biodegradable polymers, polyhydroxyalkanoates (PHAS) have received significant
attention because they are fully biodegradable, compostable, and can be synthesized
from renewable sources. Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) is
a member of this family and consists of rigid 3-hydroxybutyrate (3HB) segments and
more flexible 3-hydroxyhexanoate (3HH) units. The relative amount of these two
components strongly influences the overall behavior of the polymer. Increasing the
3HH content lowers the crystallinity of PHBH and leads to improved processability,
thermal stability, and ductility [4,5]. Despite these advantages, PHBH still exhibits
weaker thermal and mechanical performance compared with conventional petroleum-
based plastics. In addition, its slow crystallization rate and limited melt strength result
in unsatisfactory rheological behavior, which restricts its use in demanding
applications such as packaging, textile products, biomedical devices, and automotive

components [6].

To overcome the limitations of PHBH, methods such as blending with other polymers
and producing composites or nanocomposites have been used. Among those methods,
nano-reinforcement approaches aimed at improving the properties of PHBH is widely
preferred because of its advantages. The development of PHBH-based composites
containing nanofillers is a widely usedi low cost approach to rheological and
crystallization behavior, which leads to better processability[4].

A wide range of nanoscale fillers has been investigated for PHBH-based

nanocomposites, including cellulose-derived materials such as cellulose nanocrystals



(CNCs) and cellulose nanofibers (CNFs), inorganic nanoparticles like nanosilica,
carbon-based nanomaterials (e.g., carbon nanotubes and graphene oxide), as well as
layered clays such as montmorillonite and its organically modified forms. Among
these options, CNCs are particularly attractive because they are obtained from
renewable and biodegradable resources while also providing outstanding mechanical
reinforcement. They possess a highly ordered crystalline structure with crystallinity
values exceeding 85%, tensile strength in the gigapascal range, and a high elastic
modulus. In addition, their large specific surface area, low thermal expansion, and high
aspect ratio enable efficient stress transfer and strong interfacial interactions within
polymer matrices [7].

PHBH/CNC nanocomposites can be fabricated using either melt mixing or solution
casting techniques. CNC particles contain a high density of surface hydroxyl (-OH)
groups, which leads to strong hydrogen bonding and gives them a highly hydrophilic
character. When CNCs are processed with hydrophobic thermoplastic matrices
through melt mixing, these strong interparticle interactions promote aggregation of the
nanoparticles. The formation of such agglomerates negatively affects stress transfer

within the composite and results in a deterioration of the mechanical properties [8,9].

In comparison, solution casting provides a more favorable environment for CNC
dispersion, as the presence of a solvent reduces particle—particle interactions and
facilitates a more uniform distribution within the PHBH matrix. Nanoparticle
dispersion is also influenced by the molecular weight of the polymer; lower molecular
weight systems generally exhibit higher melt flow index (MFI), which reflects
increased chain mobility during processing. Therefore, PHBH X331A, with its
relatively high MFI, was selected to promote improved dispersion of CNCs in the

polymer matrix [10].

The dispersion quality of CNCs in PHBH is affected by several parameters, including
the solvent used during solution casting, the CNC loading, and the structural
characteristics of the polymer. However, studies that systematically evaluate the
combined influence of these variables on PHBH/CNC nanocomposites are still

limited.

The primary objective of this study is to investigate the effect of different solvents

employed in the solution casting process on CNC dispersion and to examine how



solution type, CNC content, and CNC type influence the mechanical, thermal, and
rheological properties of the nanocomposites. In this work, tetrahydrofuran (THF),
chloroform (CHL), dimethylformamide (DMF), and dimethyl sulfoxide (DMSQO) were
used as solvents to prepare PHBH/CNC films. After identifying the most suitable
solvent, nanocomposites with different CNC loadings were produced. Mechanical and
thermal analyses were used to assess the applicability of the materials for industrial
use, while rheological measurements provided insight into CNC dispersion,

viscoelastic behavior, and processability.






2. BIOPLASTICS

2.1 The Importance of Bioplastics and Their Classification

Global plastic production has increased in recent years, reaching around 430 million
tonnes in 2024. Most of this production is based on fossil-derived plastics, while
recycled and bio-based plastics remain a relatively small part of total production.
Approximately 89.9% of plastics are produced from fossil-based resources and are
generally non-biodegradable. As a result, the increasing volume of plastic waste has
become a significant environmental concern. In contrast, bio-based polymers account
for only about 0.6% of total production, a proportion that remains far below the desired
amount [13]. Bioplastics represent a promising alternative, as they are biodegradable
and/or produced from renewable resources. Biodegradable bioplastics help reduce the
amount of plastic waste released into the environment, while bio-based plastics
contribute to lowering carbon emissions by reducing dependence on fossil resources.
Bioplastics can be classified into three main classes: bio-based and biodegradable
plastics, non-biodegradable polymers derived from renewable resources, and

biodegradable plastics made from non-biobased sources.

Bio-based

Bioplastics

eg, PLA, PHA,
PBS, Starch
blends

ol e et b Biodegradable
biodegradable
Conventional Bioplastics
plastics i
eg, PBAT, PCL
eg, PE, PP PET

Fossil-based

Figure 2.1 : Categorization of plastic materials [12].

Global bibobased plastic production was 2.31 million tonnes in 2025 and is expected

to increase to 4.69 million tonnes by 2030 Regarding applications areas, the packaging



sector has the highest share, accounting for 41.3% of the total bioplastics market in
2025, which corresponds to about 0.95 million tonnes [11].

In terms of polymers, polyhydroxyalkanoates (PHAs) show strong growth. PHAS
represent 4.7% of total biobased plastic production in 2025, and this share is expected
to rise to 16.8% by 2030. This indicates that PHA is the one of the fastest-growing
biobased plastics. This growth is mainly linked to the fully biodegradable character of

PHAs and the increasing demand for sustainable packaging [11].
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Figure 2.2 : Worldwide production capacity of biobased plastics in 2025 grouped by
polymer type [11].

Biobased, non-biodegradable Biobased, biodegradable
48.1% 51.9%

PTT S

R 4 Total:

PE 13.5% 4.69 PBA

i million

¥ L tonnes Pt .

PP1 PB

Figure 2.3 : Worldwide production capacity of biobased plastics in 2030 grouped by
polymer type [11].

In recent years, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH), a member
of the PHA family, has gained increasing attention as a biodegradable polymer and
has been used in various industrial applications. One of the main application areas of
PHBH is packaging, where it is used for films, bags, and food packaging materials due
to its biodegradable and bio-based nature.

PHBH is also applied in agriculture, particularly in biodegradable mulch films that

help maintain soil moisture, improve crop growth, and reduce plastic waste in soils. In



addition, PHBH shows potential for marine-degradable products, as it can degrade
under natural environmental conditions

Furthermore, PHBH has been investigated for biomedical applications, such as drug
delivery systems and biodegradable implants, due to its biocompatibility and
biodegradability. These properties make PHBH a promising alternative to

conventional petroleum-based plastics in several industrial sectors.






3. LITERATURE REVIEW

3.1 Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH)

Polyhydroxyalkanoates (PHAS) represent a family of aliphatic polyesters produced by
microorganisms and are well known for being biobased, biodegradable, and
biocompatible. Within this group, poly(3-hydroxybutyrate) (PHB) has received
significant industrial interest because of its total biodegradability and pronounced
hydrophobic character [14]. However, its practical usage in melt processing is limited
as the temperature at which PHB degrades thermal (about 200 °C) is very close to its
melting point (around 180 °C), resulting in a narrow processing window and poor
thermal stability [15]. For this reason, different modification methods, including
polymer blending and copolymerization, have been widely employed to improve the
processability. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) are typical examples of these
copolymers. Because it has better mechanical properties, a wider processing
temperature range, and greater thermal stability than both PHB and PHBV. Among
PHA-based materials, PHBH has gained considerable attention because it offers better
thermal stability, a broader processing window, and improved mechanical behavior
compared with PHB and PHBV. It is also fully biodegradable and compostable in
different environments, including soil, marine conditions, and industrial composting
systems, which makes it a promising option for sustainable material development.
However, despite these favorable characteristics, the large-scale industrial adoption of
PHBH is still restricted. This limitation is mainly associated with its relatively high
production cost as well as its weaker rheological and mechanical performance when

compared with conventional petroleum-based plastics.

3.1.1 Synthesis and molecular structure

PHBH is a copolymer within the PHA family, and its production depends on the
carbon source, environmental conditions, and the microorganism used. The chosen

carbon source is metabolized inside the cell and converted into hydroxyacyl-CoA



compounds, which are essential for PHA synthesis. PHA production can occur through
one of three pathways: the acetoacetyl-CoA pathway (Pathway 1), the de novo fatty
acid synthesis pathway (Pathway II), or the B-oxidation pathway (Pathway III), as
schematically shown in Figure 3.1. PHAs are polymers composed of repeating 3-
hydroxyalkanoic acid units, typically containing 100 to 30,000 monomer units. The R
group in the polymer chain varies depending on the microorganism, allowing the
formation of different PHA types [15,16]. Table 1 lists common PHA types according
to the R group. When the R group is a methyl group (—CHs), the resulting polymer is
poly(3-hydroxybutyrate) (PHB). PHB is widely used in research and industry due to
its relatively simple production and highly regular, crystalline structure. Introducing
comonomer units into PHB produces copolymers, such as poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) (PHBH), where 3-hydroxyhexanoate (3HH) units are randomly
incorporated along the chain. This reduces chain regularity and allows the composition
of the copolymer to be adjusted. Figure 3.2 shows the molecular structures of PHB,
PHBH, and PHBYV copolymers.

Amino Acids Sugar Fatty Acids

e I =

Acetyl-CoA

Pathway Il /l Pathway | | Pathway IlI
In situ Acetoacetyl-CoA
Fatty Acid B-Oxidation
Synthesis l

3-Hydroxybutyryl-CoA

SCL PHA
R-3-Hydroxyacyl-ACP synthase

phaG

R-3-Hydroxyacyl-CoA R-3-Hydroxyacyl-CoA

MCL PHA MCL PHA
synthase synthase

ED G ED

Figure 3.1 : Main biosynthetic routes responsible for PHA formation, including the
acetoacetyl-CoA pathway (1), fatty-acid synthesis-based route (II), and the B-
oxidation pathway (I11) [18].

Table 3.1 : Common R groups and their corresponding polymers [6].

R group type Polymer Name
Hydrogen (H) Poly(3-hydroxypropionate) (PHP)
Methyl (-CHa) Poly(3-hydroxybutyrate) (PHB)

Ethyl(-C2Hs) Poly(3-hydroxyvalerate) (PHV)
Propyl(-CsHs) Poly(3-hydroxyhexanoate) (PHH)
Pentyl(-CsHa1) Poly(3-hydroxyoctanoate) (PHO)
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The first observation of PHBH production was reported in 1989, when Rhodospirillum
rubrum was shown to synthesize this copolymer using butyrate or hexanoate as the
carbon source [19]. A few years later, in 1993, the soil bacterium Aeromonas caviae
FA440 was identified as another microorganism capable of producing a random 3HB—

3HH copolymer from substrates such as fatty acids, natural fats, and oils [20].

(a)
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H H H H = H
. . ] 0/\)@
X ¥ z t
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-

3BV 3HB 3HH
crystalline elastomeric crystalline elastomeric
Figure 3.2 : Molecular structures of (a) a generic PHA, (b) PHBV, and (c) PHBH
[6].

3.1.2 Mechanical properties

The 3-hydroxyhexanoate (3HH) unit is classified as a medium-chain-length (MCL)
monomer because it contains six carbon atoms originating from 3-hydroxyhexanoic
acid. Compared with the short methyl side group (—CHs) of the 3HB unit in PHB, 3HH
carries a longer propyl side chain (—CsH-), which strongly affects the molecular
architecture of the copolymer [20]. The proportion of 3HH incorporated into PHBH
plays a crucial role in determining both the morphology and the mechanical response
of the material. As the 3HH content increases, the regular packing of PHB chains is
increasingly disordered, which lowers the degree of crystallinity and increases the

fraction of amorphous regions within the polymer [6].

This disruption of the crystalline structure leads to a reduction in stiffness-related
properties such as tensile strength and Young’s modulus. At the same time, greater
chain mobility allows the material to undergo larger deformations, resulting in a
significant rise in elongation at break. Consequently, PHBH grades with a low 3HH
fraction tend to exhibit more rigid and brittle behavior, whereas higher 3HH contents
result in materials with greater flexibility and ductility. Although reported mechanical
values differ depending on synthesis pathways and copolymer composition, a
consistent trend can be observed in the literature: increasing 3HH content generally

decreases strength and stiffness while enhancing flexibility and ductility [22].
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Figure 3.3 summarizes the effect of 3HH content on the mechanical properties based
on the study of Erarslan et al [6]. The obtained results are consistent with the literature
data. As the 3HH content increases, a decrease in tensile strength and Young’s
modulus is observed, while an increase in elongation at break occurs. Therefore, in
PHBH copolymers, the 3HH content can be regarded as one of the key parameters
controlling the transition of the material from a brittle structure to a ductile one. This
balance is of critical importance in composition design depending on the desired

application (e.g., packaging, films, biomedical applications).
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Figure 3.3 : The mechanical behavior of PHBH samples with different 3HH
contents, including (a) tensile strength, (b) elongation at break, and (c) elastic
modulus [6].

The mechanical performance of the PHA group remains limited compared to
petroleum-based polymers. The mechanical propert values of the related polymers are
presented in Table 3.2. PHBH, a member of the PHA family exhibits a tensile strength
in the range of approximately 15-32 MPa, whereas PET can reach 140-160 MPa, and
PP up to 100 MPa. This comparison clearly indicats that PHA groups demonstrate
significantly lower mechanical performance than concentional petroleum-based
polymers.
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Table 3.2 : Mechanical properties of selected polymers [23].

Polymer Type Tensile Strength (MPa) Elongation at Break (%)
PET ~140- 160 ~60- 180
PVA ~40- 120 ~10- 300
HDPE ~18- 32 ~20- 60
PHA ~15- 32 ~4- 40
PP ~30- 100 ~200- 800
LDPE ~7-25 ~250- 1000

3.1.3 Thermal properties and crystallization behavior

The thermal characteristics of PHBH copolymers are highly dependent on the amount
of 3-hydroxyhexanoate (3HH) incorporated into the polymer chain. An increase in the
3HH molar fraction generally leads to lower glass transition temperature (Tg) and

melting temperature (Tm), together with a marked reduction in crystallinity.

Increasing the 3HH content in PHBH enhances the flexibility of the polymer chains,
which shifts the glass transition temperature (Tg) to lower values. Experimental studies
have shown that a 10 mol% increase in 3HH typically reduces Tg by 2-3 °C [20,24],
while another study reported a slightly larger decrease of 3—4 °C for the same increase
in comonomer content [25]. These results suggest that the incorporation of 3HH
disrupts the regular packing of polymer chains and increases the amorphous character
of the copolymer.

The effect of 3HH on melting behavior is even more pronounced. Each additional 10
mol% of 3HH in the copolymer has been found to lower the melting temperature by
approximately 15-25 °C [20], reflecting a significant reduction in crystalline order due
to the larger 3HH side groups. As shown in Figure 3.4, increasing the 3HH content
also raises the onset temperature of degradation, based on the findings reported by
Asrar et al. [26].

Asrar et al. investigated the effect of 3HH content on the crystallization half-time. As
shown in Figure 3.5, an overall increase in crystallization half-time is observed with
increasing 3HH content[26]. This suggests that the slow crystallization behavior
becomes more noticeable as the 3HH fraction increas and that crystal formation in

PHBH takes place over increasingly longer periods.
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Figure 3.4 : Thermal degradation profiles showing mass loss as a function of
temperature for poly(3HB-co-3HHX) films containing 2.5, 5.4, and 9.5 mol% of 3HH
[26].
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Figure 3.5 : Dependence of crystallization half-time (ti/2) on the 3HH molar content
[26].

3.1.4 Rheological behavior

Rheological information is essential for understanding the melt-state behavior of
polymers and composite structures and, consequently, for predicting their
processability[27]. In addition, rheological analyses provide helpful information into
the effects of added particles in composite systems, offering valuable results regarding
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filler dispersion, percolation structure, and matrix—filler interfacial interactions. When
neat PHBH is considered, its processability, formability, and foamability are highly
limited due to slow crystallization and low melt strength. The rheological behavior of
PHBH copolymers is dependent on temperature, molecular weight distribution, and
3HH content.

Rheological studies on PHBH are still limited in the literature. It is well known that
neat PHBH exhibits a typical shear-thinning behavior characteristic of polymer
melts[28]. The effect of increasing 3HH content on the rheological properties is
presented in Figure 3.6 and Figure 3.7. According to the graphs shown in this figure,
a significant decrease in the storage modulus (G’) is observed with increasing 3HH
content. This behavior shows that the material loses its elastic modulus and deviates

from solid-like behavior.

Moreover, according to Figure 10, at low 3HH contents, the range over which te
storage modulus (G’) dominates the loss modulus (G") is relatively broad. However,
as the 3HH content increases, G” becomes significantly more dominant than G’ and
exhibits higher values over almost the entire range. This behavior indicates a transition

of the material from solid-like to liquid-like behavior.
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Figure 3.6 : Complex shear viscosity curves of PHBH with different 3HH content
[28].
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Figure 3.7 : The Generalized Maxwell model was used to describe the dynamic
shear behavior of PHB-HHXx [28].
Changing temperatures have a big impact on rheological behavior because polymers
are more sensitive to thermal degradation as the temperature rises. According to Nofar
et al.[29], the PHBH X151C copolymer is highly prone to thermal degradation in the
molten state at temperatures above 160 °C. As shown in Figure 3.8, while a slight
improvement in viscosity is observed at low frequencies at 160 °C, a significant
decrease in viscosity occurs in the low-frequency region with further increases in
temperature. This behavior clearly indicates that PHBH undergoes significant thermal

degradation in the melt at elevated temperatures.
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Figure 3.8 : Complex viscosity (a) and storage modulus (b) of PHBH X151C
measured at different temperatures [29].
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In the study conducted by Liao et al. [28], the time-dependent development of complex
viscosity for PHB-HHx4.6 was investigated at temperatures of 140, 150, and 160 °C.
With increasing temperature, a decrease in viscosity was observed over time, which
explained by thermal degradation occurring in the molten state. In particular,
compared to the other two temperatures, a significantly more noticeable decrease in
complex viscosity was found at 160 °C, indicating that the PHB-HHXx copolymer

becomes thermally unstable at high temperatures.
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Figure 3.9 : Time-dependent complex shear viscosity of PHB-HH under oscillatory
shear [28].

3.1.5 Degradation behavior

Biodegradable polymers can be composted in various environments; however, the
PHB family exhibits significantly superior compostability behavior. One of the main
reasons PHB-based polymers are considered strong alternatives to petroleum-based
plastics is their ability to be composted in a wide range of environments. Although
they are still slightly inferior in terms of mechanical, thermal, and rheological
properties, their excellent degradation behavior makes them a very powerful

alternative.

Morse et al. [30] reported that the biodegradation rate increases with increasing 3HH
content. In contrast, Wang et al. [31] argued that there is a critical threshold, showing
that when the 3HH content exceeds 15%, the biodegradation rate of PHBH starts to

decrease.
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Figure 3.10 : Composting behavior of different bioplastics under various
environmental conditions [6].

3.1.6 Efforts to improve properties of PHBH

PHBH is a biobased and biodegradable polymer with excellent compostability.
Despite these advantages, its application potential in packaging, textile, medical, and
automotive sectors is limited by several intrinsic drawbacks. In particular, its low
mechanical strength, slow crystallization rate, and poor rheological properties hinder
its widespread use in industrial applications. Therefore, various methods have been
developed to improve the mechanical and rheological properties of PHBH and to make
it competitive with petroleum-based polymers. These methods include
copolymerization, the addition of plasticizers, polymer blending, and making
composites or nanocomposites. Each method offers various advantages, and the choice
of method depends on the specific application and required properties. In recent years,
nanocomposite systems incorporating nanoparticles have attracted increasing attention
due to their ability to provide significant performance enhancements even at low filler

contents.

3.2 Cellulose Nanocrystals (CNCs)

Nanocellulose consists of cellulose-based materials with nanoscale dimensions,
produced from natural cellulose through treatments such as acid hydrolysis and related
processes [32]. Based on their structure and method of preparation, nanocellulose is
commonly divided into three main types: cellulose nanocrystals (CNCs), cellulose
nanofibrils (CNFs), and bacterial nanocellulose (BNC). CNCs mainly contain highly

crystalline regions that remain after the amorphous parts of cellulose are removed
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during acid hydrolysis. In contrast, CNFs have a fibrous structure and include both
crystalline and amorphous domains [33]. BNC is produced by certain bacteria and is

distinguished by its high purity and three-dimensional nanofibrous network.

All types of nanocellulose possess abundant hydroxyl (—OH) groups on their surfaces,
and depending on the hydrolysis conditions, additional negatively charged groups such
as sulfate or phosphate functionalities may also be present. These surface chemistries
are responsible for the strong interaction of nanocellulose with water and its highly

hydrophilic nature [34].

Although the exact dimensions and crystallinity of CNCs vary with the cellulose
source and processing method, their typical diameters are in the range of 5-10 nm,
while their lengths commonly extend from tens to several hundreds of nanometers
[35]. CNCs exhibit outstanding properties, including very high crystallinity (often
exceeding 85%), tensile strength in the range of 2-3 GPa, large specific surface area,
extremely low thermal expansion, high aspect ratio, and elastic moduli on the order of
110-220 GPa. These features make them highly attractive as reinforcing nanofillers in
advanced and multifunctional composite materials [36,37]. At the same time, the high
density of surface hydroxyl groups promotes strong hydrogen bonding between CNC
particles, which contributes to their pronounced hydrophilicity.

beet pulp (middle), and tunicin (right) [38].

3.3 PHBH/CNC Nanocomposites

Growing environmental awareness and the sustainability challenges associated with
fossil-based plastics have accelerated the search for biodegradable and bio-based
polymer alternatives. Within this framework, poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH), which belongs to the polyhydroxyalkanoate (PHA)

family, has gained increasing interest because it is derived from renewable resources
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and is fully biodegradable. Nevertheless, its relatively low mechanical performance,
limited thermal resistance, and insufficient rheological behavior still hinder its broader

use in engineering-level applications.

To address these drawbacks, cellulose nanocrystals (CNCs) have been widely
investigated as reinforcing agents for PHBH, owing to their high stiffness, large
specific surface area, and sustainable origin [39]. When CNCs are well dispersed and
strong interfacial interactions are established, PHBH/CNC nanocomposites can
display notable enhancements in mechanical strength, thermal stability, and

viscoelastic performance.

The influence of nanoparticles on the mechanical properties of PHBH mainly depends
on achieving uniform dispersion within the polymer matrix and strong interfacial
bonding. These factors are essential to avoid nanoparticle aggregation, which can
weaken the polymer structure and reduce both tensile strength and elongation at break.
When CNCs are homogeneously distributed and interact effectively with the matrix, a

clear improvement in mechanical performance is obtained.

Li et al. [40] reported that rigid nanocrystals can significantly increase the elastic
modulus of polymer systems, while excessive filler loading may cause particle
agglomeration and restrict chain mobility, leading to a decline in mechanical
properties. In addition, the decrease in elongation at break is commonly related to the

reduced flexibility of polymer chains in the presence of nanocrystals.
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Figure 3.12 : Mechanical performance of neat PHBH and PHBH-based
nanocomposites reinforced with CNC and ACN [40].
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Tensile strength generally increased with increasing CNC content, reaching a
maximum value of 19.05 MPa for the ACN-7/P sample. In contrast, a reduction in
tensile strength was observed for ACN-8/P, which can be attributed to the excessive
addition of CNCs that leads to poor dispersion and the formation of agglomerates. A
similar trend was found for Young’s modulus, with the highest value of 869 MPa also

obtained for ACN-7/P.

Meanwhile, the elongation at break decreased as the CNC content increased. This
reduction is related to the presence of rigid CNC particles, which limit the mobility of
the polymer chains. Strong interfacial interactions and the formation of physical

networks restrict chain deformation, resulting in a more brittle mechanical behavior.

Hosoda et al. [41] examined the mechanical performance of PHBH/CNC
nanocomposites, and their findings are consistent with trends reported in previous
studies. The incorporation of CNCs led to a marked improvement in stiffness
compared with neat PHBH. Specifically, the Young’s modulus increased from 271
MPa for the unfilled polymer to 378 MPa with 1 wt% CNC and reached 746 MPa at a
CNC loading of 4 wt%. A similar enhancement was observed for tensile strength:
while neat PHBH exhibited a value of approximately 15 MPa, this increased to about
20 MPa for PHBH containing 1 wt% CNC and to roughly 27 MPa for the 4 wt% CNC
formulation. On the other hand, ductility decreased as the CNC content increased. The
elongation at break dropped from around 20% for neat PHBH to nearly 8% for the
composite with 4 wt% CNC.

Neat PHBH also shows favorable thermal degradation characteristics. The
thermogravimetric (TG) curves of PHBH and its CNC-filled nanocomposites are
presented in Figure 3.13. The addition of CNCs results in a noticeable shift of the
degradation temperature to higher values compared with the neat polymer. Moreover,
the temperature corresponding to the completion of degradation increases almost
linearly as the CNC content rises. This behavior is attributed to strong interfacial
interactions between the PHBH matrix and the CNC particles, which suggests that the

nanofillers are well dispersed within the polymer system.
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Figure 3.13 : TG curves of PHBH/cellulose composites [42].

PHAs need to be further developed in order to be competitive with other petroleum-

based polymers. CNC reinforcement is very important for this purpose, because if

CNC dispersion is achieved effectively, a significant improvement in the barrier

properties of the composite can be observed. According to the study of Zhou et al., in

PHBH/CNC composites, the oxygen permeability decreases with increasing cellulose

content.
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4. EXPERIMENTAL PROCEDURE

4.1 Materials

The PHBH used in this study was supplied by KANEKA (grade X331A) and contained
5 mol% of 3-hydroxyhexanoate (3HH), with a melt flow rate of 12 ¢g/10 min
determined at 165 °C. This grade was chosen because its relatively high MFI indicates
a lower molecular weight, which facilitates better dispersion of nanoparticles within
the polymer matrix. Cellulose nanocrystals (CNCs) were obtained from CelluForce
(Canada). Tetrahydrofuran (THF, 99%), chloroform (CHL), dimethylformamide
(DMF, 99%), and dimethyl sulfoxide (DMSO, 99%) were used as solvents and were
purchased from Sigma-Aldrich.

4.2 Preparation of PHBH/CNC Nanocomposites

The procedures followed to prepare PHBH/CNC nanocomposites are summarized in
Table 4.2. To study the role of solvent selection, formulations containing 3 wt.% CNC
were produced using four different solvents. First, CNC was introduced into each
solvent and dispersed by bath ultrasonication for 2 hours. PHBH331A was
subsequently incorporated, and the resulting suspensions were magnetically mixed
until a homogeneous solution was formed, which typically took about 2.5 hours, while
DMSO-based systems required approximately 4 hours.

The temperature applied during stirring depended on the solvent type: THF and
chloroform were processed at 40 °C, whereas DMF and DMSO required elevated
temperatures of 60 °C and 80 °C, respectively. Once complete dissolution was
achieved, the solutions were cast into Petri dishes and left to dry at room temperature
for two days. The samples were then further dried under vacuum at 85 °C for an
additional two days, with DMSO-containing samples undergoing extended vacuum

drying for up to five days.

After solvent removal, the resulting films were ground into fine powders using a coffee

grinder. These powders were vacuum-dried overnight at 55 °C prior to compression
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molding. Rheological test specimens were subsequently fabricated following the
conditions given in Table 4.1, by applying a pressure of 1.5 tons at 160 °C for 5

minutes.

PHBH

Casting into
petri dishes, Powdered
dryfor48h ina grinder
—> PHBH-CNC —> Nanocomposites

CHL Water sonication
THF atroom temperature Stirring the mixture
DMF for2h with a magnetic stirrer

DMSO

Figure 4.1 : Schematic illustration of the preparation of PHBH/CNC
nanocomposites by the solvent casting method.

Once the best solvent for CNC dispersion was found, the effect of CNC concentration
was studied by making PHBH/CNC nanocomposites with varying filling amounts (0,
0.1, 1, 3, and 5 wt.%) while using DMSO as the solvent. These mixtures were made
using the best temperature and processing time settings that had already been found

for DMSO. They were then ready to be characterized and tested.
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Table 4.1 : Summarized the preparation processes of PHBH/CNC nanocomposites.

Solvent Preparation Temperature Drying

priL W L e Wk, I\\//I\éSZZShh RT 40°C

THF PHBH 331A + ONG 043 THE Mixiure I\\/ll\észzshh RT 40°C

DMF PHBH 331,?\+Icc(yr\(|%t/o[§'\[/|>i/|F Mixture |\\/|Aé8225hh RT 60°C  Drying under fume hume
DMSO PHBH 331A + ONG 963 DMSO Mixiure \I</Ivg 4212 RT 80°C  (RT, 2D) Vacuum drying
DMSO PHBH 331A 1 No CNG DMSO Mixture \I</Ivg 4212 RT g0 7 ﬁé”&(ssg i(/:éci[u)zﬁ o
DMSO PHBH 331A 1 CNG 50,1 DMISO Mixture \I</Ivg 4212 RT 80°C of il r()gtrs]%c, 5D),
DMSO  piighasias NG w3 DMSOMixure  Ms 4n  RT80°C e yneponder
DMSO PHBH 331A + CNG 963 DMSO Mixiure X/lvg 4212 RT 80°C
DMSO PHBH 331A + CNG 945 DMSO Mixiure \I</IV§ 4212 RT 80°C
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4.3 Characterization

4.3.1 FTIR analysis

Fourier transform infrared (FTIR) spectra of neat PHBH samples prepared using
different solvents were recorded in the mid-infrared range (4004000 cm™) using a
Bruker spectrometer equipped with a Platinum ATR accessory, with all measurements

carried out at room temperature.

4.3.2 Differential scanning calorimetry (DSC) analysis

The thermal and crystallization behavior of PHBH/CNC specimens was examined by
differential scanning calorimetry (DSC). Measurements were carried out using a TA
Instruments Q1000 DSC under a nitrogen atmosphere. Each sample was initially
heated from ambient temperature to 200 °C at a rate of 10 °C min" and held at this
temperature for 5 minutes to remove any previous thermal history. The samples were
then cooled to —20 °C at the same rate, followed by a second heating scan up to 200

°Cat 10 °C min™".

4.3.3 Rheological analysis

Rheological analyses wew conducted to investigate the CNC disperion on the matrix
and viscoelastic behavior of nanocomposites. Frequency and time sweep rheology
analyzes were performed with Anton Paar MCR302 rheometer device under the
nitrogen atmosphere and frequency sweep analyzes were performed at 160 °C , 1%

strain.
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5. RESULTS AND DISCUSSIONS

The rheological behavior of PHBH/CNC nanocomposites was studied to understand
how adding CNCs affects the viscoelastic properties of PHBH and its processability.
Rheological measurements were used to investigate polymer—filler interactions and to
examine how well the CNCs were dispersed within the polymer matrix. In addition,
the non-isothermal crystallization behavior of the nanocomposites was examined to
investigate the effects of CNC loading, solvent type, and CNC content on
crystallization kinetics. Differential scanning calorimetry (DSC) was used to
determine crystallization temperatures, crystallization rates, and the degree of
crystallinity. Overall, these results highlight the nucleating effect of CNCs and show
how different processing conditions influence the structural development of PHBH

during cooling, which ultimately affects both its processability and final performance.

5.1 The Effect of Solvent

To evaluate how solvent choice influences CNC dispersion, PHBH/CNC
nanocomposites containing 3 wt.% CNC were prepared using four different solvent
systems. The complex viscosity responses of neat PHBH and the corresponding

nanocomposites are compared in Figure 5.1.

For samples produced using chloroform (CHL), which is an apolar solvent with a low
dielectric constant, limited CNC dispersion was anticipated. This expectation is
confirmed by the rheological curves in Figure 5.1, where no noticeable increase in
complex viscosity is observed in the low-frequency region. This result indicates that
the CNC particles remained agglomerated within the PHBH matrix, resulting in mainly

Newtonian-like behavior.

A similar trend is observed for nanocomposites prepared with tetranhydrofuran (THF).
Although THF exhibits some polarity, its relatively low dielectric constant restricts its
ability to effectively separate CNC aggregates, resulting again in negligible viscosity

enhancement at low frequencies.
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In contrast, the nanocomposites obtained using DMF and DMSO display significantly
higher complex viscosity values compared to neat PHBH. A significant increase in
viscosity at low frequencies indicates the development of non-Newtonian behavior,
which is typically associated with improved dispersion and network formation of
CNCs within the polymer matrix. In particular, DMSO, owing to its high polarity and
dielectric constant, effectively suppresses CNC agglomeration and promotes a more

uniform distribution of nanocrystals throughout the composite.
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Figure 5.1 : Frequency-dependent complex viscosity of neat PHBH and its
nanocomposites prepared using (a) DMF, (b) DMSO, (c) THF, and (d) CHL.

The appearance of the nanocomposites processed with different solvents is shown in
Figure 5.2. Samples prepared with DMF and DMSO exhibit a darker coloration, which
is commonly associated with a more homogeneous CNC dispersion within the PHBH
matrix. It can be stated that the darker appearance of the nanocomposites (NCs) does not
originate from the thermal degradation of PHBH or CNC, but rather from the dispersion

of CNC within the polymer matrix.

The darker appearance observed particularly in the samples prepared with DMSO may
be attributed to the high polarity and high dielectric constant of DMSO. These
properties enable stronger interactions with CNC and promote a more homogeneous
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and finer dispersion of CNC within the matrix. A more homogeneous and compact

structure reduces light scattering, resulting in a darker appearance of the samples.

In contrast, the lower polarity and faster solvent evaporation in CHL and THF systems

may lead to a more heterogeneous structure. This situation would create the opposite

effect.
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Figure 5.2 : Appearance of PHBH/CNC nanocomposites obtained with different
solvent systems.

To further highlight the influence of solvent selection, normalized complex viscosity
values are presented in Figure 5.3. The normalization was performed relative to the
complex viscosity of the corresponding no CNC-PHBH samples (n*(wo CNC)). A
notable increase in normalized viscosity is clearly observed for nanocomposites
produced in DMSO, demonstrating the strong reinforcing effect resulting from

improved CNC dispersion.
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Figure 5.3 : Normalized complex viscosity of PHBH/CNC nanocomposites with
3wt% processed in various solvents at 160 °C.
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Samples prepared with DMF show only a minor enhancement, while those processed
with CHL and THF do not exhibit any significant change in viscosity. These results
confirm that DMSO provides the most effective environment for achieving a well-
dispersed CNC network within PHBH.

5.2 Rheological Properties and FTIR Analysis of Neat PHBH

Figure 5.4 compares the complex viscosity of unprocessed PHBH with that of neat
PHBH samples prepared using different solvents. In all cases, solvent-treated PHBH
exhibits lower viscosity than the original polymer, suggesting that exposure to the
solvents may have altered the polymer chain structure or reduced the effective
molecular weight. DMSO and DMF have high boiling points (189 and 153 °C,
respectively), which makes their complete removal from the films difficult. Since CHL
and THF have lower boiling points (61 and 66 °C), the samples prepared with these
solvents exhibit rheological behavior closer to that of the untreated polymer in terms

of viscosity.
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Figure 5.4 : Complex of complex viscosity between unprocessed PHBH and
solvent-treated neat PHBH samples.

To investigate whether chemical changes occurred during processing, FTIR analyses
were performed, as presented in Figures 5.5 and 5.6. The peaks observed at 2,849,
2,921, and 2,976 cm™ were assigned to the C—H stretching vibrations of the —CHs

groups. In samples prepared with different solvents, a decrease in the intensity of the
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peaks at 2,976, 2,932, and 2,873 cm™' was observed. Furthermore, in the sample
prepared with DMSO, the weak peak at 2,849 cm™ almost completely disappeared.
The decrease in the intensity of the C—H stretching vibrations and the slight shifts in
wavenumber indicate that solvent molecules interact with the PHBH chains and alter
their chain conformation. This suggests that the solvent may not have been completely

removed, or that the chain regularity decreased after processing.
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Figure 5.5 : FTIR spectra of neat PHBH samples prepared using different solvents.
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Figure 5.6 : FTIR spectra of neat PHBH in the wavenumber range of 2800-3100
cm™.
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5.3 Investigation of CNC Dispersion and Percolation Threshold

Since PHBH/CNC nanocomposites produced in DMSO showed the most pronounced
rheological improvements, this solvent was selected to examine the influence of CNC
concentration. Accordingly, nanocomposites containing 0, 0.1, 1, 3, and 5 wt.% CNC
were prepared in DMSO. Rheological measurements were then carried out to assess
how increasing CNC content affects the viscoelastic response of the system and to

identify the percolation threshold.

5.3.1 Frequency sweep results

A rise in complex viscosity at low frequencies is typically related to stronger
interactions between CNC particles and the formation of a network within the polymer.
In contrast, a flat or slightly decreasing viscosity, which reflects Newtonian behavior,
indicates that CNCs are poorly dispersed or remain in agglomerated form. Therefore,

a Newtonian response suggests weak nanoparticle dispersion.

Figure 5.7 presents the complex viscosity as a function of frequency for PHBH/CNC
nanocomposites containing 0.1, 1, 3, and 5 wt.% CNC prepared in DMSO. All samples
show a pronounced increase in viscosity in the low-frequency region, with no distinct
plateau, which is a clear sign of network formation. This effect becomes stronger as
the CNC content increases. Even at 0.1 wt.% CNC, a noticeable viscosity enhancement
is observed, indicating the high effectiveness of DMSO in dispersing CNCs. The
strong low-frequency response suggests that the percolation threshold for these

nanocomposites is between 0 and 0.1 wt.% CNC.

Figure 5.8 illustrates how the storage modulus (G’) changes with frequency for the
nanocomposite samples. For neat PHBH, the log—log plot of G’ versus frequency
shows a slope close to 2, which is typical of polymer melts. When CNCs are added,
this slope gradually decreases with increasing CNC content, indicating a transition
from mainly viscous behavior to a more elastic and solid-like response. At high
frequencies, the behavior is dominated by the polymer matrix, while at low frequencies
the influence of CNC—polymer interactions becomes more important. The combined
increase in G’ and the reduced slope in the terminal region confirm the formation of a
percolated CNC network. This effect is most evident in the DMSO-processed samples,
where the weak frequency dependence of G’ suggests a strongly interconnected CNC

structure within the matrix.
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Figure 5.7 : Complex viscosity versus frequency for PHBH/CNC nanocomposites
prepared in DMSO with varying CNC contents.
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Figure 5.8 : Storage modulus versus frequency for PHBH/CNC nanocomposites
produced in DMSO at varying CNC concentrations.

5.3.2 Modified Cole-Cole plot analysis

The Cole—Cole plot (G" versus G") is commonly used to evaluate the viscoelastic

behavior and structural uniformity of polymer systems. A linear trend with a slope
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close to two indicates a homogeneous polymer matrix, while any deviation suggests
increased heterogeneity or network formation due to polymer—particle interactions.
Figure 5.9 presents the Cole-Cole plots of neat PHBH and PHBH/CNC
nanocomposites prepared with different solvents. Neat PHBH shows a nearly linear
relationship, typical of polymer melts, whereas the addition of CNC causes noticeable
deviations from linearity, particularly for samples prepared with DMSO. The
PHBH/CNC3 DMSO nanocomposite exhibits a more pronounced curvature,
indicating stronger elastic behavior and enhanced interfacial interactions between
CNC and the PHBH matrix. In contrast, nanocomposites prepared with CHL and THF
remain almost linear, suggesting limited CNC dispersion and weak particle—matrix
adhesion. DMF-based nanocomposites show intermediate behavior, implying partial
network formation. Figure 5.10 shows the effect of CNC content for DMSO-based
nanocomposites. As CNC content increases, both G’ and G” increase while the slope
gradually decreases, indicating a transition from viscous to elastic response. Even at
0.1 wt.% CNC, a slight deviation from the neat PHBH line can be seen, confirming
effective dispersion. At higher CNC loadings (3-5 wt.%), the strong curvature and
reduced slope indicate the formation of a continuous CNC network. These result
suggest that the percolation threshold for PHBH/CNC nanocomposites prepared with

DMSO lies between 0-1 wt.% CNC consistent with the frequency sweep observations.
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Figure 5.9 : Modified Cole—Cole plots of PHBH/CNC nanocomposites processed
with DMSO, DMF, CHL, and THF.

34



108 +———r——rr——rr——rr——r T ——rrr——rrrry

] PHBH/CNC5 G
5 ] —v— PHBH/CNC3 al
10°3 4 PHBH/CNC1 3
1 @ PHBH/CNCO.1 //
104 E —a— neatPHBH / _
3 '.w"'/ "
—~ 103 4 M/A "
© &
Q. / M
A "
(_') 102 ;| .. / ./ _
o.// o
e -';9‘ ././r B
100‘; / ;1"7‘/ ‘
; o DMSO
10_1 LR R R | UL R AL | LA LR L | LS R | LSRR | L BB AR | § N SA R
10" 10° 10 102 10°  10*  10°  10°
G" (Pa)

Figure 5.10 : Modified Cole—Cole representation of PHBH/CNC nanocomposites
processed in DMSO.

5.3.3 Calculation of percolation threshold

The formation of a continuous CNC network was determined by applying an empirical
power-law fit to the storage modulus measured at 0.1 rad s™ over different CNC

loadings. The power-law expression used for this fitting is given as:
G' = B_cG((m — m_cG)/(m_cG)"n, form > m_cG

where BcG) and n are fitting constants, m refers to the CNC loading in weight percent,
and m«cG, indicates the critical percolation concentration. Figure 5.11 presents the
experimental values of the storage modulus at 0.1 rad s™ plotted against the CNC

content for PHBH/CNC nanocomposites produced with DMSO.

The values of mcG for NC prepared with DMSO are determined to be 0.05 weight
percent. As mentioned previusly, in order to achieve beter CNC dispersion, the matrix
polymer should have a lower molecular weight. For this reason, percolation threshold
was calculated fort he samples prepared with the PHBH331A matrix. The result
support that, even at very low concentrations, it is possible to obtain a very strong

network formation by using a DMSO solution.
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Figure 5.11 : Storage modulus at 0.1 rad s' as a function of CNC content for
DMSO-processed PHBH/CNC nanocomposites, with power-law fits shown in red.

5.3.4 Apperant yield stress

Adding nanoparticles to a polymer melt can create an apparent yield stress because a
filler network is formed. In PHBH/CNC nanocomposites, CNCs cause a strong
increase in viscosity at low frequencies, which indicates a more solid-like viscoelastic
response. This type of behavior is typical for materials that exhibit yield stress. The
apparent yield stress can be evaluated from the relationship between complex viscosity

and complex modulus.

Figure 5.12 illustrates the relationship between complex viscosity and complex
modulus (G*) for PHBH/CNC nanocomposites. As the complex modulus decreases, a
corresponding increase in complex viscosity is observed in the nanocomposites. This
behaviour provides evidence the addition of CNCs leads to the formation of a
percolation network structure within the matrix. Consequently, the nanocomposite

acquires yield stress.
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Figure 5.12 : Relationship between complex viscosity and complex modulus for
PHBH/CNC nanocomposites obtained using DMSO.

Table 5.1 : Apparent yield stress and melt flow index of PHBH/CNC
nanocomposites determined from the modified Herschel-Bulkley model.

oo(Pa) k(Pas™) n
PHBH 0 3,75 1,22
PHBH/CNCO.1 0,2 3,89 1
PHBH/CNC1 3,63 9,51 0,53
PHBH/CNC3 17,14 0 0,53
PHBH/CNC5 97,44 73,66 0,03

Additional finding further support these results. For the samples prepared using
DMSO, a vyield stres of 3.63 Pa was calculated even at 1wt% CNC loading. As

expected, CNC incorporation also significantly altered melt flow index.

5.4 Differential Scanning Calorimetry (DSC)

Figure 5.13 presents the DSC thermograms of PHBH/CNC nanocomposites
containing 1, 3, and 5 wt.% CNC prepared in DMSO. Before the measurements, all
samples were heated from ambient temperature to 200 °C at a rate of 10 °C min™" in
order to eliminate any prior thermal history. No cold crystallisation was observed
during the second heating of NCs. The DSC results clearly show that CNCs function
as efficient nucleating agents within the PHBH matrix. With increasing CNC content,
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the crystallization process shifts to higher temperatures during the cooling process,
indicating that the presence of CNCs facilitates earlier crystal formation, which is in

line with their nucleation capability.

As the CNC content increases, an increase in crystallization is generally expected.
However, at high CNC loadings, CNCs may restrict the mobility of PHBH chains,
which can lead to slower crystallization. Additionally, due to the high boiling
temperature of DMSO, residual solvent may remain within the nanocomposite (NC)
structure. These solvent residues can reduce the molecular mobility of PHBH and
consequently hinder crystallization. When examining the cooling curve in Figure 5.13,
the lowest crystallization observed in the 3% CNC sample can be explained in this
way. Since the samples have different thermal histories, the crystallization behavior
observed during the first heating does not provide a reliable basis for comparison. In
the second heating curves, the 1% CNC sample exhibits a broader peak, whereas the
5% CNC sample shows a narrower peak. This indicates that in the 5% CNC
nanocomposite, the crystal sizes and their distribution are more uniform and closer to
each other. As the CNC content decreases, greater variations in crystal size and

distribution are observed within the nanocomposite.

First Cooling neat PHBH

2 °C/min 70,59278 —— PHBH/CNC1
—— PHBH/CNC3

—— PHBH/CNC5

67,00544 17,9 Jig

88,07 °C
|
7957513 13,21 Jig

Heat Flow (W/g); exo up

74,35°C

494444 1673 Jg
73,37°C

L

12,93 Jig

¥ T L T
0 50 100 150
Temperature (°C)

Figure 5.13 : DSC cooling—heating thermograms of PHBH/CNC nanocomposites
prepared by solvent casting with DMSO (heating: 10°C/min, cooling: 2°C/min).
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Figure 5.13 (continued) : DSC cooling—heating thermograms of PHBH/CNC
nanocomposites prepared by solvent casting with DMSO (heating: 10°C/min,
cooling: 2°C/min).
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6. CONCLUSION

This study investigated how CNC content and solvent type affect CNC dispersion in
PHBH/CNC nanocomposites, as well as their rheological and thermal properties. To
examine the solvent effect, nanocomposites containing 3 wt.% CNC were prepared by
the solvent casting method using DMSO, DMF, THF, and CHL.

Rheological results showed that DMSO provided the best CNC dispersion. This is
mainly due to its high polarity and dielectric constant, which promote stronger
interactions between PHBH and CNC. As a result, a connected CNC network formed
at lower CNC contents. Among all solvents, DMSO led to the greatest improvement
in rheological properties. DMF also showed some improvement, while THF and CHL
had little to no effect.

For PHBH/CNC nanocomposites prepared in DMSO, the percolation threshold was
determined to be 0.051wt%. Even at 0.1wt% CNC loading, a significant enhancemet
in rheological properties was observed. DMF is a polar solvent and, after DMSO, has
one of the highest dielectric constants. Owing to this characteristic, nanocomposites
prepared in DMF also exhibited high complex viscosity values at low frequencies. In
the nanocomposite containing 3 wt.% CNC prepared using DMF, although not as
pronounced as in the samples prepared with DMSO, a good level of CNC dispersion

was achieved.

Additionally, the addition of CNCs positively affected the crystallization behavior of
PHBH by facilitating crystal formation. Therefore, crystallization started at higher
temperatures during the cooling process. At higher CNC contents, the mobility of
PHBH chains may decrease, which can slightly influence the crystallization efficiency.
Overall, CNC incorporation improves the thermal performance of PHBH and

contributes to a more homogeneous crystalline structure.

41






REFERENCES

[1] Allwood, J.M. (2016). “SustainableMaterials”, Nature ReviewsMaterials, 1, 1-12

[2] Hatti-Kaul R., Nilsson L.J., Zhang B., Rehnberg N., Lundmark S. (2019).
"Designing Biobased Recyclable Polymers for Plastics”. Trends
Biotechnol

[3] European Bioplastics. Bioplastics Market Development Update 2025. Available
online:http://www.europeanbioplastics.org/publications/market_data/2
025/ (accessed on 5 Janury 2026).

[4] C.Y. Loo, K. Sudesh, (2007). Polyhydroxyalkanoates: bio-based microbial
plastics and their properties, Malaysian Polym. J. 2 31-57.

[5] R. Turco, G. Santagata, I. Corrado, C. Pezzella, M. Di Serio, (2021). In vivo
and post- synthesis strategies to enhance the properties of PHB-based
materials: a review, Front. Bioeng. Biotechnol. 8 1454.

[6] Eraslan, K., Aversa, C., Nofar, M., Barletta, M., Gisario, A., Salehiyan, R.,
&Goksu,Y.A.(2022).Poly(3-hydroxybutyrate-co-3hydroxyhexanoate)
(PHBH): Synthesis, properties, and applications — A review. European
Polymer Journal, 167, 111044.

[7] Babaei-Ghazvini, A., Vafakish, B., Patel, R., Falua, K. J., Dunlop, M. J., &
Acharya, B. (2024). Cellulose nanocrystals in the development of
biodegradable materials: A review on CNC resources, modification,
and their hybridization. International Journal of Biological
Macromolecules, 258, 128834.

[8] Oksman, K., Aitomiki, Y., Mathew, A. P., Siqueira, G., Zhou, Q., Butylina,
S., Tanpichai, S., Zhou, X., &Hooshmand, S. (2016). Review of
therecentdevelopments in cellulosenanocompositeprocessing.
CompositesPart A: AppliedScienceandManufacturing, 83, 2-18.
https://doi.org/10.1016/j.compositesa.2015.10.041

[9] Vatansever, E., Arslan, D., &Nofar, M. (2019). Polylactidecellulose-
basednanocomposites. International Journal of
BiologicalMacromolecules, 137, 912-938. https://doi.org/10.1016/
j.ijbiomac.2019.06.205

[10] Vatansever, E., Arslan, D., Sarul, D. S., Kahraman, Y., & Nofar, M. (2020).
Effects of molecular weight and crystallizability of polylactide on the
cellulose nanocrystal dispersion quality in their
nanocomposites. International Journal of Biological
Macromolecules, 154, 276-290.

[11] European Bioplastics e.V. (2025). Bioplastics Market Development Update
2025. European Bioplastics.

43



[12] Naser, A. Z., Deiab, 1., & Darras, B. M. (2021). Poly(lactic acid) (PLA) and
polyhydroxyalkanoates (PHAS), green alternatives to petroleum-based
plastics: a review. RSC Advances, 11(28), 17151-17196.
https://doi.org/10.1039/D1RA02390J

[13] Plastics Europe. (2025). Plastics the Fast Facts 2025: Global and European
plastics production and economic indicators. Plastics Europe.

[14] Gahlawat, G., Kumari, P., &Bhagat, N. R. (2020). Technological Advances in
the Production of Polyhydroxyalkanoate Biopolymers. Current
Sustainable  Renewable  Energy  Reports, 7(3), 73-83.
https://doi.org/10.1007/s40518-020-00154-4

[15] Anbukarasu, P., Sauvageau, D., & Elias, A. (2015). Tuningtheproperties of
polyhydroxybutyrate films using aceticacidvia solvent casting.
Scientific Reports, 5(1), 17884. https://doi.org/10.1038/srep17884

[16] Khanna, S., & Srivastava, A. K. (2005). Recent advances in microbial
polyhydroxyalkanoates. Process biochemistry, 40(2), 607-619.

[17] Verlinden, R. A., Hill, D. J., Kenward, M. A., Williams, C. D., & Radecka, I.

(2007). Bacterial synthesis of biodegradable
polyhydroxyalkanoates. Journal of applied microbiology, 102(6),
1437-1449.

[18] Chen, G. Q., Jiang, X. R., & Guo, Y. (2016). Synthetic biology of microbes
synthesizing polyhydroxyalkanoates (PHA). Synthetic and systems
biotechnology, 1(4),236-242.

[19] Séngerlaub, S., Briiggemann, M., Rodler, N., Jost, V., & Bauer, K. D. (2019).
Extrusion coating of paper with poly (3-hydroxybutyrate-co-3-
hydroxyvalerate)(PHBV)—packaging related functional
properties. Coatings, 9(7), 457.

[20] Shimamura, E., Kasuya, K., Kobayashi, G., Shiotani, T., Shima, Y., & Doi,
Y. (1994). Physical properties and biodegradability of microbial poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate). Macromolecules, 27(3),
878-880.

[21] Corre, Y. M., Bruzaud, S., Audic, J. L., & Grohens, Y. (2012). Morphology
and functional properties of commercial polyhydroxyalkanoates: A
comprehensive and comparative study. Polymer Testing, 31(2), 226-
235.

[22] He, J. D., Cheung, M. K., Yu, P. H., & Chen, G. Q. (2001). Thermal analyses
of poly (3-hydroxybutyrate), poly (3-hydroxybutyrate-co-3-
hydroxyvalerate), and poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate). Journal of applied polymer science, 82(1), 90-98.

[23] Reping, S. K., Stres, B., Karlovits, M., Karlovits, 1., Jeri¢, P., Panak, O., ... &
Novak, U. (2025). Understanding bio-based polymers: A study of
origins, properties, biodegradation and their impact on health and the
environment. FEBS Open Bio

[24] Doi, Y., Kitamura, S., & Abe, H. (1995). Microbial synthesis and
characterization of poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate). Macromolecules, 28(14), 4822-4828.

44


https://doi.org/10.1007/s40518-020-00154-4
https://doi.org/10.1038/srep17884

[25] Miyahara, Y., Hiroe, A., Sato, S., Tsuge, T., & Taguchi, S. (2021). Microbial
polyhydroxyalkanoates (PHAs): from synthetic biology to
industrialization. Biopolymers for biomedical and biotechnological
applications, 231-264.

[26] Asrar, J., Valentin, H. E., Berger, P. A, Tran, M., Padgette, S. R., & Garbow,
J. R. (2002). Biosynthesis and properties of poly (3-
hydroxybutyrateco3hydroxyhexanoate)polymers. Biomacromolecules,
3(5),1006-1012.

[27] Ozdemir, B. (2020). Effect of preparation methods on morphology and
rheological properties of PLA/CNC nanocomposites (Doctoral
dissertation, Institute of Science And Technology)

[28] Liao, Q., Noda, I., & Frank, C. W. (2009). Melt viscoelasticity of biodegradable
poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) copolymers.
Polymer, 50(25),6139-6148.

[29] Nofar, M., Salehiyan, R., & Barletta, M. (2024). Tuning the structure—property
relationships in binary and ternary blends of
PLA/PBAT/PHBH. Polymers, 16(12), 1699.

[30] Morse, M. C., Liao, Q., Criddle, C. S., & Frank, C. W. (2011). Anaerobic
biodegradation of the microbial copolymer poly (3-hydroxybutyrate-
co-3-hydroxyhexanoate): Effects of comonomer content, processing
history, and semi-crystalline morphology. Polymer, 52(2), 547-556.

[31] Wang, Y. W., Mo, W., Yao, H., Wu, Q., Chen, J., & Chen, G. Q. (2004).
Biodegradation  studies of poly  (3-hydroxybutyrate-co-3-
hydroxyhexanoate). Polymer degradation and stability, 85(2), 815-821.

[32] Trache, D., Hussin, M. H., Haafiz, M. K. M., &Thakur, V. K. (2017).
Recentprogress in  cellulosenanocrystals:  sourcesandproduction.
Nanoscale, 9(5), 1763-1786. https://doi.org/10.1039/C6NR09494E

[33] Nascimento, D. M., Nunes, Y. L., Figueirédo, M. C. B., de Azeredo, H. M. C.,
Aouada, F. A, Feitosa, J. P. A, Rosa, M. F., &Dufresne, A. (2018).
Nanocellulose  nanocomposite  hydrogels:  technological and
environmental issues.  GreenChemistry, 20(11), 2428-2448.
https://doi.org/10.1039/C8GC00205C

[34] Klemm, D., Kramer, F., Moritz, S., Lindstrom, T., Ankerfors, M., Gray, D.,
&Dorris, A. (2011). Nanocelluloses: A New Family of Nature-
BasedMaterials. AngewandteChemie International Edition, 50(24),
5438-5466. https://doi.org/10.1002/anie.201001273

[35] Ghasemlou, M., Daver, F., Ivanova, E. P., Habibi, Y., &Adhikari, B. (2021).
Surfacemodifications of  nanocellulose:  Fromsynthesistohigh-
performancenanocomposites. Progress in PolymerScience, 119,
101418. https://doi.org/10.1016/j.progpolymsci.2021.101418

[36] Lahiji, R. R., Xu, X., Reifenberger, R., Raman, A., Rudie, A., & Moon, R. J.
(2010). Atomic Force MicroscopyCharacterization of
CelluloseNanocrystals. Langmuir, 26(6), 4480-4488.
https://doi.org/10.1021/1a903111]

45


https://doi.org/10.1039/C6NR09494E
https://doi.org/10.1039/C8GC00205C
https://doi.org/10.1002/anie.201001273
https://doi.org/10.1016/j.progpolymsci.2021.101418
https://doi.org/10.1021/la903111j

[37] Xu, X., Liu, F., Jiang, L., Zhu, J. Y., Haagenson, D., &Wiesenborn, D. P.
(2013).  CelluloseNanocrystals  vs.  CelluloseNanofibrils: A
ComparativeStudy on TheirMicrostructuresandEffects as
PolymerReinforcingAgents. ACS AppliedMaterials&Interfaces, 5(8),
2999-3009. https://doi.org/10.1021/am302624t

[38] Miao, C., & Hamad, W. Y. (2013). Cellulose reinforced polymer composites
and nanocomposites: a critical review. Cellulose, 20(5), 2221-2262.

[39] Valentini, F., Dorigato, A., Rigotti, D., & Pegoretti, A. (2019).
Polyhydroxyalkanoates/fibrillated nanocellulose composites for
additive ~ manufacturing. Journal  of  Polymers and  the
Environment, 27(6), 1333-1341.

[40] Li, D., Zhou, J., Ma, X., & Li, J. (2019). Synthesis of a novel biocomposite of
poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) reinforced with
acetylated cellulose nanocrystals. Cellulose, 26(16), 8729-8743.

[41] Hosoda, N., Tsujimoto, T., & Uyama, H. (2014). Green composite of poly (3-
hydroxybutyrate-co-3-hydroxyhexanoate) reinforced with porous
cellulose. ACS Sustainable Chemistry & Engineering, 2(2), 248-253.

[42] Xu, X., Li, J.,, Ma, L., & Ma, X. (2019). Preparation and properties of
biocomposite from poly (3-hydroxybutyrate-co-3-hydroxyhexanoate)
reinforced with regenerated cellulose. Cellulose, 26(9), 5427-5436.

[43] Zhou, J., Ma, X., Li, J., & Zhu, L. (2019). Preparation and characterization of
a  bionanocomposite  from  poly  (3-hydroxybutyrate-co-3-
hydroxyhexanoate) and cellulose nanocrystals. Cellulose, 26(2), 979-
990.

46


https://doi.org/10.1021/am302624t

CURRICULUM VITAE

Name Surname : Onur KUCUKSUBASI
EDUCATION
e B.Sc. : (2017/09 — 2023/06) Istanbul Technical University —

Metallurgical and Materials Engineering

PROFESSIONAL EXPERIENCE:

e Otokar Otomotiv ve Savunma Sanayi A.S Giris Kalite Miihendisi, 2025-Present

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THESIS:

e Kucuksubasi, O., Nofar, M. “The Effect of Preparation Methods on The
Morphological and Rheological Properties of PHBH/CNC Nanocomposites”, 9th
International Polymer Science and Technology Congress, Ankara, Turkey, Sep
16-18, 2024.

47



