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ABSTRACT 

The automotive industry has been actively pursuing lighter and more fuel-efficient vehicles 

to address rising emissions and challenges associated with global warming. Polymers such as 

polyamides, polyolefins, and polyesters play a crucial role in reducing the weight of structural 

components while maintaining required safety standards. However, this transition has 

inadvertently made the automotive sector one of the largest contributors to plastic waste generation. 

Plastic waste presents a significant challenge due to its chemically inert nature, leading to its 

persistence in the environment and the leaching of toxic chemicals over hundreds of years. 

Scientists and lawmakers have been tackling this issue through research and policy initiatives. 

Additionally, the source of these polymers has come under scrutiny due to depleting petroleum 

reserves and growing health hazards associated with the chemicals used in their synthesis. 

To address these concerns, researchers have explored sustainably sourced feedstocks for 

polymer synthesis and composite fillers. One promising feedstock is lignocellulosic biomass, 

which consists of lignin, cellulose, and hemicellulose. By carefully modifying these feedstocks 

chemically, it is possible to obtain high-value fillers and polymeric materials. 

This research focuses on utilizing biobased feedstocks, like cellulose for polymer filler 

applications, and specifically lignin extracted directly from wood, as a precursor for polyamides 

and polyesters. The study centers on functionalizing lignin to create polymer precursors and 

modifying cellulose to generate fillers for composites. The resulting polymers and composites are 

then subjected to thermal, chemical, viscoelastic and morphological testing, allowing for a 

comparison with commercially available counterparts. 

Central to this work is the integration of green chemistry principles at every stage of the 

chemical process, aiming for a sustainable future in polymer synthesis. By adopting this approach, 
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the research seeks to contribute towards a more environmentally friendly and responsible 

automotive industry. 
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CHAPTER ONE:  

BIOMASS FOR THE SYNTHESIS OF POLYMERS AND COMPOSITES 

1.1 Introduction 

Petroleum based fuels and chemicals have taken a toll on the environment not just 

in terms of global warming, but also in terms of the harmful effects of the toxic substances 

involved [1]. The world heavily relies on these chemicals and materials to meet the ever-

increasing performance requirements of modern applications. It is imperative that the 

world will continue relying on products of the chemical industry be it for advancement or 

comfort. In order to meet this necessity and reliance, it is becoming increasingly important 

to develop a chemical industry that not only thinks about the final properties of synthetic 

materials, but also incorporates thoughts into the production process of these chemicals, 

while keeping in mind the adverse consequences of the said chemicals. In today's chemical 

industry, manufacturing is conducted in a linear model where feedstocks, primarily sourced 

from fossil fuels and limited in quantity [2]. This manufacturing process relies on the use 

of toxic and reactive reagents that endanger not only the workers but also the environment 

if they are ever released. These manufacturing processes are prone to waste production 

which can be toxic in nature, environmentally persistent, and prone to bioaccumulation [3]. 

Specialty chemicals and pharmaceuticals produce waste many time in excess of the desired 

product (up to 100-fold) [4]. Moreover, the resulting chemical products are typically 

engineered for their intended use without comprehensive assessments of potential hazards, 

relying instead on situational controls. This lack of assessment tools and models has 

historically led to numerous unintended negative consequences (endocrine effects of BPA, 
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bioaccumulation of PFAS, etc.). The polymer industry is a subset of the larger chemical 

industry that is plagued by the exact same set of problems. 

The touted alternative to liner processes lies in ‘Circular Processes’ which 

essentially are products designed for end-of-life recyclability creating an endless loop of 

use-recycle instead of use-throw [5–8]. There are multiple ways in which the current 

plastics industry can be challenged and improved in terms of sustainability. The most 

important change required for a sustainable plastics industry is the switch from petroleum-

based feedstocks to renewable feedstocks. The use of benign and non-toxic chemicals 

should accompany the use of renewable feedstocks. The chemical processes/reactions 

should follow the principles of green chemistry focusing on atom, step and solvent 

economy [9].  The end goal of such a plastic industry is maximizing performance by 

minimizing hazards and maximizing function.  

Table 1 Linear vs Circular Plastics Industry [10]  

Linear Plastics Industry Circular Plastics Industry 

Fossil feedstocks Renewable feedstocks 

Reactive, persistent, or toxic chemical 

reagents and products 
Benign chemical reagents and products 

Covalent bonds Weak, noncovalent interactions 

Catalysis using rare metals 
Catalysis using abundant metals, enzymes, 

photons, or electrons 

Conventional solvents 

Low toxicity, recyclable, inert, abundant, 

easily separable green solvents or 

solventless 

Large “waste” volume 
Atom-, step-, and solvent-economical 

processes 

Material- and energy-consuming isolation 

and purification 
Self-separating systems 

“Waste” treatment “Waste” utilization 

Design exclusively for use phase with 

reliance on circumstantial control 

Intentional molecule design for full life 

cycle 
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Performance = maximize function 
Performance = maximize function + 

minimize hazards 

Maximum chemical production for 

increased profit 

Maximum performance with minimal 

benign material uses for increased profit 

 

This body of work addresses the highlighted solutions in order to achieve a 

sustainable plastics economy. In order to move to a circular economy, especially for 

polymers, a lot of focus should be placed on the feedstocks necessary to produce the 

chemicals. The challenge of producing materials not sourced from petroleum in addition 

to meeting high performance requirements for modern applications is a challenge in itself 

[11]. Modern policy and research discourse has been shifting towards a more sustainable 

future with reduced emissions, sustainably sourced feedstocks, non-toxic chemicals, and 

end of life waste management strategies [12]. There have been efforts to replace petroleum-

based fuel with biomass-based fuel, and efforts to replace combustion completely [13]. In 

the field of polymeric materials, there has been a steady increase in the demand and supply 

for biobased polymers. Global bioplastics production capacities are set to increase by 386% 

over the next 5 years [7]. There are multiple ways of harnessing biobased chemicals 

included but not limited to Lignocellulosic biomass feedstock is one of the most promising 

sources of carbon to replace petroleum [14]. There is around 180 million tons of 

lignocellulosic feedstock available yearly. However, the current state of refining biomass 

does not allow completely and efficient utilization of the biomass [15,16]. The historical 

background of biologically producing commodity chemicals is significant. From 1945 to 

1950, a substantial portion of n-butanol (66%) and acetone (10%) in the United States were 

manufactured through fermentation of molasses and starch. Additionally, various other 

commodity products like acetic acid, citric acid, lactic acid, and itaconic acid were also 
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produced through fermentation during the first half of the 20th century. However, the 

practice of fermentative production declined due to the rise in sugar feedstock prices and 

the decrease in petrochemical feedstock prices. On top of economics, there are multiple 

reasons for incomplete and inefficient use of biomass, namely, lack of an integrated 

petroleum like refinery, complex chemical structure of the three biopolymers (Cellulose, 

Hemicellulose, and Lignin). Setting up a biorefinery is a huge technical challenge that 

would require significant capital investment and research efforts [6].  

Figure 1. Lignocellulosic Biomass [17] 

The biomass valorization research community has been focusing on creating fuels 

and chemicals from cellulose and hemicellulose for the purpose of transportation and other 

industries [18–21]. An ideal biomass valorization would ensure complete utilization of the 

building blocks of biomass including cellulose, hemicellulose and lignin.  

There are numerous processes (chemical, enzymatic, and thermal) that can 

transform cell-wall polymers like lignin, cellulose, and hemicellulose into value-added 

small molecule compounds including aromatic compounds and carbohydrate derivatives 

[14]. Cellulose and hemicellulose can be valorized to sugars which can be further 



 

 

5 

 

chemically modified to yield valuable chemicals like glycerol, ethanol, fumaric acid, 

furfural and gluconic acid.  

To foster a truly global bio-based circular economy that leverages lignocellulosic 

biomass as a resource, it is essential to tap into the value of lignin not only for energy 

production but also for chemical production [15]. Despite extensive research over the years, 

fully realizing the potential of lignin remains a formidable challenge but is increasingly 

critical for sustainability. The global research community is vigorously exploring various 

methodologies to valorize lignin, motivated by the pressing need for a sustainable carbon 

economy. A focal point of interest is the development of "lignin-first" biorefining 

techniques, which emphasize the valorization of lignin alongside carbohydrates during the 

processing of lignocellulosic biomass [16,22].. This approach involves the use of active 

stabilization methods to dissolve lignin from the biomass without causing condensation 

reactions that produce more resistant lignin polymers. The objective of lignin-first 

strategies is to optimize the use of lignocellulose by integrating lignin valorization from 

the outset of biorefining process design. Achieving this through solvolysis, catalytic 

conversion, or the application of protection-group chemistry to lignin oligomers or reactive 

monomers is pivotal for the economic success of lignocellulosic biorefineries, ensuring a 

more comprehensive utilization of biomass. 

1.2 Overview of Research Tasks 

This dissertation aims to tackle the challenges identified earlier by leveraging the 

valorization of lignocellulosic biomass, guided by lignin-first principles. This novel 

approach encompasses the utilization of cellulose-based fillers for polymers and the 

incorporation of lignin as a pre-polymeric material in the synthesis of diverse polymer 
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classes. Such materials are anticipated to have significant implications for high-value 

applications, particularly within the automotive sector. 

In Chapter 3, the focus shifts to the development of a hybrid filler for a specific 

biopolymer, PHBV, and introduces the pioneering effort of foaming PHBV using nitrogen 

gas within a batch foaming setup. The preparation of hybrid nanofillers through the 

functionalization of crystalline nanocellulose is detailed, alongside a comprehensive 

analysis of the fillers' chemical properties utilizing XPS and FTIR techniques. Additionally, 

the influence of these fillers on the thermal, mechanical, viscoelastic, and morphological 

properties of PHBV is investigated through TGA, DSC, tensile testing, rheology, and SEM 

analyses. Both neat PHBV and its composites are subjected to foaming using supercritical 

nitrogen to assess the effects. 

Following the innovative creation of cellulose-based fillers, Chapter 4 delves into 

the extraction and functionalization of lignin to forge a pre-polymeric material suitable for 

polyamide synthesis. Utilizing reductive catalytic fractionation—a cornerstone method of 

lignin-first biorefining—the extracted lignin is functionalized employing eco-friendly 

reagents and solventless processes. This functionalization process is thoroughly examined 

through NMR, GPC, GC, FTIR, DSC, and TGA. Subsequently, the functionalized lignin 

oil undergoes polymerization via direct solvent-based polycondensation, with the resultant 

polymers analyzed for their thermal, chemical, and viscoelastic properties. 

Chapter 5 expands on the successful application of functionalized lignin oil by 

exploring a new class of polymers: unsaturated polyester resins. Given lignin oil's high 

monomer content alongside a significant fraction of dimers and oligomers—endowing it 

with polyfunctional capabilities—this chapter posits its suitability for forming polymeric 
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thermosetting networks. Polyurethanes and epoxies have been extensively explored in 

literature as thermosetting polymers from lignin. The study aims to introduce unsaturated 

polyesters as another class of thermosetting polymers derived from lignin. The 

functionalization process mirrors that of Chapter 4 but employs ethylene carbonate as the 

reagent. The analysis of this functionalization, as well as the properties of the cured 

polyester, is conducted using NMR, GPC, FTIR, DSC, TGA, and DMA. 

Collectively, these research chapters underscore the potential of lignocellulosic 

biomass in the synthesis of polymers and composites, leveraging biorefinery products. The 

literature review that follows provides an in-depth examination of functionalization 

techniques for cellulose, the effects of hybrid cellulose fillers on PHBV, and the innovative 

utilization of lignin in the synthesis of polyesters and polyamides. This body of work 

advocates for the direct use of lignin in polymer synthesis, exploring a variety of chemical 

methodologies. 
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CHAPTER TWO:  

LITERATURE REVIEW 

2.1 Chemical Structure of Lignocellulosic Biomass 

Before understanding the use of lignocellulosic biomass in polymeric materials, it 

is necessary to understand the chemical structure of lignocellulosic biomass. As stated 

earlier, it is primarily comprised of plant cell walls. Three biopolymers in varying ratios 

make up almost all lignocellulosic biomass. Namely, cellulose, hemicellulose, and lignin 

[23]. Cellulose is a carbohydrate network that forms the structural framework for plant cell 

walls. Hemicellulose is also a carbohydrate polymer, while lignin is an aromatic polymer. 

Depending on the species, the ratios of these building blocks change, and the ratio of the 

sub-building blocks[24] .  

Cellulose is the largest available source of biocarbon on earth. Lignocellulosic 

biomass can be viewed as a composite with hemicellulose and lignin as the matrix and the 

cellulose as the reinforcement. Cellulose is a homopolymer of β-d-glucopyranose (C6H12O6) 

units that are interconnected through β-(1–4)-glycosidic linkage [21]. The chemical 

structure of cellulose exists in the chair conformation with three equatorial hydroxyl groups. 

The condensation of β-d-glucopyranose molecules with the elimination of water, leads to 

the formation of the monomeric cellulose unit (C12H22O11). The monomeric unit contains 

three hydroxyl groups capable of being functionalized.  These hydroxyl bonds are also 

responsible for strong hydrogen bonding with the matrix as well amongst the cellulose 

chains itself. These hydrogen bond linkages are what cause cellulose to exhibit a crystalline 

character.  
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Hemicellulose is a complex group of polysaccharides that, along with cellulose and 

lignin, is one of the main components of plant cell walls. Unlike cellulose, which is 

composed solely of glucose units, hemicellulose consists of a mix of different sugars, 

making it heterogeneous in structure. The composition and structure of hemicellulose can 

vary significantly between different types of plants, but it generally serves to cross-link 

cellulose fibers, contributing to the structural integrity and flexibility of the cell wall. 

Hemicellulose, a crucial component of plant cell walls, exhibits a complex mix of 

polysaccharides that significantly varies in structure and composition among different plant 

species and environmental conditions. This diversity is essential for the functionality and 

interaction of hemicellulose within the cell wall, influencing plant physical properties and 

their utility in industrial applications, notably in bioproduct development from 

lignocellulosic biomass. Among the four principal hemicellulose compositions—xylans, 

mannans, β-glucans, and xyloglucans—xylans and mannans stand out for their relevance 

in lignocellulosic bioproducts. Xylans, predominantly found in hardwood and herbaceous 

plants, feature a β-1→4 D-xylopyranose backbone with branches containing various sugars 

and modifications, enabling diverse interactions within the cell wall. Mannans, prevalent 

in softwoods, vary more in their backbone composition, with galactomannans and 

glucomannans presenting backbones of D-mannopyranose and mixed D-glucopyranose 

and D-mannopyranose, respectively. These mannans often feature branching with 

galactose as a primary component. Within the lignocellulosic matrix, hemicellulose chains 

form a network structure through random coil configurations and interpolymer contacts, 

embedding cellulose and lignin components.  
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To produce high-quality, high-performance materials from lignin, a detailed 

understanding of the chemical structure of both lignin and lignin oil is crucial. Lignin is 

considered a redox biopolymer composed of aryl propane structural units [25]. Specifically, 

lignin is formed through the oxidative coupling of three major hydroxycinnamic alcohols 

(p-coumaryl, coniferyl, and sinapyl). The phenyl propane units within the lignin molecule 

differ in terms of the quantity and nature of substituents in aromatic rings and are classified 

as H, G, and S units, representing p-hydroxyphenyl, guaiacyl, and syringyl units, 

respectively [26]. These aromatic units are linked by various chemical linkages, with the 

β-O-4 linkages being the most prevalent and extensively studied in the context of lignin 

depolymerization. 

Table 2 Chemical Linkages in Lignocellulosic Biomass [27] 

 

 

 Lignin Hemicellulose Cellulose 

Subunits Guaiacylpropane (G), 

Syringylpropane (S), p-

Hydroxyphenylpropane (H) 

D-Xylose, mannose, L-

arabinose, galactose, 

glucuronic acid 

D-Pyran 

glucose 

units 

Bonds 

between 

the 

subunits 

β-O-4 ether bond, β- β carbon 

bond,  β-5 ether linkage, 4-O-5 

ether bond 

β-1,4-Glycosidic bonds 

in main chains; β-1.2-, β-

1.3-, β-1.6-glycosidic 

bonds in side chains 

β-1,4-

Glycosidic 

bonds 
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2.2 Functionalization of Cellulose 

 

Figure 2 Chemical Structure of Cellulose 

Keeping these chemical properties in mind, the extraction and purification of 

cellulose is a field in itself [28]. Nanocelluloses extracted from bacterial and lignocellulosic 

sources have lengths varying in the micro and nano scale and a diameter ≤ 100 nm [29]. 

The source and method of nanocellulose extraction influences the final properties including 

chemistry, aspect ratio, crystallinity, and surface morphology [30]. 

Despite varying extraction methods nanocellulose shows very interesting properties 

like biocompatibility, renewability, and reactivity towards functionalization. Mechanically 

it has been shown to be lightweight, possess tensile strength, high stiffness, strength to 

weight ratio, low thermal expansion coefficient, and optical transparency [31]. 

Nanocellulose that is synthesized by the top-down approach can generally be 

classified into cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs) [32]. It has 

been reported that the physical and mechanical properties of CNCs are superior to CNFs. 

The figure below shows all possible methods for functionalization of CNCs. Below is a 

review of surface modifications of CNCs that have been used as filler and reinforcements 

in polymer matrices.  
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Figure 3 Surface modification of cellulose nanocrystals [33] 

2.2.1 Acetylation 

Acetylation is a process of introducing acetyl groups via ester bonds onto hydroxyl 

groups of CNCs. Acetyl are used to improve the hydrophobicity of the CNCs in order to 

improve compatibility with polymer matrices. Lee and co-workers carried out acetylation 

by introducing acetic anhydride in a solution of well dispersed powdered CNCs in DMF. 

[34].  
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On the other hand, another team, led by Xu, tried a different method that 

accomplishes two things at the same time: it breaks down the cellulose into nanocrystals 

and makes them water-repellent. They started with a type of cellulose that had been treated 

with an alkali solution (referred to as Na-Cellulose) and applied a traditional acetylation 

technique directly to it. This resulted in the creation of rod-shaped particles, with lengths 

varying from 21 to 140 nanometers and widths from 12 to 20 nanometers. These 

dimensions were confirmed using a technique called TEM. After this process, the CNCs 

not only became more resistant to water but also showed an improvement in their ability 

to withstand heat [34].  

2.2.2 Carbamation 

Carbamation using isocyanates can be an effective way of utilizing and 

functionalizing the hydroxyl groups on CNCs. Depending on the nature of the isocyanate 

utilized, they can either be used to graft hydrophobic aliphatic chains via single isocyanate 

bonds. Utilizing diisocyanates as linkers any species of choice can be grafted onto CNCs. 

Chemicals with single isocyanate groups like 3,5-dimethylphenyl isocyanate, n-octadecyl 

isocyanates (OI) can be utilized as surface modifying agents to incorporate hydrophobicity 

onto CNC surfaces [35]. Toluene diisocyanate (TDI), methylene dipheyl diisocyanate 

(MDI), isophorone diisocyanate, Methylenebis(Cyclohexyl Isocyanate)  have been utilized 

as diisocyanates to graft reactive isocyanate groups on CNCs. Abushammala et al 

employed 2,4-toluene diisocyanate as a modifier and linkers, along with triethylamine 

(TEA), for the carbamation of CNCs. They observed a higher reactivity of the para-

isocyanate group with the groups of CNCs compared to the ortho-isocyanate group present 

on 2,4-TDI. These free isocyanate groups could be utilized further to graft hybrid species 
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on to the surface of the CNCs. They have also published a highly impactful review on the 

carbamation of cellulose [36,37]. Further modifications to cellulose nanocrystals (CNCs) 

reportedly enhanced their dispersion within a polyurethane matrix, as observed through 

polarized microscopy. In parallel, Guo and colleagues functionalized CNCs with OI, 

facilitating their application as emulsifiers for water/oil mixtures. The biggest drawback to 

utilizing isocyanates along with CNCs is the detrimental effect of water on the carbamation 

reactions.  

2.2.3 Esterification 

Esterification is a versatile process used to introduce organic functional groups onto 

CNCs. The hydroxyl groups on the CNCs can be used in an esterification/acetylation 

reaction using carboxylic acids, acid anhydrides and acid chlorides. Because of the low 

reactivity of carboxylic acid groups towards esterification reactions at mild conditions, acid 

derivatives like acid chlorides and acid anhydrides are used to introduce ester bonds on the 

CNC hydroxyl groups. For instance, Cellante et al. used Fischer esterification to link a 

chlorotoxin-Cyanine peptide, resulting in excellent biocompatibility [38]. Similarly, 

Leszczyńska et al. surface-modified CNCs using succinic anhydride, leading to improved 

surface characteristics, dimensions, and thermal properties [39]. Shen et al. esterified CNCs 

with diethylenetriamine pentaacetic dianhydride to enhance the anchoring rate of Mn2+ 

for MRI tumor detection, offering higher biocompatibility and specific area compared to 

conventional manganese particles doped nanomaterials [40]. In composite materials, 

esterification with fatty acid chains made the CNCs hydrophobic and improved dispersion. 

However, due to the lack of strong covalent interactions with the matrix, the tensile 

properties did not show significant improvement. In summary, esterification, primarily 
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utilizing anhydrides, has been applied for various purposes, including hydrophobicity, 

biocompatibility, and dispersion in composites [41]. 

2.2.4 Silanization 

Silane coupling agents are widely used in composites for their adhesive properties 

and commercial availability. These agents contain active chemical functionalities capable 

of forming covalent or van der Waals interactions with different chemical groups in polyme 

composites. Silanization imparts hydrophobic characteristics to the CNCs' surface, 

enhancing their dispersibility in low-polarity organic solvents, and in hydrophobic polymer 

matrices. Silanization typically involves two stages: hydrolysis of the silane coupling agent 

to silanol and subsequent condensation with OH groups on CNCs. However, silanization 

has drawbacks such as low graft percentage and limited improvement in mechanical 

properties [42]. 

2.2.5 Hybrid Fillers in context of PHBV 

Hybridization via graft copolymerization is a highly effective strategy for 

enhancing interfacial interaction and dispersion between nanocellulose and the polymer 

matrix. By carefully selecting graft species and lengths, favorable outcomes can be 

achieved in the final polymer [43]. Numerous studies have focused on grafting polymers 

onto the surface of nanocellulose to limit phase separation, enable stress transfer, improve 

dispersion, and enhance miscibility. For example, Chen et al. grafted epsilon Caprolactone 

and palmitoyl chloride, resulting in two different fillers [44]. Nanocellulose grafted with 

caprolactone increased the tensile strength of the composite at a 1% loading [45]. My 

research group grafted glycidyl methacrylate onto PHBV but observed minimal 

improvements in tensile strength [46]. Yu et al. attempted grafting PHBV onto cellulose 
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using carbamation chemistry, reporting improvements in thermal degradation and 

hydrophobicity [47]. In a recent study, Han et al. grafted hyperbranched polyesters onto 

nanocellulose, leading to significant enhancements in toughness and tensile strength for 

PHBV/PEBE blends [48]. Another study grafted PHBV onto cellulose nanocrystals, 

resulting in improved tensile strength, stiffness, elongation at break, and thermal 

degradation [49]. Grafting graphene oxide onto CNCs also improved the tensile strength 

and elongation at break of PHBV composites [50]. Additionally, bifunctional rosin-

nanocellulose fillers showed a 108% increase in tensile strength and a 44% improvement 

in elongation at break for PHBV composites [51]. In conclusion, selecting a graft polymer 

that improves dispersion and interacts well with the matrix is crucial. Hybrid fillers have 

been shown to improve PHBV performance considerably and choosing the right filler and 

right chemistry might be key to making PHBV a viable biopolymer alternative. The 

chemistry of graft polymerization plays a key role in producing high-value fillers from 

nanocellulose. There are opportunities to incorporate synthetic polymerization techniques 

onto nanocellulose's hydroxyl groups for grafting high-performance polymers onto 

cellulose. 

Table 3 Hybrid nanocellulose fillers for PHBV composites 

Polymer Graft Species 
Graft 

Chemistry 

Tensile 

Strength 
Modulus 

Elongation 

at Break 
Reference 

PHBV polycaprolactone Ester 26% - - [44] 

PHBV GMA Free radical -4.5% -3% 13% [46] 

PHBV PHBV Isocyanate - - - [47] 

PEBE HBP Esterification 31.8% - 210% [48] 

PHBV PHBV Isocyanate 113% 95% 17% [49] 

PHBV GO Isocyanate 170% 137.5 52.1% [50] 

PHBV Rosin Ester 107.9% 79% 43.9% [51] 
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2.3 Condensation Polymers from Lignin 

The primary challenge associated with lignin utilization is its large macromolecular 

structure, which makes it resistant to depolymerization. Despite having reactive groups, 

the steric hindrance caused by lignin's structure poses difficulties [52]. Moreover, the 

structure of lignin varies significantly depending on the type of wood it is extracted from. 

Softwood, for instance, contains a higher lignin content but yields lower monomer content 

upon depolymerization [53]. Nonetheless, isolated lignins contain both aliphatic and 

aromatic hydroxyl groups. These hydroxyl groups after adequate characterization can serve 

as polymerization sites to create lignin-based macromonomers. 

Lignin has been successfully employed as a macromonomer in the synthesis of 

various polymers, including polyurethanes, polyesters, epoxies, vinyl resins, and phenolic 

[54–59]. With advancements in depolymerization techniques, the utilization of lignin as a 

starting point offers an interesting strategy to simultaneously extract, depolymerize, and 

stabilize lignin monomers. The resulting product is commonly known as lignin oil, a 

hydrophobic, brown viscous liquid that is soluble in common organic solvents. 

Furthermore, a significant fraction of lignin oil comprises phenolic monomers. The choice 

of catalyst in the process can influence the nature of the final monomers. For example, a 

study by Van den Bosch et al. demonstrated that switching the catalyst from Ru/C to Pd/C 

led to the formation of monomers with two hydroxyl groups, which can be further 

functionalized for polymerization [60].The same functionalization techniques applied to 

macromolecular lignin can be applied to monomeric lignin oil.  

Upton and Kasko published a significant review on polymeric materials derived 

from lignin [61], which has served as a foundation for subsequent studies that have 



 

 

18 

 

expanded on their work to develop polymeric materials from lignin and lignin oil. The 

sections below focus on the synthesis of polyesters and polyamides from lignin and other 

biomass sources.  

 

 

Figure 4 Polymeric Materials from Lignin Adapted with permission from Upton and Kasko Strategies for 

the Conversion of Lignin to High-Value Polymeric Materials: Review and Perspective. Copyright 2016 

American Chemical Society [61] 

2.3.1 Aromatic Polyamides from Biomass 

Polyamides are a crucial class of engineering thermoplastics known for their 

extensive range of applications. Recognizing their importance, there has been a shift 

towards developing biobased alternatives to traditional polyamides. Notably, PA11 and 
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PA10, produced from castor oil, have emerged as industrially significant aliphatic biobased 

polyamides. However, the availability of aromatic biobased polyamides remains limited. 

 

Table 4 Aromatic Polyamides from Biomass 

Refere

nce 
Monomers 

Synthesis 

Methodolo

gy 

Temper

ature 

(°C) 

Time 

(hrs) 
M

w
 

Processi

ng 

Method 

T
g 

(°

C) 

T
m

(°

C) 

T
d5

(°

C) 

Tensi

le 

Stren

gth 

(MPa

) 

Modu

lus 

(GPa) 

Elonga

tion 

(%) 

[62] 

2,5-

furandicarboxylic 

acid (2,5-FDCA) 

based diamine, 

aromatic 

dianhydride 

Two-step 

polyconden

sation 

- - - 
Solvent 

casting 

27

0-

35

0 

- 
400-

450 

80-

140 

2.5-

5.4 
3-12% 

[63] 
Fatty dimer amine 

and azelaic acid 

One-pot 

melt 

polyconden

sation 

220 24 
8480

0 

Solvent 

casting 
 83.6 

°C 

434 °

C 
31.8 - 1220% 

[64] 

Dimethyl 9-

octadecenedioate 

and p-

xylylenediamine, 

diethyltriamine 

Polyconden

sation 
160 4 - 

Compres

sion 

Molding 

78 
154-

201 
355 18.45 - 22.11 

[65] 

2,5-furan 

dicarboxylic acid, 

aromatic diamines 

Interfacial 

polymerizat

ion 

  

10,0

00–

70,0

00 

 

90

-

28

0 

- 
270-

360 
- - - 

[66] 

2,5-furan 

dicarboxylic acid, 

Decamethylene 

diamine 

Solventless 

condensatio

n with TBD 

catalyst 

190-200 6 

6000

0-

7000

0 

Not 

specified 

10

0-

10

5 

- 
400-

450 
54.46 1.45 138 

[67] 

diglycerol 

dicarbonate 

(DGDC) and 

diamino-

telechelicoligoami

des (DAPAhs) 

Melt 

aminolysis 

copolymeri

zation 

120 1 - 

Hot 

compres

sion 120 

C 

0 
94-

110 
 12.12 - 373.32 

[68] 
Bisfuran and 

dicarboxylic acid 

Interfacial 

polymerizat

ion 

RT 1 
3400

0 

Not 

specified 

12

0-

16

0 

186 
250-

316 
- - - 

[69] 

dimethyl furan-

2,5-dicarboxylate 

and  1,3-

cyclohexanedimet

hanamine 

Melt 

polymerizat

ion 

1. 120 2. 

240 

60-

180 
- 

Not 

specified 

15

5-

18

1 

 286-

391 
- - - 

[70] 

Divanillin based 

diamine and 

divanillin based 

dicarboxylic acid 

Polyconden

sation 
130 

overni

ght 

5000

0-

6000

0 

Solvent 

casting/

Hot 

pressing 

20

7-

26

2 

 268-

301 
40 1 8 

[71] 

Silk inspired;  3,6-

dioxa-1,8-

octanedithiol, 

UDA derivatives 

Thiol-ene 

addition 

polymerizat

ion 

70 12 

2300

0-

3200

0 

Solvent 

cast 

-

32.

6 

35-

139 
-  0.04-

0.2 
78-710 

[72] 

Divanillin based 

dicarboxylic acid 

with commercial 

diamine 

Polyconden

sation 
120 10 - - - - - - - - 

[73] 

Divanillic acid 

with commercial 

aromatic diamines 

Polyconden

sation 
130 

overni

ght 

4700

0 - 

1120

00 

Solvent 

Cast/Hot 

press 

16

2-

30

0 

 380-

420 
13-46 

0.48 - 

1.34 
3 to 6 

[74] Monolignol based 

Interfacial 

Polymerizat

ion 

RT - 

4700

-

2700

0 

- 

67

-

12

6 

 
203-

264 
- - - 

[75] 
Hydroxycinnamat

es 

Interfacial 

Polymerizat

ion 

RT - 

3800

-

2800

0 

- 

66

-

12

4 

 
121-

243 
- - - 
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A primary area of focus has been the use of furfural as a precursor for aromatic 

rings, which is then oxidized to furan dicarboxylic acid (FDCA). A noteworthy study by 

Ma et al. explored the synthesis of polyamide-imides from FDCA [62]. The incorporation 

of aromatic rings led to polymers exhibiting an exceptionally high glass transition 

temperature of 364°C and remarkable thermal stability. In a different approach, another 

research effort utilized esters derived from canola oil to synthesize unsaturated polyamides. 

Although the diamines in this study were not biobased, the investigation revealed that 

aromatic polyamides possess higher moduli than their aliphatic counterparts under both 

microwave-assisted and conventional polycondensation conditions[63] . 

Additional studies on furan-based polyamides have consistently reported high glass 

transition temperatures and excellent thermal stability, underscoring the potential of 

aromatic structures in enhancing polymer properties [62,65,66,69,76,77]. Vanillin, a 

monomer that can be derived from lignin, represents another avenue for developing 

aromatic biobased polyamides. Yagura et al. demonstrated the synthesis potential of 

divanillin, a dimer of vanillin, with commercial diamines, achieving polymers with high 

thermal stability [73]. Their subsequent work involved converting divanillin into an 

aromatic diamine, setting the stage for the creation of fully biobased aromatic polyamides 

from lignin [70]. Another study explored the incorporation of lignin into aliphatic 

polyamides with the aim of enhancing stiffness and hydrophobicity [78]. This approach 

not only contributes to the diversification of biobased polyamides but also highlights the 

versatility of lignin as a sustainable resource in polymer science. Two important studies 

utilized monolignols and hydroxycinnamates to form BPA alternatives for polyamide 
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synthesis. The first study utilized ether bonds to link hydroxycinnamates to form a diacid, 

while the second study utilized ester bonds to link monolignols to form a diacid [74,75]. 

The polymers were synthesized with a wide variety of diamines ranging from short chain 

aliphatic diamines to aromatic diamines. An important takeaway was the improved thermal 

stability of the polyester amides over polyether amides. Reasons for this were not provided 

but a possible explanation could be the relatively low molecular weights for polyether 

amides compared to polyester amides.  

2.3.2 Polyesters from Lignin 

Table 5 Literature Review on Lignin Based Polyesters 

Refe

renc

e 

Lignin 

Prepolymeric 

Material 

Functionalization Reaction Conditions 

Glass 

Transition / 

Melting (°C) 

Processing 

[79] Kraft Lignin - 
Polycondensation with 

acid chlorides 
Tg = -50 - 

[59] Kraft Lignin - 
Polycondensation with 

acid chlorides 
Tg = 70 

Melt 

processing 

120-140 C  

[80] 
Sulfuric Acid 

Lignin and PCL 
- ROP for caprolactone Tm = 46-61 -  

[81] 
Vanillin pendant 

group monomers 
Methyl Acetate 

Melt Polycondensation 

with ethylene glycol 
Tg = 31-51 -  

[82] 
Phloretic acid - 

Lignin Monomer 

Ethylene 

Carbonate 
Melt polycondensation Tm = 6-32 

Extrusion/Injec

tion Molding 
 

[83] 

Ester containing 

monomer from 

vanillin 

Tischenko 

reaction with 

allyl bromide 

Thiolene polymerization Tg = -18 - 31 -  

[84] 
Phloretic acid 

dimers and trimers 
Acetic Anhydride 

Solvent 

Polycondensation 

Tg = 41-105  

Tm = 197-265 
-  

[85] Bisguaiacol - 
Polycondensation with 

acid chlorides 
Tg = 42-164   

 Vanillin 
1,3-

chloropropanol 
Melt Polycondensation 

Tg = 68 C Tm 

= 200 
Solvent casting  

[86] 
Divanillic ester 

monomers 
- Polycondensation Tg = 60-120 Solvent casting  

[87] 
Divanillic acid 

monomers 
- Polycondensation Tg = 19-89 

Solvent 

Casting/Therm

opressing 

 

[88] 
Divanillic acid 

monomers 
- 

Polycondensation with 

adipic acid / hexanediol 
Tg = 48-111 

Solvent 

Casting 
 

[89] 
Divanillic acid 

monomers 
- 

Polycondensation with 

hexanediol 
Tg = 108 

Solvent 

Casting 
 

[90] 

Pyridine 

Dicarboxylic Acid 

from Lignin 

- 
Polycondensation / 

Enzymatic Condensation 

Tg = -30-30  

Tm = 100-185 
-  

[90] BisIsoeugenol Hydrogenation 
Interfacial  

polycondensation 

Tg = 19 - 108 

C Tm = 106 – 

259 

Solvent 

Casting 
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[91] Kraft Lignin - 
Melt polycondensation 

with PEG and Citric acid 
Tg = 4-10 

Solvent 

Casting 
 

[92] Organsolv Lignin  
Melt polycondensation 

with acid chlorides and 

PEG 

Tg = =36 to -

58 
-  

[93] BisIsoeugenol Epoxidation 

Interfacial  

polycondensation 

followed by crosslinking 

Tg = 19-105 Solvent cast  

[94] 
Steam exploded 

lignin 
- 

Solvent 

Polycondensation 
- -  

[95] Vanillin 4-BromoButyrate 
Copolymerization with 

DMT, BDO and DEG 
Tm = 164   

[96] Vanillin 
Vanillyl Alcohol 

by reduction 

Polycondensation with 

diacid chloride 
Tg = 16-81 -  

 

This review outlines the evolution and various methodologies of synthesizing 

polyesters from lignin or lignin-derived monomers, highlighting key innovations and 

findings in the field. The initial endeavors involved utilizing kraft lignin directly as a 

macromonomer, predominantly reacting with acid chlorides to produce polymers of low 

molecular weight and glass transition temperatures. It was observed that aliphatic OH 

groups were more reactive in these polymerization reactions compared to aromatic OH 

groups. 

A significant advancement was noted by Gandini et al., who introduced 

oxypropylation to modify sterically hindered lignin hydroxyl groups into more accessible 

aliphatic hydroxyl groups, although this modification wasn’t explored for polyester 

synthesis [79]. Incorporating aromatic linkers emerged as a technique to enhance the glass 

transition temperatures of the polymers significantly, from as low as -60°C to as high as 

155°C [59]. This finding underscores the principle that more rigid aromatic rings can 

elevate the glass transition temperatures of polymers. Subsequent research shifted towards 

utilizing technical lignins in copolymers with synthetic polymers, demonstrating 

improvements in properties such as hydrophobicity—attributed to the aromatic content 

from lignin—and melting behavior similar to caprolactone [97]. 
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The focus on lignin-based monomers marked a pivotal direction in research, with 

phloretic acid drawing significant attention. Phloretic acid, derivable from lignin, was 

utilized in innovative ways to yield polyesters. For instance, Winfield et al. functionalized 

this monomer using ethylene carbonate, transforming an aromatic hydroxyl group into an 

aliphatic one, subsequently polymerizing it to form a polyester [82]. Similarly, Ren et al. 

engaged the Tishchenko reaction to introduce ester linkages into allyl bromide 

functionalized vanillin, facilitating further polymerization to a polyester through thiolene 

polymerization [83]. Efforts to enhance molecular weights in polyesters derived from 

lignin involved acetylation of phloretic acid to mitigate sublimation during melt 

polycondensation, showcasing a strategic approach to overcome limitations associated 

with direct melt polycondensation. The development of polypropylene vanillate as a 

semicrystalline polyester, through the functionalization of the aromatic hydroxyl group 

with chloropropanol and subsequent melt polymerization, represents another notable 

achievement in the field [98]. This approach mirrors that used with phloretic acid, yielding 

a monomer with distinct acid and alcohol functionalities conducive to polyester synthesis. 

Diverse studies involving divanillic acid have explored the synthesis of polyesters by 

varying the monomers, including cyclic, aromatic, and aliphatic ones. These studies have 

indicated potential for biodegradability and adhesive applications, significantly broadening 

the scope of lignin-derived polyesters [86–89,99]. Innovations continue with the 

exploration of bisisoeugenol, derived from the reductive catalytic fractionation of wood, 

showcasing the synthesis of polyesters with tunable glass transition temperatures and the 

integration of epoxy networks for enhanced mechanical properties [90,93]. This trajectory 

of research not only emphasizes the versatility of lignin and its derivatives in polymer 
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science but also underscores the ongoing potential for new material development with 

improved or novel properties. 

2.3.3 Lignin Oil Based Polymers 

There have been a few studies attempting to synthesize epoxies and polyurethanes 

from lignin oil. A study attempted to create epoxy resins by modifying pine wood lignin 

oil with epichlorohydrin. In a follow up study, hardwood lignin oil was utilized in a similar 

protocol to form epoxy resins. The resins were cured with diethylene triamine and BPA 

based diglycidyl ether to yield cured thermosets [170,171]. In a similar study, lignin oil 

was used as one of the polyols along with polyethylene glycol to form polyurethane foams 

[172]. 

Given the burgeoning interest in lignin-derived materials, it's pivotal to 

acknowledge that, to date, lignin oil—a rich source of aromatic biocarbons—has been 

underutilized in the synthesis of both polyesters and polyamides. While compounds 

derivable from lignin have demonstrated potential for polyester and polyamide synthesis, 

the direct utilization of lignin or its oil for polyamide production could significantly 

mitigate the low yield issue inherent to pure lignin-derived monomers in biorefineries. 

A notable gap exists in the application of lignin for polyamide synthesis, 

particularly because previous efforts often resorted to employing toxic acid chlorides. 

Chapter 4 of this dissertation directly addresses this challenge by employing lignin oil in a 

solvent-based polycondensation pathway for polyamide production. This approach not 

only circumvents the low yield dilemma but also leverages a more environmentally 

friendly synthesis process. 
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On the polyester front, the abundant hydroxyl functionalities of lignin have 

captivated considerable research interest. Yet, the domain of unsaturated polyesters 

remains largely unexplored with respect to lignin or lignin oil. Chapter 5 seeks to bridge 

this gap by pioneering the synthesis of unsaturated polyesters from lignin oil, followed by 

curing with various acrylates. This venture into uncharted territory aims to expand the 

repertoire of lignin-based materials, potentially leading to new applications and 

sustainability benefits in the field of polymer science. 
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CHAPTER THREE:  

HYBRID NANOCELLULOSE-HYPERBRANCHED POLYMER FILLERS FOR 

PHBV 

3.1 Introduction 

Due to increasing public awareness of the depletion of natural resources and 

concern about pollution associated with petroleum-based plastic products, the development 

of sustainable plastics has drawn considerable attention from consumers, manufacturers, 

policymakers, and institutions [12]. Accordingly, significant progress has been made in 

recent decades toward synthesizing bio-based and biodegradable plastics with performance 

competitive with large-volume plastics while having a smaller carbon footprint [100].  

Polylactic acid (PLA) has the largest market share of all biobased plastics. It has 

been incorporated into the food and beverage industry to replace single-use plastics with 

requisite mechanical and thermal performance [101]. Another bio-based polymer of 

interest, poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), is a bacteria-derived 

linear polyester containing randomly arranged 3-hydroxybutyrate (HB) and 3-

hydroxyvalerate (HV) segments [102]. The market share of PHBV is expected to increase 

from 1.8% to 6.4% over the next five years, making it the third largest biobased 

biodegradable polymer in the market [103]. PHBV exhibits several advantages, such as 

biodegradability in multiple mediums, high biocompatibility with a wide variety of cells, 

and scalable production [104]. Despite its advantages, PHBV exhibits a high brittleness 

associated with large spherulites and high glass transition temperature. An increase in the 

HV segment content can reduce the brittleness of PHBV but at the expense of tensile 

strength and modulus. Various properties of PHBV, such as mechanical properties, 
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crystallinity, degradation rate, thermal stability, and hydrophilicity, need to be tailored to 

achieve a plastic with balanced properties appropriate for real-world applications [105].  

Adding functional fillers to PHBV is a feasible and effective way to overcome its 

shortcomings. For example, nanomaterials such as graphene, reduced graphene oxide, and 

carbon nanotubes have been shown to reinforce PHBV [106–108]. For example, a study 

on graphene/PHBV nanocomposite films showed a 25% increase in tensile strength [107]. 

Another study showed that functionalized carbon nanotubes increase the tensile strength 

and Young's modulus of PHBV by up to 88% and 172%, respectively [108]. However, 

formidable cost limits its application in many plastics, including PHBV. On the other hand, 

low-cost natural plant-based fibers such as jute, flax, pineapple, hemp, and oak wood have 

also been incorporated into PHBV to improve its mechanical properties while maintaining 

its sustainability and biodegradability [42,109–112].  

Among plant-based fibers, cellulose nanocrystals (CNCs) are an exciting choice 

because of their exceptional mechanical properties, high aspect ratio, and high purity [113]. 

Because of their interesting properties, CNCs can be utilized in a wide variety of 

applications, like biomedical, Pickering emulsifiers, adsorption, adhesives, and in polymer 

composites [114]. Primarily CNCs are prepared from cellulose-rich sources like wood, 

cotton, hemp, linen, and flax via chemical methods like acid hydrolysis and oxidation. 

CNCs can also be prepared via mechanical defibrillation. Biologically CNCs can be 

synthesized from bacteria [114]. CNCs are crystalline in nature with rod like structures 

with common aspect ratios of 4–20 nm in width and 100–500 nm in length [115]. Like most 

plant-based fibers, CNCs are highly hydrophilic due to the abundant hydroxyl groups, 

resulting in a strong tendency for irreversible agglomeration [116] and poor compatibility 
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with hydrophobic biopolymers, both of which are deleterious to the mechanical properties 

of the final composite. To address this, the CNCs have been chemically modified to 

mitigate their hydrophilicity and improve compatibility [37,117–119]. Consequently, 

CNCs have been incorporated into bio-based polymers such as PLA, polycaprolactone 

(PCL), and PHBV to improve mechanical properties [113,120–123]. Previous studies on 

incorporating CNC in PHBV showed mixed results with improved stiffness at the cost of 

elongation at break [21–23,28]. 

PHBV and many other biodegradable bioplastics have insufficient strength and low 

toughness; thus, simultaneous enhancement of both properties is highly desirable. However, 

achieving this is considerably challenging. In previous attempts, a hyperbranched polymer 

(HBP) was incorporated into PHBV to improve the toughness and elongation at break, but 

it also reduced tensile strength and modulus [124]. In recent work, phenyl-terminated HBP 

was compounded with PHBV, increasing elongation at the break and impact strength by 

400% and 158%, respectively. However, stiffness was reduced [125] This is a common 

trend while incorporating toughening agents/tough polymers into biobased polymer 

matrices. In many cases, fillers capable of improving strength and stiffness usually fail to 

enhance the toughness and impact strength  [46,102,122,124,125].  

Li et al. proposed a strategy of "soft-rigid" reinforcements, in which “soft" 

amorphous polycarbonate (PC) and “rigid” modified CNCs were incorporated into PHBV 

by dissolving PC and PHBV in chloroform and emulsifying the blend with CNCs dispersed 

in water [126].  Films made from the blends had improvements in tensile strength and 

toughness of up to 273.8% and 821.9%, respectively, over the initial PHBV. In our 

previous study, the research group grafted “soft” poly(ethylene glycol) (PEG) segments 
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onto the surfaces of “rigid” CNCs to create a hybrid particle filler [43]. The study involved 

meticulously adjusting the PEG length in order to enhance the stiffness and toughness of 

PVA composite films simultaneously.  

Keeping the soft-rigid architecture in mind, I have selected HBP as the 

hybridization agent and PHBV as the matrix for the following reasons (1) HBP is 

commercially available and has been shown to act as a toughening agent in the co-author’s 

previous studies [127] (2) CNC and HBP both have an abundance of hydroxyl groups that 

can be easily linked using isocyanate chemistry at low temperatures (3) Utilizing 

hybridized CNC aimed to draw the toughening properties of HBP along with the stiffening 

properties of CNC to improve the properties of PHBV. In this study, I investigated a hybrid 

filler prepared by conjugating HBP with CNC (“soft” and “stiff” components, respectively) 

through isocyanate chemistry. The study attempts to relate the chemical structure and 

surface properties of the hybrid filler with polymer crystallinity as well as the thermal, 

mechanical, viscoelastic, and morphological properties of the PHBV composites. 

Foaming biopolymers through physical and chemical blowing methods is another strategy 

for mitigating brittleness and improving toughness while also lowering bulk density and 

often improving economics [128,129]. Currently, there are only a few studies on batch 

foaming of PHBV; most, if not all, use supercritical CO2 as the blowing agents [130,131]. 

However, in studies on polypropylene and polylactic acid, N2 led to a higher cell density, 

less shrinkage of foams, and a higher expansion ratio than CO2, despite its lower solubility 

[132]. The same may be true for PHBV, but this has not yet been studied. Here, I investigate 

supercritical batch foaming of PHBV alone, as well as with our hybrid fillers, using 

supercritical N2.  
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3.2 Materials and Methods 

3.2.1 Materials 

PHBV pellets (ENMAT Y1000P, 8% HV content, injection molding grade) were 

purchased from Tianan Biological Materials, China. The CNCs were prepared by the 

USDA Forest Products Laboratory in Madison, WI, via sulfuric acid hydrolysis and had a 

length of 271±47 nm and a width of 6.17±2.00 nm. CNCs were freeze-dried before 

dispersion in solvent and HBP conjugation. Toluene diisocyanate (Sigma Aldrich) and the 

HBP Boltorn™ H30 Regular (Polymer Factory) were commercially available and were 

used without purification. Tetrahydrofuran (THF), Toluene, and Acetone were purchased 

from Sigma Aldrich.  

3.2.2 Synthesis of fillers 

Two types of CNC-HBP fillers were synthesized through similar chemistry but 

different protocols (Fig 1). The filler prepared by treating CNC first and then adding HBP 

for conjugation was termed CH; the other, made by first treating HBP and then adding 

pristine CNC, was termed HC. Details of the synthesis are presented below.  

CH – The freeze-dried CNCs were dispersed in toluene under ultrasonication. The 

concentration of the CNC was kept at 1g per 50 ml of toluene. The dispersion quality of 

the sonicated suspension was qualitatively assessed using cross polarizers for shear 

birefringence according to a procedure specified by Foster et al [133]. The suspension was 

heated to 90 °C and held for an hour to eliminate any water in the solution. The temperature 

was then reduced to 45 °C, and three equivalents (eq.) of toluene diisocyanate were 

introduced into the system. The reaction was carried out for 5 hours. The suspension was 

centrifuged at 6000 rpm (4427 g) for 10 mins, and the precipitated product was washed 
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with dry toluene four times to eliminate unreacted isocyanates and other side products. 

Following this, the isocyanate functionalized nanocellulose was dispersed in 50 ml 

tetrahydrofuran (THF) under ultrasonication. The suspension was heated to 60 °C. One eq. 

of HBP was added to the suspension and reacted for 5 hours. After the conjugation reaction, 

the product was washed with THF four times. 

HC – 1g HBP was first dissolved in 50 ml THF and heated to 60 ℃. 3 eq. of toluene 

diisocyanate (32 OH groups per molecule of THF) was added and reacted for 5 hours. After 

the reaction, the product was recovered using a rotary evaporator and washed with acetone 

to remove unreacted isocyanates. 1g of freeze-dried CNCs were suspended in 50 ml THF 

using ultrasonication, and the dried modified HBP was added to the suspension. The 

solution was reacted at 60 ℃ for 5 hours. Following the reaction, the suspension was 

centrifuged, and the sediment product was washed with THF four times to eliminate 

unbonded HBP. The schematics of these two procedures are presented in Fig 5. 
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Figure 5 Schematic of CH (upper) and HC (lower) synthesis via two procedures. 

3.2.3 Chemical characterization of hybrid fillers 

Fourier transform infrared spectroscopy (FTIR, Thermo-Nicolet is 50) was used to 

determine the chemical nature of the fillers. Spectra were collected in transmittance mode 

from 4000 to 400 cm-1 at a resolution of 2 cm-1. A VersaProbe III (Physical Electronics, 

USA) with a monochromatic Al X-ray source operating at 15 kV, 25W, with a beam spot 

of ~100 𝜇m in diameter, was used for X-ray photoelectron spectroscopy (XPS).  

3.2.4 Preparation of nanocomposites (CH and HC) 

The CNC-HBP nanostructures were dispersed in chloroform using ultrasonication. 

After ultrasonication, PHBV pellets were added to the suspension and heated to 60 °C. The 

mixture was stirred for 4 hours before being cast in a 5 cm × 5 cm square silicon container. 

After complete drying under the ambient condition, the solvent-cast specimens were 

ground into granules for subsequent injection molding.  
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3.2.5 Injection molding 

Before injection molding, CH and HC composites were vacuum-dried at 70 ℃ for 

4 hours to remove moisture. A DSM Xplore micro-injection molding unit with a barrel 

temperature of 170 ℃ and a mold temperature of 60 ℃ was used to injection mold Standard 

type-V tensile specimens (ASTM D638, thickness=1.12 mm). The injection and holding 

pressures were both 4.5 bar, and the holding time was 15 s.   

The names of the composites are denoted as xCH and yHC, where x and y are the 

filler contents (x, y = 1, 3, 5, 10). The filler content is by weight% of CNC in the final 

composite. It is noted that, when denoting the concentration of fillers in the composites, it 

only considered the weight of CNC core, excluding the mass of HBP. This method makes 

the measurements easy.  

3.2.6 Mechanical properties of composites 

The tensile properties of the injection-molded type-V specimens were determined 

as per ASTM D638-14 using an Instron universal testing machine (Model 1125), which 

was equipped with a load cell of 50 N and a cross-head speed of 1 mm/min with 7.62 mm 

initial gage length. The dimensions were based on Type V ASTM D638-14 samples. 

Overall length was 63.5 mm. The width of the narrow section was 3.18 mm, and the length 

of the narrow section was 9.52 mm. The strain rate of 0.1312/min was chosen based on a 

previous study. The sample thickness was measured at 1.1 mm. The force vs displacement 

data was through the crosshead speed.  

3.2.7 Thermal characterization of the PHBV composites  

For differential scanning calorimetry (DSC, DSC250, TA Instruments) 

measurements, each sample (≈5mg) was subjected to a heating-cooling-heating cycle in 
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N2 from -50 to 200 ℃ at the rate of 20 ℃/min, -5 ℃/min, and 10 ℃/min, respectively. The 

melt temperatures (𝑇𝑚) and the enthalpy (∆𝐻𝑚) were determined from the second heating 

scan. The crystallization temperature (𝑇𝑐) and enthalpy (∆𝐻𝑐) were determined from the 

cooling scan. The degree of the crystallinity (𝜒𝑐) was calculated by: 

𝜒𝑐(%) = ∆𝐻𝑚/∆𝐻𝑚
0 × 100/𝑎, 

where the ∆𝐻𝑚
0  is the melting enthalpy for 100% crystalline PHBV, taken as 146.6 J/g 

[134], and 𝑎 is the weight fraction of the PHBV in the composites. For thermogravimetric 

analysis (TGA, TGA250, TA Instruments), samples (≈8.0 mg) were analyzed from 25 to 

600 ℃ at 10 ℃/min under N2 flow. 

3.2.8 Foaming  

The procedure involved saturating the sample at 4000 psi at 175 °C for 30 mins and 

then reducing the temperature to 80 °C for 3 hours to complete the dissolution. These 

samples were then depressurized rapidly to induce cell nucleation, foamed in an oil bath at 

varying temperatures (160-180 °C) and times to induce cell growth, and finally submerged 

in a water bath to stabilize the cells. To observe the cell morphology, foams were treated 

with liquid nitrogen and broken. After sputter coating with platinum, the exposed foamed 

cross-sections were observed using scanning electron microscopy with an accelerating 

voltage of 15 kV (SEM, Hitachi-S3400).  

A quantitative analysis of the average cell size and cell density was performed using 

an image analysis tool (ImageJ). The cell density was calculated using the following 

formula where N is the number of cells, L is the linear length of the area, and M is a unit 

conversion resulting in the number of cells per unit volume. –  
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Cell Density = ((
𝑁

𝐿2
)

3
2⁄

) 𝑀 

3.2.9 Scanning Electron Microscopy Fracture Analysis  

The fractured surfaces after tensile testing were sputter coated with platinum. The 

morphologies were analyzed under an SEM (Hitachi-S3400) under high-vacuum with an 

accelerating voltage of 5 kV.  

3.2.10 Rheological Characterization 

A parallel plate rheometer (Discovery HR-2, TA Instruments) was used to 

determine dynamic rheoloical properties of CH and HC composites. The measurements 

were performed at 176 °C using stainless steel plates with a diameter of 25 mm. The trim 

gap was set at 1000 μm between the two plates. Samples were equilibrated at 176 °C for 5 

min before tests. A strain sweep test was first performed to determine the linear viscoelastic 

region of the composites, and a shear strain of 0.5% was chosen for all subsequent 

frequency sweep tests. The frequency was varied from 0.1 to 628 rad/s. 

3.3 Results and Discussions  

3.3.1 Chemical analysis  

For this study, toluene diisocyanate was used to modify CNCs due to its selectivity 

of the para-substituted isocyanate over the ortho-substituted isocyanate. The para-

substituted isocyanate is more reactive and can selectively react with the substrate's 

hydroxyl groups. This allows me to carry out a two-step functionalization [36]. The 

suspensions of isocyanate-modified CNCs are more stable in many solvent systems than 

unmodified CNCs [36,113,135] due to their increased hydrophobicity and solvent 

compatibility. FTIR spectra and XPS graphs were recorded to evaluate the chemical 
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linkage between CNC and HBP designed for the hybrid fillers. Fig 6(a) shows the spectra 

of the pristine CNC and HBP. The peak at 1160 cm-1 can be assigned to the presence of a 

sulphated group formed due to the sulphonation of CNC while performing acid hydrolysis 

[136]. The band at 1060 cm-1 represents the stretching of the C–O bond in the glucose unit 

in the CNC. The band at 2833 cm-1 corresponds to the aliphatic C-H stretching in the CNC 

units. The peak at 1428 cm-1 can be assigned to CNC's CH2 symmetrical bending and 

scissoring motion. A peak at 1722 cm-1 represents the prominent carbonyl in its backbone 

for the HBP unit (see Fig 5). The terminal hydroxyl groups show a broad hydrogen bonding 

peak between 3000-3500 cm-1.  

 

Figure 6 FTIR spectra of (a) pristine CNC and HBP, (b) fillers CH and HC, (c) and (d) 10CH and 10HC 

composites. 
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Fig 6(b) shows the FTIR spectra of the two-hybrid fillers. Both fillers show 

characteristic peaks from the CNC as well as HBP. For example, the C-O stretching peak 

(1060 cm-1) from the CNC and the backbone carbonyl (1722 cm-1) from the HBP peak 

were observed in both fillers. The fillers showed a broad peak associated with the 

intramolecular hydrogen bonding of the -OH groups in the CNC between 3000-3500 cm-1. 

A critical distinction is the free isocyanate peak (2276 cm-1) visible in the FITR spectra of 

HC filler (arrow in Fig 6(b)) while not seen for CH. This can be attributed to the abundance 

of hydroxyl groups on HBP, which extended to excessive isocyanate and were left 

unreacted after the CNC conjugation. Previous studies on surface modification of CNC 

with isocyanates have reported the carbonyl peak corresponding to the urethane linkage 

between 1700-1720 cm-1 [113]. Isocyanate functionalization of CNC is a challenge as the 

isocyanates are sensitive to moisture. The presence of moisture leads to the self-

polymerization of the toluene diisocyanate, forming an inactive polyurea [137]. The FTIR 

spectra of PHBV and PHBV/CNC-HBP composites were also analyzed, as shown in Fig 6 

(c,d). A broad peak between 3000-3500 cm-1  was observed for both CH and HC 

composites while not evident for neat PHBV. This peak is characteristic of hydrogen 

bonding of hydroxyl groups [138]. Upon closer inspection of the peaks of HC and CH 

composites, the peaks in the composites are broader than in neat PHBV, without any 

evidence of peak shifting. Moderate hydrogen bonding leads to this phenomenon in FTIR 

spectra [139]. This can confirm the existence of hydrogen bonds between the carbonyl 

groups in the PHBV matrix and the terminal hydroxyl groups in the filler. Hydrogen 

bonding is thus the primary matrix filler interaction observed here. 
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Since isocyanate modifications and CNC-HBP conjugation occur preferably on the 

surface, XPS is an appropriate method to analyze the chemistry in these near-surface 

regions. The reaction however favors surface hydroxyl groups C2-OH groups versus C6-

OH and C3-OH groups. C6-OH groups are sulphonated during acid hydrolysis and C3-OH 

groups are sterically hindered [43]. The XPS survey spectra show evidence of carbon, 

nitrogen, and oxygen in both CH and HC nanostructures as seen in Fig 7(a), with a higher 

nitrogen element content (N%), found in HC (9.25%) than in CH (5.51%). The nitrogen 

element can primarily be attributed to the chemical urethane linkages introduced by the 

isocyanate reaction. Higher N% implies a higher isocyanate graft in HC, which can be 

explained by more available terminal hydroxyl groups on the HBP than CNC, and is in 

agreement with the observation of the FTIR spectrum (Fig 6(a))  

 
Figure 7 (a) Survey spectra of CH and HC filler, (b) N1s spectra of CH filler, (c)N1s spectra of HC filler, 

(d) C1s spectra of CH filler, and (e) C1s spectra of HC filler. 

 

High-resolution XPS spectra were recorded for the two hybrids to understand the 

nature of the bonding (Fig 7(b-e)). The high-resolution spectra for C1s and N1s were 
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analyzed, and peaks were fitted using PeakFit with an R2 value of at least 0.99. On nitrogen 

analysis, both CH and HC show a peak at 400 eV, corresponding to the C-NH bond found 

in urethanes. The HC sample shows an additional peak at 402.1 eV, which corresponds to 

free isocyanates N-C=O on the surface of the linked HBP (Fig 7(c)) and is consistent with 

the FITR results. The C1s spectra for CH and HC showed C-C, C-H linkages at 284.8 eV, 

C-N linkages at 285.7 eV, C-O linkages at 286.4 eV, and C=O linkages at 289.0 eV; this 

is in agreement with previous literature for urethane linkages [140]. These particular 

linkages confirm the formation of the urethane bond. Thus, the chemical linking of the 

HBP and CNC and the existence of free isocyanate on the HC surface were confirmed.  

3.3.2 Thermal analysis  

Understanding the thermal, crystallinity, and degradation behavior of the 

composites is critical to understanding the properties of the composites. The thermal 

properties and crystallinity were assessed using DSC and TGA. PHBV is a semi-crystalline 

thermoplastic with sharp melting and crystallization peaks in its thermogram. The 

crystallinity of the composites was estimated using the second heating curve and melting 

enthalpies. Table 4 highlights the DSC thermal behaviors of the composites and the 

crystallinities.  

Table 6 Thermal behavior of the CH and HC composites. 

Sample 

1st Heating 

Melting 

temperature 

(°C) 

2nd Heating 

Melting 

temperature 

(°C) 

2nd Heating 

Melting 

Enthalpy 

(J/g) 

Crystallizati

on 

Temperatur

e (°C) 

Crystallizati

on Enthalpy  

(J/g) 

Degree of 

Crystallinity

, PHBV (%) 

PHBV 174.10 174.37 89.446 126.2 83.136 61.01 

1CH 174.37 172.83 88.013 119.2 82.450 60.60 
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3CH 175.89 174.14 87.354 122.94 80.589 61.43 

5CH 173.40 174.15 84.007 124.00 78.057 60.31 

10CH 173.05 174.85 85.917 127.24 79.880 65.11 

1HC 173.51 174.96 91.062 126.04 84.035 62.74 

3HC 174.27 173.79 85.752 120.57 79.350 60.30 

5HC 174.40 173.83 85.408 119.82 79.297 61.32 

10HC 174.64 173.77 87.844 123.27 81.150 66.57 

  

For both CH and HC composites, the degrees of crystallinity were relatively 

unchanged, up to 5% filler loadings, and notably increased at 10% loading. Generally, CNC 

fillers have two opposing effects on the crystallization of the polymer. On one hand, the 

filler provides additional sites for nucleation, induces heterogeneous nucleation, and thus 

increases the crystallinity. On the other hand, the filler reduces the polymer chain's mobility 

inhibiting its crystallization [113]. Both effects on crystallization are comparable for the 

two samples at lower concentrations, up to 5% filler loading. However, the 10CH and 

10HC samples show an increased crystallinity compared to the rest and can be attributed 

to a significant increase in heterogeneous nucleation sites.  
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Figure 8 DSC thermograms for cooling (a) CH (b) HC, 1st heating (c) CH (d) HC, and 2nd heating (e) CH 

(f) HC. 

Fig 8 shows the DSC thermograms for the cooling, 1st and 2nd heating cycles of the 

CH composites. Upon inspecting the cooling behavior, adding 1% of CH filler retarded 

crystallization, but the crystallization temperature recovered as more filler was added. The 

CH filler with its complex molecular arrangement involving branched HBP at its terminals 

can cause further entanglement with PHBV molecular chains. This entanglement can cause 

the crystallization process to lag and cause a decrease in crystallization temperature. 

However, the addition of filler reversed the trend. For the HC composites, the trend appears 

similar, except that more filler was required before a minimum crystallization temperature 

was reached, and the temperature had not yet fully recovered with the addition of 10% 

filler. The 2nd heating thermogram showed a single melting peak for all the composites. 

The melting temperatures followed a similar pattern to the crystallization temperatures. 

The 1st heating thermograms show the thermal history related to the processing conditions 

of the composites. Higher ramp rate and higher filler loadings for both CH and HC 

composites led to the broadening of the melting peak. I hypothesized that the more 
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complicated filler surface interaction might mitigate the heterogenous nucleating effects 

and further chemical and imaging investigation of the surface of the fillers was needed to 

understand the crystallization behavior of the composites.  

 

Figure 9  TGA degradation curves for the (a) CH and (b) HC composites. 

TGA thermograms of CH and HC composites are shown in Fig 9(a, b). Table 5 

highlights 5% (T5%) and 95% (T95%) weight loss for the composites under a N2 atmosphere. 

All thermal degradation appeared to be single-step processes between 250-340 °C. Both 

the CH and HC fillers decreased the T5% and showed a reduction in thermal stability 

compared to neat PHBV. It has been reported that nanocellulose slightly accelerates the 

thermal degradation of PHBV because of impurities or absorbed water. PHBV has been 

shown to degrade undergoing random chain scission via the mechanism of cis-elimination 

[141,142]. While little difference in the T5% temperatures was found for the CH composites, 

there were notable reductions for the HC composites. This could be due to the additional 

degradation sites resulting from the free isocyanate groups on the surface of the HC filler 

[143]. However, the effect is not proportional to filler content, and more investigation is 

required to better understand the source of this reduced thermostability. The T95% for both 
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CH and HC composites generally increased with filler content, as has been found in similar 

investigations [116,123]. 

Table 7 TGA degradation temperatures for CH and HC composites. 

Composite T5% (°C) T95% (°C) 

0 271.04 299.01 

1CH 271.99 302.44 

3CH 265.24 299.17 

5CH 269.75 308.24 

10CH 266.82 327.7 

1HC 259.49 293.79 

3HC 260.16 300.43 

5HC 259.84 301.18 

10HC 261.64 312.65 

 

3.3.3 Mechanical properties  

The tensile properties are shown in Fig 10. Fig. 11 shows representative stress-strain curves 

for the composites. The HC composites showed an increase in stiffness with increased filler 

loading from 1-5%. A similar increase was not observed for CH samples. Maximum 

moduli increases were observed in 5% filler addition, with 34% and 19% increases for HC 

and CH composites, respectively. The improvement in stiffness came at the cost of 

reducing the elongation at break for the HC and CH fillers, which is commonly seen in 

many composites, including those made with CNCs [144]. The 5HC sample showed a 48% 

reduction in elongation at break compared to neat PHBV. The partial recovery in 

elongation at break of 10 % loading is  can explained by the agglomeration of CH/HC at 

high concentration leading to a reduction in reinforcement compared to a well-dispersed 

filler. No significant improvements were observed in the tensile strength of either our CH 

or HC-reinforced composites. The lack of CH/HC reinforcement was disappointing and 

indicated an inability of the fillers to transfer stress from the matrix effectively. This may 
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be attributed to a number of factors including suboptimal dispersion of the CH composites 

as seen in the SEM images in Fig 12., inadequate HBP linkage to CNCs in both CH and 

HC composites, or lack of adequate covalent bonds between the PHBV matrix and the 

isocyanate from the HC filler. Compared to conventional fillers reported in literature like 

CNTs, the reinforcement is rather subpar. Previous studies on functionalized CNTs showed 

an increase in tensile strength of up to 88% and increase in stiffness up to 172% [108]. 

Compared to CNTs, graphene on the other end had rather poor reinforcement ability in this 

particular study [145] with an increase of up to 25% in tensile strength. 

 

 
Figure 10 Mechanical properties of the CH and HC composites 

 
Figure 11 Representative stress-strain curves of the CH and HC composites 
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3.3.4 Fracture Morphology 

 

 
Figure 12 SEM images of fracture morphologies of the CH (top) and HC (bottom) composites. 

 

 The fracture surfaces of both neat PHBV and the composites exhibited a 

characteristic smoothness, indicative of brittle failure in the composite materials [130,146]. 

Upon closer examination of the SEM images, distinct features were identified on the 

surfaces of CH and HC composites. Both composites revealed an even distribution of tiny 

holes, marked by white circles, suggesting filler pullout occurring in various orientations 
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[146]. The uniformity in hole distribution in both CH and HC composites implies a 

consistent pullout phenomenon. Notably, the SEM analysis revealed signs of filler 

agglomeration in the CH composites, as indicated by red circles, even at lower filler 

loadings. The uneven size of the observed holes in CH composites was attributed to this 

filler agglomeration, potentially influencing the mechanical properties and fracture 

behavior of the composites. The surface chemistry of the HC fillers facilitated easier 

dispersion compared to CH fillers, evident in the absence of voids and the uniform 

distribution of the fillers. Despite the favorable dispersion, the surface chemistry of the HC 

fillers did not contribute to strong adhesion with the PHBV matrix, resulting in limited 

improvements in tensile strength. However, the even dispersion did contribute to improved 

stiffness in the composites. Conversely, CH fillers showed a slight improvement in tensile 

strength, but the relatively uneven distribution of the filler particles resulted in suboptimal 

performance enhancements. The SEM analysis indicated that the addition of CH and HC 

fillers did not alter the brittle failure mode of PHBV; the composites retained characteristics 

of brittle failure despite the variations in filler content and distribution. 

3.3.5 Foaming of the composites  

The CH and HC composites were saturated with N2 using a high-pressure Parr 

reactor using N2. Despite having lower solubility than CO2, N2 as a blowing agent has been 

shown to have higher cell densities, less foam shrinkage and higher expansion ratios [132]. 

Xu, et al. developed a two-step batch foaming procedure incorporating a melting step at 

176 °C during gas absorption [131]. This was done in order to overcome PHBV 

crystallization effects on N2 solubility. The second step in the study carried out a 

depressurization at 145-165 °C to induce foaming with increased melt strength [131]. 
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However, in the case of N2, depressurization at a high temperature led to poor results. 

Consequently, in our procedure, I also incorporated a melting step but depressurized at 

80 °C to prevent premature foaming in the pressure vessel. After N2 saturation, the PHBV 

sample was immersed in an oil bath at temperatures from 160-180 °C, which reduced 

stiffness and triggered the nucleation of the dissolved N2 and bubble growth.  

Immersion time and oil bath temperature were first optimized with pure PHBV to 

yield high bubble density and low bubble diameter. The foaming processing window was 

very narrow. The samples did not foam at temperatures below 165 °C due to their high 

stiffness inhibiting cell expansion, but they melted at temperatures over 180 °C resulting 

in bubble collapse. Samples foamed for less than 30 s showed no cellular structure, and 

those foamed for 40-60 s deformed. Consequently, the optimal foaming temperature and 

time for PHBV were 170 °C for 30 s (Fig 13(a)). The PHBV samples showed a cell density 

of 5.26 x 105 cells/m3. Previous reports have shown that addition of filler leads to an 

increase in melt stiffness and reduction of cell size. Unfortunately, when I applied these 

foaming conditions to the CH and HC composites, little evidence of foaming was observed 

(Fig 7(b)). Incorporating CH/HC fillers in PHBV may have increased melt stiffness, 

reduced gas solubility, or increased gas loss during foaming [124]. To understand the 

failure in foaming, melt rheological studies were carried out for the composites.  
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Figure 13 SEM Micrographs of neat PHBV (a) and 1CH composite (b) foamed at 170 ℃ for 30 s. 

3.3.6 Rheological Properties 

Melt strength, as determined by rheological properties, is a pivotal factor 

influencing the foaming behavior of composites. Lower melt strength promotes larger cell 

sizes due to increased cell growth, while higher melt strength impedes cell expansion, 

preventing cell rupture and collapse [147]. The storage and loss moduli for the CH and HC 

composites have been shown in Fig. 14. In examining the control sample of PHBV, 

observable polymer melting characteristics were noted, with an elevation in both storage 

and loss moduli corresponding to an increase in angular frequency. The heightened loss 

modulus of pure PHBV suggests a prevalent viscous nature under the specified conditions. 

Conversely, CH composites exhibited amplified storage and loss moduli, indicating 

enhanced melt strength and foaming prevention. At higher angular frequencies, the 

composites displayed shear-thinning behavior while maintaining consistent storage and 

loss moduli. The inclusion of CH fillers resulted in composites that were less sensitive to 

angular frequency, indicative of solid-like material behavior in rheology. Additionally, CH 

composites exhibited a higher degree of elastic behavior relative to viscous behavior under 

the specified conditions, a phenomenon previously observed in cellulose nanowhisker-

PHBV composites [148]. In contrast, HC composites displayed lower storage and loss 

a b 
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moduli compared to CH composites. HC composites exhibited a higher storage modulus 

at lower angular frequencies but displayed non-terminal behavior at higher frequencies. 

The intricate interactions between isocyanate and the polymer matrix may contribute to 

this behavior, distinguishing it from CH composites. The rheological behavior of the 

composites can give us some insights into the dispersion of fillers. A previous study on 

PLA/CNC composites showed improved storage moduli with incorporation of CNCs in 

the polymer matrix under oscillatory load. The stronger polymer-filler interactions for CH 

composites led to an improvement in the storage modulus and more solid like behavior. 

The fillers with good adhesion led to the formation of a network like structure in the 

composites leading to an increased storage modulus.  

 
Figure 14 Storage modulus for the CH (a) and HC (c) composites and loss modulus for the CH(b) and 

HC(d) composites. 
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3.4 Conclusions 

This study attempted to combine the benefits of CNC and HBP to construct hybrid 

fillers to reinforce yet improve (or at least maintain) the toughness of PHBV. Isocyanates 

were chosen as the linkage because of their high reactivity with hydroxyl groups of CNCs 

and HBPs. Two types of fillers were constructed using similar isocyanate chemistry but 

different procedures. The FTIR results identified the urethane linkages between the HBP 

and CNC and free isocyanate on HC, both of which were further confirmed by XPS. The 

DSC results showed that reduced molecular mobility dominated at low CH and HC loading, 

while nucleation dominated in 10CH and 10HC composites. The TGA analysis showed 

that HC composites were thermally less stable than CH composites as well as pure PHBV. 

This can be attributed to the free isocyanates on the HC filler degrading earlier than the 

constituents. The moduli for HC composites increased up to 34% but at the cost of 

elongation at break. The tensile strength remained relatively unchanged for all fillers, 

suggesting unsatisfactory reinforcement by the new hybrid nanostructure. The HC filler 

showed better dispersion but did not show any improvement in tensile strength. This was 

attributed to the surface chemistry of the HC filler. The CH filler showed marginal 

improvement in tensile strength but showed signs of agglomeration. A notable drawback 

of the study was that the workflow involved multiple steps, which can be technically 

demanding and cost inefficient, and use of toxic solvents for solvent casting. Possible 

factors associated with the failure of reinforcement include 1) Agglomeration of the CH 

fillers 2) surface chemistry of the HC fillers, 3) the crystallization kinetics of PHBV with 

CH/HC fillers, and the effect of chain entanglement on crystallization. I also attempted 

batch foaming of the samples using N2. For unmodified PHBV, a narrow range of foaming 
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temperatures (170-175 °C) and time (30 s) were found. The composites, however, did not 

foam at these optimized conditions. Rheological investigations revealed an increased melt 

stiffness of the composites, and more elastic behavior in the composites.  
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CHAPTER FOUR:  

SYNTHESIZING POLYAMIDES FROM LIGNIN – LINKING THE STRUCTURE OF 

LIGNIN OIL TO POLYMER PROPERTIES 

4.1 Introduction 

With the depletion of petroleum reserves and the escalating global temperatures, 

the demand for sustainable polymers has become increasingly crucial [149]. To address 

this need, current research endeavors are centered around employing the principles of green 

chemistry in polymer synthesis and manufacturing [10]. One particular area of focus is the 

exploration of alternative feedstocks for polymers [150]. Nature offers a plethora of 

potential feedstocks such as starch, soluble sugars, polysaccharides, cellulose, pectin, 

hemicellulose, and lignin, which have garnered significant attention in research [11]. 

Among these feedstocks, lignin has emerged as a subject of particular interest. As the 

second most abundant biopolymer attainable from non-food-based sources, lignin exhibits 

a complex and heterogeneous structure composed of three aromatic monomers: coniferyl, 

p-coumaryl, and sinapyl alcohols [151]. Extracting and functionalizing these monomers 

holds the promise of yielding high-value polymers, serving as a viable substitute for 

petroleum-derived feedstocks [52]. 

Conventionally, lignin is commercially isolated through sulfite, kraft, organosolv, 

and soda pulping methods, with the final properties of the lignin contingent upon the 

specific process employed [152]. At the laboratory scale, alternative approaches such as 

enzymatic hydrolysis, wet oxidation, pyrolysis, ionic liquids, and reductive catalytic 

fractionation have been explored [153–156]. Extensive efforts have been devoted to 

functionalizing lignin, leading to the formation of polyols, epoxies, and improved 
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compatibility with polymer matrices [52,58,157–161]. Notably, the field of lignin 

functionalization has progressively embraced the principles of green chemistry [162]. For 

instance, organic carbonates have been proposed as substitutes for allyl bromides in the 

production of epoxy precursors, and isocyanates in the production of polyols [159,160,163]. 

Recent studies have even demonstrated the use of organic carbonate functionalized lignin 

for the development of chemically recyclable non-isocyanate polyurethanes, as well as the 

replacement of bisphenol A (BPA) in epoxy resins [55,56,164]. Furthermore, the 

scalability of the process from lab to pilot scale has been demonstrated [57]. Reductive 

catalytic fractionation, a "lignin-first" process, enables the solubilization, fractionation, and 

extraction of lignin directly from wood. Traditionally conducted under catalytic pressure 

in a hydrogen atmosphere, this process yields small lignin monomers [16,22]. The choice 

of catalyst employed influences both the chemical composition and the molecular weight 

distribution of the resulting product. For instance, while Ru/C lacks selectivity toward a 

specific monomer, Pd/C selectively yields bifunctional monomers [60]. The resulting 

product, referred to as RCF Lignin or lignin oil, comprises a mixture of monomers, dimers, 

and oligomers derived from the lignin's molecular structure. This oil possesses abundant 

aliphatic and aromatic hydroxyl groups, which present opportunities for further 

functionalization [17]. Research has been carried out in trying to understand the 

constituents of lignin oil. Lignin oil produced by Pd/C catalysis tends to favor the formation 

of bifunctional monomers with an aliphatic as well as aromatic hydroxyl group [60]. Lignin 

oil is comprised of up to 49% monomers for hardwood [165].  

Lignin oil, a relatively novel material, has garnered significant research interest for 

its potential in polymer production and as a precursor material [166,167]. Prior to the 
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emergence of lignin oil, lignin-based polyamides were synthesized using vanillin. A recent 

study highlighted the synthesis of high molecular weight and thermally stable polymers 

from divanillin acid using a solvent-based polycondensation method[168,169]. Other 

studies have explored the use of furan dicarboxylic acid and its derivatives to form high 

molecular weight polyamides with commendable thermal and mechanical properties 

[62,65,66,76,77]. A previous study incorporated lignin into biobased polyamides to 

increase crosslinking and improve mechanical properties and hydrophobic behavior [78]  

Two important studies utilized monolignols and hydroxycinnamates to form BPA 

alternatives for polyamide synthesis. The first study utilized ether bonds to link 

hydroxycinnamates to form a diacid, while the second study utilized ester bonds to link 

monolignols to form a diacid. The polymers were synthesized with a wide variety of 

diamines ranging from short chain aliphatic diamines to aromatic diamines [74,75].  

There have been a few studies attempting to synthesize epoxies and polyurethanes 

from lignin oil. A study attempted to create epoxy resins by modifying pine wood lignin 

oil with epichlorohydrin. In a follow up study, hardwood lignin oil was utilized in a similar 

protocol to form epoxy resins. The resins were cured with diethylene triamine and BPA 

based diglycidyl ether to yield cured thermosets [170,171]. In a similar study, lignin oil 

was used as one of the polyols along with polyethylene glycol to form polyurethane foams 

[172]. The addition of lignin oil improved mechanical properties of these systems.  

This present study focuses on the chemical modification of lignin oil generated 

from the reductive catalytic fractionation process to produce a prepolymeric material for 

the synthesis of polyamides. The modification process occurs in two steps involving 

organic carbonates and maleic anhydride. The modified lignin oil was extensively 
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characterized to determine its thermal and chemical properties. Subsequently, the 

prepolymeric material was polymerized using polycondensation with various diamines, 

and the resulting polymer was subject to thermal, chemical, and dynamic mechanical 

analysis. The results revealed the formation of polyamides with varying glass transition 

temperatures and thermal degradation behaviors. These prepared polyamides could be 

processed via solvent casting and molding into samples for mechanical testing in a similar 

process to divanillic acid based polyamides [70,73].  

This study demonstrates the ability to chemically functionalize lignin oil with the 

green class of chemicals known as organic carbonates, and studies their polymerization to 

a high-value class of polymers, polyamides. Through the utilization of sustainable 

feedstocks and green chemistry principles, the study aims to enhance the understanding 

and development of lignin-based polymers with desirable properties and potential 

applications as semi-aromatic and aromatic elastomers with good thermal resistance.  

4.2 Materials and Methods 

4.2.1 Chemicals  

Poplar wood was purchased from Home Depot. Methanol, Acetone, and 

Dichloromethane (DCM) were purchased from Fischer Scientific. Triphenyl phosphite 

(TPP), lithium chloride (LiCl), n-methyl pyrrolidone (NMP), pyridine, d-DMSO, d-

Chloroform, p-Phenylenediamine (PPD), 1,10-diaminodecane (DAD), propylene 

carbonate (PC), Pd/C, and maleic anhydride (MA) were purchased from Sigma Aldrich.  

Lignin Oil (RCF) was provided by NREL for the preparation of DMA testing samples.  
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4.2.2 Reductive Catalytic Fractionation of Wood 

The poplar wood was converted into sawdust using an electric saw. The sawdust 

was then sieved through a 0.5mm sieve to remove larger chips. The experiment was 

conducted in a 500 ml high-pressure batch reactor (Parr Instruments). To set up the reactor, 

30 g of poplar wood, 3 g of Pd/C catalyst, and 300 ml of methanol were loaded into the 

reactor under a constant nitrogen environment. The reactor was sealed and flushed three 

times with N2 (10 bar). Subsequently, the reactor was pressurized with H2 (30 bar at room 

temperature). The reaction mixture was stirred at 750 rpm while being heated to 250°C for 

approximately 30 minutes. The reaction was allowed to proceed for 3 hours. This procedure 

was adapted from Bosch et al. [60]. After the reaction time, the reactor was cooled and 

depressurized at room temperature. The contents of the reactor were collected 

quantitatively by washing the reactor with methanol. The solid pulp obtained was then 

stirred with acetone for 3 hours. The mixture was filtered, and the solid residue was washed 

with acetone. The resulting filtrate was subjected to a threefold liquid-liquid extraction 

using dichloromethane (DCM) and distilled water. The DCM-extracted phase, containing 

the RCF lignin oil (RCF), was dried in an oven at 80 °C. It is important to note that the 

procedure involves a highly flammable solvent and catalyst mixture and should be handled 

safely.  

4.2.3 Functionalization of RCF Lignin 

1 g of RCF lignin oil was weighed and 5 ml of propylene carbonate was added to 

it. 0.095g of K2CO3 was added to the reaction mixture. The reactants were reacted at 

170 °C after flushing with nitrogen in a condenser setup for 1 hour. The product was 
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subjected to a threefold liquid-liquid extraction using DCM and distilled water. The DCM 

extracted phase (RCFPC) was dried in an oven at 80 °C overnight.  

1 g of RCFPC was weighed and 5g of maleic anhydride was added to the reaction 

mixture. The mixture was heated to 130 °C and reacted for 5 hours under a condenser set 

up. The product was subjected to a threefold liquid-liquid extraction using DCM and 

distilled water. The DCM extracted phase (RCFPCMA) was dried in an oven at 80 °C 

overnight.  

4.2.4 Polymerization 

RCFPCMA (1 g) was dissolved in NMP (10 mL), then an equimolar amount (Based 

on 31P N NMR calculations) of diamine, 2 equivalents of TPP, and pyridine (1.2ml). were 

slowly dripped into the flask, which was filled with nitrogen and heated for varying 

temperatures and times. Following the reaction, the product was precipitated in water and 

washed with methanol followed by deionized water. Finally, the product was dried 

overnight under vacuum at 80 °C. The polyamides were named RCFPA-Aromatic and 

RCFPA-Aliphatic for PPD and DAD based polymers respectively. 

4.2.5 FTIR Spectroscopy  

Fourier transform infrared spectroscopy (FTIR, Thermo-Nicolet is50) was used to 

determine the chemical nature of the fillers. Spectra were collected in ATR mode from 

4000 to 400 cm-1 at a resolution of 2 cm-1 with 64 scans.  

4.2.6 NMR Spectroscopy  

31P NMR spectroscopy was conducted to elucidate the phosphorylation status of 

lignin samples. The experiments utilized a Bruker Avance Neo III 300 MHz spectrometer, 

equipped with a phosphorus-optimized pulse program to ensure accurate quantification and 
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resolution of phosphorus-containing species. An internal standard solution was prepared 

by dissolving cholesterol in a mixed solvent of pyridine and deuterated chloroform (CDCl3) 

at a ratio of 1.6:1 (v/v), achieving a concentration of 40 mg/ml. Using the same solvent 

mixture, a relaxation agent solution of chromium acetylacetonate was prepared at 10 mg/ml. 

For the sample preparation, approximately 40 mg of lignin was precisely weighed and 

combined and dissolved in 500 µL of the solvent solution. To this, 100 µL of the internal 

standard solution and 50 µL of the relaxation agent solution were added. 100 µL of 2-

chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was added to the prepared solution. A 

standard phosphorus pulse program was employed, with the spectral acquisition consisting 

of 256 scans. Topspin 4.2 software was used for data processing and volume integration. 

HSQC 2D NMR was carried out on the Bruker Avance Neo III 300 MHz NMR. 40-50 mg 

of sample was dissolved in d-DMSO.  

4.2.7 Gel Permeation Chromatography 

The molecular weight of lignin precursors was measured using GPC (Waters) with 

a Styragel HR1. The lignin oil was dissolved in THF at a concentration of 5 mg/ml. 0.22 

um PTFE filters were used for the solvent as well as samples. PS calibration standards were 

used at 1 mg/ml. The flow rate was fixed at 1 ml/min. Lignin samples were detected by a 

UV-Vis detector at 210 nm. All molecular weight calculations were carried out after 

calibration using Empower software.  

4.2.8 Thermal Analysis  

Thermogravimetric analysis of the cured resins was performed while heating under 

N2 using a TA instruments Discovery TGA 5500. About 5 mg of the dried sample was 

heated at 10 °C/min to 700 °C at a flow rate of 25 mL/min. TGA allows determination of 
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the degradation temperature and simultaneously indicated the absence of residual solvents. 

Differential Scanning Calorimetry (DSC) measurements were performed on a DSC 250 

(TA Instruments) by using a heat-cool-heat cycle from -50 to 200 °C. The glass transition 

temperatures were reported from the second heating cycle.  

4.2.9 Dynamic Mechanical Analysis  

Dynamic Mechanical Analysis (DMA) was conducted using a Mettler Toledo 

DMA (SDTA 861) instrument. The samples were prepared by solvent casting of the 

samples, utilizing a solution of formic acid and DCM spread onto PTFE dishes. The 

polymers were then allowed to dry overnight at a temperature of 80 °C. Subsequent to 

drying, the samples were molded into discs with a diameter of 7.5 mm. These discs were 

affixed to a shear fixture, and the sample thickness was determined by measuring the 

difference in the fixture's thickness before and after the samples were clamped. A dynamic 

force of 35 N was applied. The strain was set at 1%, corresponding to an amplitude of 6.1 

μm. Temperature sweeps were conducted for the RCFPA-Aliphatic samples over two 

distinct ranges: from -50°C to 60°C and from 20°C to 120°C. Additionally, the frequency 

of the sweeps was adjusted between 0.5 Hz and 5 Hz. Specifically, the storage modulus, 

loss modulus, and tan delta values, were plotted to assess the materials' mechanical 

behaviors over the specified temperature and frequency ranges. 

4.3 Results and Discussion 

4.3.1 Functionalization of Lignin Oil  

The lignin oil was obtained through reductive catalytic 

fractionation/hydrogenolysis. This process resulted in a brown viscous liquid. The lignin 

oil is a mixture of monomers, dimers, and oligomers. This was evident in Fig. 17 which 
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highlights the GPC chromatogram of RCF. The highest peak on the GPC chromatogram 

corresponds to 4-propanolsyringol and 4-propanolguaiacol. The lignin oil had a 40.35% 

bifunctional monomer content by mass based on the GPC chromatogram areas. Hardwood 

upon reductive catalytic fractionation leads to a high monomer content in the lignin oil, 

compared to softwood. Hence, poplar wood, a cheap easily renewable hardwood was 

chosen as a starting material for the production of lignin oil [173]. The lignin oil has a 

mixture of aliphatic as well as aromatic hydroxyl groups which can be functionalized to 

form polymerizable reaction sites.  

 

Figure 15 Reaction Scheme for Functionalization of Lignin Oil 

 

To functionalize the lignin oil, the first step involved using propylene carbonate as 

a solvent and reagent for oxyalkylation. Propylene carbonate was chosen as an alternative 

to propylene oxide which is a toxic reagent. Organic carbonates have the potential to be 

synthesized using atmospheric CO2 [174].  Moreover, organic carbonates are considered 

green solvents because of their benign chemical nature, ease of separation and high boiling 
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points [174]. The chemical reaction of propylene carbonate was understood using 31P NMR 

and 2D NMR. Based on the analysis of 31P NMR, both the aliphatic and aromatic hydroxyl 

groups reacted with propylene carbonate, leading to the formation of an extended chain 

with terminal aliphatic hydroxyl groups. An illustration of the same with lignin has been 

shown in Fig 15. In the second step, these terminal aliphatic hydroxyl groups were 

esterified with maleic anhydride, resulting in the formation of terminal carboxylic acid 

groups. These carboxylic acid groups could then undergo further polymerization through 

polycondensation with various diamines. The oxypropylation of lignin was performed at 

170 °C, causing the elimination of carbonate groups as CO2 [161] as illustrated in the 

reaction scheme Fig. 15.Complete conversion of all aromatic hydroxyl groups was 

achieved within 1 hour, as confirmed by spectroscopic analysis using 31P NMR. 

 

Figure 16 31P NMR Spectra for RCF, RCFPC, and RCFPCMA 

A two-step strategy was employed to convert aromatic hydroxyl groups into 

aliphatic hydroxyl groups. In the second step, maleic anhydride was reacted with RCFPC 

at 130°C, resulting in the complete conversion of all hydroxyl groups to carboxylic acid 

groups. Initially, a direct reaction of RCF with maleic anhydride was attempted to 
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functionalize the lignin with carboxylic acid groups. However, unlike propylene carbonate, 

maleic anhydride did not react with the aromatic hydroxyl groups at temperatures up to 

170°C. The results for this have been highlighted in Fig S1 that showed unreacted aromatic 

groups at 142 ppm and 138 ppm. Without conversion of aliphatic hydroxyl groups, it would 

be difficult to have bifunctional monomers for further polymerization. The stacked NMR 

with RCF, RCFPC, and RCFPCMA has been shown in Fig. 16.  The NMR spectrum of the 

RCF shows peaks corresponding to the aliphatic hydroxyl groups at 146-147 ppm and 

peaks corresponding to the aromatic hydroxyl groups at 139 and 142 ppm. The NMR 

spectra of RCFPC indicated that both aliphatic and aromatic hydroxyl groups reacted with 

propylene carbonate. The initial step of the reaction showed that all aromatic hydroxyl 

groups at 139 and 142 ppm extended the chain, leading to the formation of aliphatic 

hydroxyl groups at 145 ppm. Some pre-existing aliphatic hydroxyl groups also reacted with 

propylene carbonate. The signal around 145 ppm corresponded to hydroxyl groups from 

propylene carbonate, while the signal at 146-147 ppm corresponded to existing aliphatic 

hydroxyl groups on the lignin oil monomers and dimers. Previous studies on propylene 

carbonate functionalization on lignin showed similar behavior with aliphatic hydroxyl 

groups also participating in oxypropylation. Upon esterification of these newly generated 

aliphatic hydroxyl groups with maleic anhydride, a new peak at 134 ppm emerged as seen 

in the RCFPCMA spectra in Fig.16, signifying the esterification of all the aliphatic 

hydroxyl groups.  

Table 8 Hydroxyl Content of lignin oil 

Sample Aliphatic OH 

Content 

(mmol/g) 

Aromatic OH 

Content 

(mmol/g) 

Carboxylic Acid 

Content 

(mmol/g) 

Total OH 

Content 

(mmol/g) 

RCF 3.0 3.1 0 6.1 
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These two steps of reactions led to a decrease in hydroxyl content as seen in Table 

8. The hydroxyl content of the oil initially is 6.1 mmol/g which decreases over the 

functionalization steps. This decrease was based primarily on increased molecular weight 

and some condensation reactions in between lignin.  

 

Figure 17 GPC chromatograms of the functionalized lignin oil 

The condensation was further corroborated by the GPC chromatogram as seen in 

Fig 17. It showed that the molecular weight distribution in the final functionalized oil 

differed from that of the original oil due to condensation reactions. Initial RCF showed a 

sharp peak corresponding to the bifunctional monomer 4-propanolysringol and 4-

RCFPC 4.6 0 0 4.6 

RCFPCMA 0 0 3.6 3.6 
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propanolguaiacol with a molecular weight of ~200. RCFPC showed a considerable 

increase in molecular weight compared to native RCF. Similar observations have been 

reported by Kuhnel et al [161] and during the functionalization of organosolv lignin and 

by Sternberg et al [55] during the functionalization of Kraft lignin. It is important to note 

that there are two peaks in the GPC chromatogram of RCFPCMA, suggesting some bond 

cleavage in the presence of maleic anhydride. Further studies are necessary for determining 

the structure of these cleaved molecular units. A secondary test using GC/MS (Fig. S2) 

was conducted to confirm the molecular weight of the monomer formed during reductive 

catalytic fractionation, and the results aligned with the findings from GPC and previous 

studies [60].  

Table 9 Molecular Weight of the functionalized lignin oil 

Sample Mn Mw PDI 

RCF 260 724 2.78 

RCFPC 600 1784 2.98 

RCFPCMA 167 1316 7.00 

 

Thermal analysis of the oil indicated its heterogenous nature, consisting of a 

mixture of monomers, dimers, and oligomers. The glass transition temperature of the oil 

increased with each functionalization step, from -48°C to 0°C over the course of two steps 

further indicating an increase in hydrogen bonding due to etherified and esterified units 

acting as hydrogen bond acceptors.  

2D NMR spectroscopy, specifically HSQC NMR, was employed to elucidate the 

chemical bond structures within functionalized lignin oil. The HSQC NMR technique 

facilitates the correlation between carbon and hydrogen atoms across different chemical 

environments, providing a detailed insight into the molecular structure of the lignin oil after 

functionalization. 
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Figure 18 2D HSQC NMR Spectra of (a,c) RCFPC (b,d) RCFPCMA 

The 2D NMR spectra focused on the region representing interunit aliphatic carbon-

hydrogen pairs (δC/δH 50.0–90/0–12 ppm), was selected to investigate the presence of 

carbons adjacent to alcohol, ether, and aromatic methoxyl (Ar-OCH3) groups. It was 

showcased and marked in Fig. 18. This area is particularly informative for identifying the 

chemical shifts associated with such functional groups in lignin.  

Within the aliphatic region, areas highlighted in green in the spectra for both 

RCFPC and RCFPCMA corresponded to O-Me groups from the original lignin oil, 

indicating that these methoxyl groups remained unaltered during the functionalization 

process. This observation is consistent with previous 2D NMR analyses of lignin oil, 

reaffirming the stability of these groups under the conditions applied [53]. 

Furthermore, the appearance of new chemical activity, marked in red, pinpointed 

the formation of ether bonds, specifically highlighting the CH bonds adjacent to newly 

formed ether linkages resulting from the functionalization with propylene carbonate. 

Additionally, the spectra for RCFPCMA showcased further activity, delineated in yellow, 

which was attributed to the CH bonds in maleic anhydride that formed ester linkages with 
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the lignin oil. This additional activity confirms the successful attachment of maleic 

anhydride to the lignin structure through ester bond formation. 

4.3.2 Polymerization with various diamines 

 

In this study, polymerization of the functionalized lignin oil was conducted using a 

polycondensation method with different diamines. The polymerization was carried out in 

a solvent-based environment following the Higashi method [175]. LiCl and pyridine were 

added to the solvent to aid in dissolving the polymer by forming a complex that enhances 

polymer solubility by hindering hydrogen bonding of aromatic rings. TPP served as the 

catalyst that activated the acid group for polymerization. The Higashi method was chosen 

for its non-toxic synthesis procedure that avoids the use of acid chlorides. The resulting 

polyamides had a brown color, and the polymerization process was optimized to achieve 

desired thermal properties in the final polymer. A solventless – catalyst free polymerization 

process was also attempted to see the alternative greener synthesis method. The 

temperature of polymerization ranged from 110-180°C, and the reaction time varied from 

6-24 hours. Lower temperatures were found suitable for polymerization with aromatic 
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diamines, while higher temperatures were required for polymerization with aliphatic 

diamines.  

The synthesized polymers were insoluble in most organic solvents and hence FTIR 

analysis was primarily used to characterize the polymerization by confirming the presence 

of amide linkages. The polymerization process led to increased viscosity of the mixture 

and the evolution of water, which needed to be removed for the polymer to achieve high 

molecular weight. The reaction was carried out under a vacuum to continuously eliminate 

water vapor formed during the reaction. An equivalent molar ratio of the acid and amine 

groups was used to achieve the highest possible molecular weight in polycondensation 

reactions. 

With longer reaction times, parts of the polymer started precipitating out of the 

solvent. After polymerization, the polymer was washed with water and methanol to 

dissolve catalysts and unreacted monomers. The final polymer was not soluble in 

traditional organic solvents like DMSO, NMP, DCM, THF, and Chloroform. However, the 

polymers derived from DAD were soluble in a mixture of DCM and formic acid, which is 

a characteristic feature of other commercially available aliphatic polyamides. RCFPA-

Aromatic was not soluble in any solvent, preventing NMR characterization. FTIR analysis 

was conducted to gain insights into the polymerization reaction, and the FTIR graph was 

divided into two regions for detailed analysis. 
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Figure 19 FTIR Spectra of the various polymers compared with functionalized lignin oil with a focus on 

2500-4000 cm-1 

The IR spectrum shown in Fig. 19 displayed characteristics of strong CH linkages 

due to their aliphatic nature. This was evident in the peaks at 2800-2950 cm-1, which were 

distinctively different for RCFPA-PPD compared RCFPA-DAD. Additionally, the OH 

peak in between 3400-3600 cm-1 reduced in intensity after polymerization and a peak 

corresponding to the NH vibrations showed up in between 3400-3200 cm-1. This confirmed 

the polymerization of the functionalized lignin oil with the aliphatic and aromatic diamines. 
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Figure 20. FTIR Spectra of the various polymers compared with functionalized lignin oil with a focus on 

1400-1800 cm-1 

Upon closer examination of the FTIR spectrum in Fig. 20. the carboxylic acid 

carbonyl peak in the lignin oil appeared at 1721 cm-1. This peak was of particular interest 

as it indicated the conversion of the acid group to an amide group. Amide group carbonyls 

are represented by peaks in the region between 1600-1700 cm-1. The distinct carbonyl 

peaks in the final IR spectrum between 1700-1710 cm-1 for all the polyamides 

corresponded to the ester linkage in the modified lignin oil. The amide peak varied based 

on the diamine used: 1667 cm-1 for p-phenylene diamine polyamide, and 1655 cm-1 for 

Diaminodecane polyamide. This variation is expected, as conjugated and unconjugated 

amides exhibit different absorption peaks in an FTIR spectrum. The solventless synthesis 
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method led to the material solidifying within 1 hour of the reaction under vacuum and in 

an oil bath. FTIR analysis of the solventless polyamide synthesis revealed that the amine 

targeted the ester bond over the acid bond in RCFPCMA leading to reduction of the ester 

bond peak in the FTIR.  

Thermally, the polyamides underwent analysis using Differential Scanning 

Calorimetry (DSC) and Thermogravimetric Analysis (TGA). The DSC data for the 

synthesized polyamides indicated that their glass transition temperatures varied 

significantly, presenting values considerably higher than those of the functionalized lignin 

oil. Notably, the DSC thermograms displayed neither melting nor crystallization behavior 

within the temperature range of -50°C to 200°C, as depicted in Fig. 21. This confirmed the 

amorphous nature of the synthesized polyamides. The amorphous nature can be attributed 

to branched chemical structures on lignin oil monomer and a mixture of chemical species 

being used to synthesize the polyamides. The analysis of the second cycle in the DSC 

thermograms provided insights into the glass transition temperatures of the polyamides, 

revealing that the aromatic polyamide exhibited a higher glass transition temperature in 

comparison to the aliphatic polyamide. This difference is attributed to the inherent rigidity 

of the sp2-bonded aromatic rings, as opposed to the more flexible sp3-bonded aliphatic 

carbon chains, thereby imparting increased rigidity to the polymer chains [176]. Moreover, 

aromatic rings can act as hydrogen bond acceptors, thereby causing there to be increased 

hydrogen bonding in the aromatic polyamide leading to an elevated Tg [177]. This 

observation aligns with findings from a previous study by Brianna and Kasko, which 

explored the use of various diamines with lignin-based monomers for polyester-amide 

synthesis, underscoring the impact of using a variety of diamines to synthesize lignin 
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derivable polyester-amides [74]. Moreover, the samples showed a broad glass transition 

spanning over 40 °C for both the samples. The values reported in the table are the mid-

point values for the change in heat flow of the thermogram. The glass transition 

temperatures and the temperatures at 5% weight loss (T5%) are summarized in Table 8. 

Table 10 Thermal Properties of the various polymers 

Polyamide 
Tg  DSC 

(°C) 
T5% (°C) 

RCFPA – Aromatic 45 220.47 

RCFPA – Aliphatic 17 265.87 

 

Figure 21 DSC Thermograms of the synthesized polyamides 
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Figure 22 Thermal Degradation Curves of the Polyamides 

The thermal degradation profiles of the polyamides, depicted in Fig. 22, 

demonstrated that the temperatures at 5% weight loss for all polyamides exceeded 220°C. 

However, the aliphatic polyamides exhibited some mass loss below 150°C, potentially due 

to the absorption of moisture from the atmosphere. Moreover, the aliphatic polymers began 

degrading at higher temperatures compared to the aromatic polymers, which could be 

explained by the higher molecular weight of the aliphatic polyamides. The degradation 

profiles of all polyamides exhibited a two-step degradation process, with the first step 

corresponding to the degradation of ester linkages and the second step to the degradation 

of amide linkages. Aromatic polyamides displayed a higher residual weight at the 

conclusion of the TGA cycles, attributed to the higher aromatic content which enhances 

thermal stability relative to aliphatic carbon chains. This behavior mirrors that observed in 

polyester-amides synthesized from lignin-based monomers, highlighting the thermal 

stability imparted by aromatic structures [178]. 
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DMA was carried out to understand the viscoelastic behavior of the polymers. A 

shear fixture was used as it is the advised fixture for soft elastomeric materials [179,180]. 

An advantage of shear loading over other forms of loading is because materials do not 

undergo volume change under shear loading, only the shape changes. The displacement 

created under shear loading is straightforward to analyze as it is proportional to its distance 

from the plate [181]. The aliphatic polyamide exhibited a higher storage modulus than the 

aliphatic polyamide in the glassy state, DMA was conducted between -50 and 60 °C for 

RCFPA-Aliphatic and 20 to 120 °C for the RCFPA-Aromatic according to the degradation 

behavior shown by TGA and Tg observed in the DSC thermograms. Tan delta peaks were 

analyzed to verify the Tg values. For the aromatic polyamide, the Tg varied from 65 °C to 

74 °C with decreasing frequencies. This was higher than the Tg from the DSC thermogram. 

Multiple frequencies were utilized for DMA characterization to reveal additional frequency 

dependent relaxations. Upon closer examination of the loss modulus curves for the 

aromatic polyester, multiple transitions could be observed in between 40 – 80 °C. These 
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could be a sign of polymer heterogeneity. Since the polymers were synthesized from lignin 

oil, which is a heterogenous material, it is possible for the material to have multiple 

relaxation transitions. Similarly for the aliphatic polyamide, multiple transitions were 

observed in between -20 – 20 °C. These are primarily associated with the aliphatic chain 

relaxation corresponding to the DAD used for polymerization. The peak of the tan delta 

curve for the aliphatic polyamide pointed to Tg values in between 11 – 23 °C. This was in 

line with what was observed from the DSC thermograms. Transitions associated with 

aliphatic chain relaxations are associated with lower temperatures compared to aromatic 

building blocks. The aromatic polyamide had a very low storage modulus making it 

unsuitable for real world applications. The storage modulus of the aliphatic polyamide 

pointed towards its use as an elastomer with a low glassy and rubbery state storage modulus.  

4.4 Conclusion 

A polyamide material incorporating lignin oil as one of the prepolymeric 

components was successfully synthesized using solvent-based chemistry. The lignin oil 

underwent chemical modification through simple solventless procedures, resulting in the 

introduction of extended carboxylic acid groups. It is important to note that production of 

lignin oil is an energy intensive process and for this study, the most repeatable method was 

chosen to prove the potential of lignin oil. Ethanol can be utilized instead of methanol to 

minimize toxic chemical utilization and lower temperature depolymerizations can be 

carried out with improved catalyst design. The obtained results were in line with previous 

attempts at lignin oxyalkylations and malleations. Molecular weight determination and 

chemical structure characterizations confirmed the successful synthesis of the 

prepolymeric material. Some evidence of bond cleavage in the RCFPCMA chromatogram 
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was observed. A higher molecular weight column for GPC followed by other 2D NMR 

(COSY, ROESY) would elucidate bond cleavage in detail. By combining the aromatic 

rigid and brittle structure of lignin with the flexible aliphatic structure of Diaminodecane, 

the resulting polymers exhibited desirable properties. Thermal analysis indicated a 

moderate glass transition temperature and an amorphous nature of the polymers. Moreover, 

the thermal degradation analysis revealed that the material exhibited an onset of 

degradation at temperatures exceeding 220°C, indicating its potential for real-life 

applications. To gather some insight into the viscoelastic behavior, DMA was carried out 

at varying frequencies. The aromatic polyamide showed considerably higher storage 

modulus compared to the aliphatic polyamide at the same temperature. The tan delta plot 

showed multiple relaxations associated with heterogeneity of the polymers.  
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4.5 Supplementary Information 

 

Figure S 1 31P NMR Spectra of RCF directly reacted with Maleic Anhydride 

 

 

Figure S 2 GC Spectra of the Synthesized RCF confirming the synthesis of 2 monomers. 

Aliphatic Aromatic 
Acid 
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Figure S 3 FTIR Spectra of solventless polyamide synthesis 
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CHAPTER FIVE 

UNSATURATED POLYESTERS FROM LIGNIN OIL 

5.1 Introduction 

Lignin, as the most abundant renewable source of aromatic biocarbon, has garnered 

significant interest from both academia and industry. The chemical structure of lignin is 

particularly intriguing to polymer scientists because it offers a renewable pathway to high-

performance aromatic polymers. Chemically, lignin is a macromolecule adorned with 

hydroxyl groups, both aliphatic and aromatic. These groups have been exploited to 

incorporate various functionalities, including urethanes, epoxies, polyesters, vinyl groups, 

and even direct usage as formaldehyde resins. However, mechanically, the properties of 

lignin macromonomers do not align with those of commercial polymers, and polymers 

synthesized using lignin as a macromonomer fall short of global requirements. To address 

this, various methods have been developed for extracting and fractionating lignin, 

including organosolv, kraft pulping, sulfite process, soda, pyrolysis, and reductive catalytic 

fractionation, each with its own set of advantages and disadvantages that influence the final 

chemical structure of lignin. 

Reductive catalytic fractionation has drawn particular interest from the research 

community as it aligns with the principles of "Lignin-first" biorefining. This method aims 

at the selective depolymerization of lignin while preserving cellulose and hemicellulose in 

lignocellulosic biomass, offering a scalable approach to an integrated biorefinery. The 

product of this process, lignin oil, comprises a mixture of monomers, dimers, and oligomers, 

which can be utilized individually or as a mixture in polymeric materials. The advantage 

of employing smaller building blocks, as opposed to larger lignin macromolecules, lies in 
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their increased reactivity and reduced resistance towards polymerization reactions. Small 

molecules derived from lignin have sparked interest among polymer scientists for the 

creation of thermosetting networks, given their abundance of polyfunctional molecules 

(molecules with more than two reactive/polymerization centers), making them suitable for 

synthesizing thermosetting networks. Polyurethanes and epoxies have predominantly been 

explored for thermosetting networks derived from lignin, with previous studies employing 

isocyanates for polyurethanes and epichlorohydrin for epoxies. Additionally, lignin oil has 

been utilized to create epoxy polymers, with some studies mixing it with BPA-based epoxy 

precursors to form thermosets. Furthermore, studies have investigated the creation of vinyl 

networks from lignin by incorporating vinyl groups and crosslinking them with styrene or 

other acrylates. However, the use of lignin in unsaturated polyesters remains largely 

unexplored, despite its conceptualization in 2005, with scant research on synthesizing 

unsaturated polyester resins from lignin. 

The current study focuses on the functionalization of lignin oil, elucidating the 

chemical structure of the polymer resin, and examining the final properties of the cured 

polymers. Unlike previous chapters that used propylene carbonate, this study employs 

ethylene carbonate for functionalization due to its higher reactivity and the absence of a 

branched structure. Maleic anhydride, used in excess as a functionalization agent in 

previous chapters, is herein utilized as a polymerization diacid while incorporating vinyl 

units. These units act as crosslinking sites with various acrylates, leading to the formation 

of a polymeric thermoset network. The chemical structures of functionalization and 

polymerization were characterized using 31P NMR and FTIR, while the unsaturated 

polyester's structure was analyzed using 1H NMR and FTIR. The thermal properties of the 
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polymers were assessed using DSC and TGA, with preliminary studies on gel time and 

curing temperature conducted via rheology and DSC. Finally, the viscoelastic behavior of 

the polymers was evaluated using shear DMA. 

5.2 Materials and Methods 

5.2.1 Chemicals  

Poplar wood was acquired from Home Depot. Methanol, acetone, 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU), hydroxyethyl acrylate (HEA), methyl 

methacrylate (MEA), and dichloromethane (DCM) were procured from Fisher Scientific. 

N-methyl-2-pyrrolidone (NMP), deuterated dimethyl sulfoxide (d-DMSO), deuterated 

chloroform (d-chloroform), ethylene carbonate, palladium on carbon (Pd/C), and maleic 

anhydride were sourced from Sigma Aldrich. Lignin oil (RCF) was generously supplied 

by the National Renewable Energy Laboratory (NREL) specifically for the preparation of 

samples intended for Dynamic Mechanical Analysis (DMA) testing. 

5.2.2 Reductive Catalytic Fractionation of Wood 

The conversion of poplar wood to sawdust was accomplished using an electric saw, 

followed by sieving through a 0.5 mm mesh to eliminate larger chips. The experimental 

setup included a 500 mL high-pressure batch reactor from Parr Instruments. For reactor 

preparation, 30 g of poplar wood, 3 g of palladium on carbon (Pd/C) catalyst, and 300 mL 

of methanol were combined in the reactor under a nitrogen atmosphere. The reactor was 

sealed, flushed three times with nitrogen gas at 10 bar to ensure an inert environment, and 

then pressurized with hydrogen to 30 bar at ambient temperature. Stirring was maintained 

at 750 rpm, and the mixture was heated to 250°C for about 30 minutes, with the reaction 

proceeding for 6 hours. Post-reaction, the reactor was cooled to room temperature and 
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depressurized. The reactor contents were thoroughly washed out with methanol to collect 

the products. The solid pulp was mixed with acetone for 3 hours, filtered, and the residue 

washed with additional acetone. This filtrate underwent a three-stage liquid-liquid 

extraction using dichloromethane (DCM) and water. The DCM phase with RCF lignin oil, 

was then dried at 80°C in an oven. Caution is advised throughout this procedure due to the 

use of highly flammable solvents and a catalyst mixture, necessitating strict safety 

measures. 

5.2.3 Functionalization of RCF Lignin 

One gram of RCF lignin oil was accurately measured and combined with ten 

equivalents of ethylene carbonate. As a catalyst, 0.01 equivalents of 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) were introduced to the mixture. The reactants were 

subjected to a reaction process at 170°C under a nitrogen atmosphere, using a condenser 

setup, for a duration of 1 hour. Following the reaction, the product underwent a three-stage 

liquid-liquid extraction utilizing dichloromethane (DCM) and distilled water to separate 

the organic phase from the aqueous one. The organic phase, which contained the ethylene 

carbonate-functionalized RCF lignin oil (RCFEC), was then dried in an oven at 80°C 

overnight to remove any residual solvents. 

5.2.4 Polymerization 

One gram of RCFEC was reacted with one equivalent of maleic anhydride in the 

presence of 0.03 equivalents of Titanium(IV) butoxide (Ti(OBu)4) as a catalyst. NMP 

served as the solvent for this polymerization process. The reaction was conducted at a 

temperature of 200°C for a duration of 24 hours. Following the polymerization, the product, 

referred to as RCFECUP, underwent a three-stage liquid-liquid extraction process using 
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DCM and distilled water to separate the organic phase. The organic phase containing 

RCFECUP was then dried in an oven at 80°C overnight to eliminate any remaining solvent. 

5.2.5 Curing 

RCFECUP was combined with a crosslinking monomer mixture consisting of 20% 

by weight of hydroxyethyl acrylate (HEA) and methyl methacrylate (MMA). The curing 

of this mixture was performed using a two-step process in an oven. Initially, the mixture 

underwent a first curing step at 110°C for a duration of 24 hours. This was followed by a 

hardening phase at 170°C for 4 hours to further solidify the polymer network. Benzoyl 

peroxide served as the curing agent throughout this process, initiating the polymerization 

and crosslinking reactions necessary for forming the final cured product. 

5.2.6 FTIR Spectroscopy  

Fourier transform infrared spectroscopy (FTIR, Thermo-Nicolet is50) was used to 

determine the chemical nature of the polymers and prepolymers. Spectra were collected in 

ATR mode from 4000 to 400 cm-1 at a resolution of 2 cm-1 with 64 scans. All FTIR spectra 

were baseline corrected using an adaptive baseline.  

5.2.7 NMR Spectroscopy  

31P NMR spectroscopy was conducted to elucidate the phosphorylation status of 

lignin samples. The experiments utilized a Bruker Avance Neo III 300 MHz spectrometer, 

equipped with a phosphorus-optimized pulse program to ensure accurate quantification and 

resolution of phosphorus-containing species. An internal standard solution was prepared 

by dissolving cholesterol in a mixed solvent of pyridine and deuterated chloroform (CDCl3) 

at a ratio of 1.6:1 (v/v), achieving a concentration of 40 mg/ml. Using the same solvent 

mixture, a relaxation agent solution of chromium acetylacetonate was prepared at 10 mg/ml. 
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For the sample preparation, approximately 40 mg of lignin was precisely weighed and 

combined and dissolved in 500 µL of the solvent solution. To this, 100 µL of the internal 

standard solution and 50 µL of the relaxation agent solution were added. 100 µL of 2-

chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was added to the prepared solution. A 

standard phosphorus pulse program was employed, with the spectral acquisition consisting 

of 256 scans. 1H-NMR measurements were carried out using d-DMSO as a solvent. 

Approximately 40 mg of polymer was dissolved in 0.75 ml d-DMSO. The 1H spectra were 

obtained using a standard pulse program of 64 scans. The spectral width was set as Topspin 

4.2 software was used for data processing and volume integration.  

5.2.8 Thermal Analysis  

Thermogravimetric analysis of the cured resins was performed while heating under 

N2 using a TA instruments TGA 500. About 5 mg of the dried sample was heated at 

10 °C/mi to 700 °C at a flow rate of 25 mL/min. TGA allows determination of the 

degradation temperature and simultaneously indicated the absence of residual solvents. 

Differential Scanning Calorimetry (DSC) measurements were performed on a DSC 250 

(TA Instruments) by using a heat-cool-heat cycle from -50 to 200 °C. The glass transition 

temperatures were reported from the second heating cycle.  

5.2.9 Dynamic Mechanical Analysis  

DMA was conducted using a Mettler Toledo DMA (SDTA 861) instrument. The 

These discs were affixed to a shear fixture, and the sample thickness was determined by 

measuring the difference in the fixture's thickness before and after the samples were 

clamped. A dynamic force of 35 N was applied. The strain was set at 1%, corresponding 

to an amplitude of 6.1 μm. Temperature sweeps were conducted for the RCFPA-Aliphatic 
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samples over two distinct ranges: from -50°C to 60°C and from 20°C to 120°C. 

Additionally, the frequency of the sweeps was adjusted between 0.5 Hz and 5 Hz. 

Specifically, the storage modulus, loss modulus, and tan delta values, were plotted to assess 

the materials' mechanical behaviors over the specified temperature and frequency ranges. 

5.3 Results and Discussion 

5.3.1 Preparation of the unsaturated polyester resin –  

 

Figure 23 Representative Scheme of the Unsaturated Polyester 

Unsaturated polyester resins from lignin oil were synthesized using a two-step 

process. In the first step, the hydroxyl groups were oxyethylated using ethylene carbonate. 

The reaction was studied in detail using 31P NMR and FTIR. Ethylene carbonate is a 

greener alternative to ethylene oxide for the extension of aromatic hydroxyl groups using 

ether bonds. The reaction was carried out at 170 °C in order to minimize formation of linear 

carbonate linkages in between lignin monomers. There were a number of reasons as to why 
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ethylene carbonate was chosen over propylene carbonate as in the previous chapter. 

Propylene carbonate has an additional methyl group that promotes steric hindrance and 

reduces reactivity. Oxyalkylation has been shown to increase reactivity of lignin hydroxyl 

groups in numerous previous studies [163]. The drawbacks to organic carbonate based 

oxyalkylation is side reaction to form carbonates. Catalyst, temperature, and time choices 

for the reaction alleviate some of the concerns but not completely. In the case of propylene 

carbonate, the additional methyl group causes the terminal hydroxyl group to be a 

secondary aliphatic alcohol which has considerably lower reactivity than a primary 

aliphatic hydroxyl group. Additionally, during the crosslinking reaction, the methyl group 

can cause significant steric hindrance. The functionalization was carried out at 170 °C for 

1 hour to incorporate aliphatic hydroxyl groups via an ether linkage.  

 

Figure 24 31P NMR Spectra of RCF (Bottom) and RCFEC (Top) 

The reaction was understood using 31P NMR which clearly showed the complete 

reaction of the aromatic hydroxyl groups to yield aliphatic hydroxyl groups. In a 31P NMR 

the aliphatic, aromatic, and carboxylic acid hydroxyl groups resonate in specific regions. 
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In the region of 145-148 ppm, the lignin oil showed distinct peaks depending on the nature 

of the monomers. After oxyalkylation, due to near complete substitution of all hydroxyl 

groups, the NMR showed a distinct peak at 146.2 ppm. Kuhnel et al also showed similar 

results while functionalizing different kinds of lignin with ethylene carbonate [182]. This 

has one major implication that the functionality could be considered uniform, which would 

aid in optimization of polymerization reactions. A similar approach was used by Liu et al 

using ethylene carbonate on technical lignin [163].  

 

 

 

Figure 25 GPC Chromatograms for the functionalization of lignin oil 

Initial hydroxyl content of the lignin oil was measured to be around 6.1 mmol/g. 

After functionalization with ethylene carbonate, the final hydroxyl content was around 3.11 

mmol/g. The reduction in hydroxyl content was proportional to the increase in molecular 

weight determined from GPC. Other studies have attributed this to side reactions like linear 

10 100 1000 10000 100000

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Molecular Wt

 RCF

 RCFEC

 RCFECUP



 

 

87 

 

carbonate linkages as well as condensation in basic medium via the aromatic hydroxyl 

groups [182]. However, for the case of lignin oil, the primary reason was the increase in 

molecular weight of the lignin oil. Table 9 highlights the molecular weight distribution of 

the lignin oil, the functionalized lignin oil, and the unsaturated polyester resin.  

Table 11 Molecular Weight Distribution for Lignin 

Sample Mn Mw PDI 

RCF 259 471 1.82 

RCFEC 567 1396 2.46 

RCFECMA 470 2081 4.43 

 

The oxyalkylated lignin oil was further polymerized with maleic anhydride. 

Anhydrides have a higher reactivity with aliphatic hydroxyl groups compared to acid 

groups. Maleic anhydride was chosen as the monomer as it has an unsaturated C=C double 

bond that can serve as a site for crosslinking. Previous studies on biobased unsaturated 

polyester resins utilized maleic acid and phthalic anhydride as the reactive monomers for 

polymerizations. The polymerization was carried out in NMP as a solvent with Ti(OBu)4 

as a catalyst. The polymerization was carried out at 200 C for 24 hours under a vacuum to 

remove moisture. The polymerization was understood using FTIR and 1H NMR. The 

proton of interest in the 1H was the proton from the unsaturated bond in maleic anhydride 

at 6.4 ppm. The 1H NMR spectra shows a small peak associated with the C=C as 

highlighted in Fig 26. The spectrum also shows characteristic peaks from the aromatic 

region in lignin and ether bonds associated with lignin and RCFEC. Initial studies 

attempted a 2-step functionalization similar to the previous chapter followed by 

polycondensation with hexanediol. The polymer prepared using this method was insoluble 

in organic solvents as well as reactive dilutants. The product of solventless 

polycondensation using RCFEC and maleic anhydride was also insoluble in organic 
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solvents and reactive dilutants. A study on the curing of esterified lignin showed similar 

observations with the final polymer coating being insoluble in organic solvents [183]. It is 

hypothesized that the solvent based polycondensation inhibited network formation. The 

polymerization of RCFEC to RCFUP increased the Tg from -41 °C to  -23 °C. 

 

Figure 26 1H NMR Spectra of RCFECUP 

5.3.2 Curing of the unsaturated polyester resins 

The curing of the polyesters with crosslinkers was carried out using benzoyl 

peroxide as a free radical initiator. Benzoyl peroxide decomposes at 75 °C to yield free 

radicals which catalyze the curing process. A DSC was conducted to understand the curing 

temperature for the reaction system. An exothermic peak on the DSC scan revealed an 

optimum temperature of 110 °C for the curing of the system. A hardening step at 170 °C 

was also incorporated. The curing chemistry was understood using FTIR as the cured 

polymers were insoluble in organic solvents.   
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The FTIR spectra of the self - cured and crosslinked polyesters were shown in Fig 

27. The spectra were divided into two regions of interest, first corresponding to the C=O 

carbonyls and C=C regions and the second corresponding to the OH and CH vibration 

regions. Analyzing the FTIR spectra of the CH region, it was seen that CH vibrations in 

between 2800 cm-1 to 3000 cm-1 increased in intensity for both the HEA cured polyester 

and the MMA cured polyester. This can be attributed to the thermal curing of C=C bonds 

to C-C during the curing process. A very slight increase was also observed when 

RCFECUP was self-cured using benzoyl peroxide. While observing the broad carbonyl 

peaks between 1800 cm-1 and 1700 cm-1, the self-cured samples showed a peak shift 

signifying ester bond rearrangement during self-curing. The broad peak covers carbonyls 

from ester groups, acid groups, linear carbonate groups, and acid groups. The spectrum for 

RCFUP showed a broad peak representing linear carbonate groups and ester groups in 

between 1750 – 1700 cm-1. The two prominent peaks in the cured samples in the FTIR in 

between 1750-1700 cm-1 correspond to a linear carbonate group at 1740 cm-1 and an ester 

group from the crosslinking acrylates. Another key feature of the region is the C=C bond 

stretching in between 1640-1680 cm-1. The RCFECUP graph shows a peak corresponding 

to disubstituted C=C stretching. Upon self curing, the intensity of the peak reduces. And 

upon curing with the acrylate based crosslinkers, the peak disappears, confirming the 

curing reaction.   
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Figure 27 FTIR Spectra of the Polyesters of the carbonyl region (left) and hydroxyl region (right) 

The completion of curing and the thermal properties of the polymers were further 

verified through DSC thermograms. DSC analysis revealed that the first heating curve of 

both cured samples did not exhibit any specific thermal activity, indicating that the curing 

process for the reactants was complete. The Tg for all samples were recorded between -

20°C and -10°C, marking a slight elevation compared to the base RCFUP. This similarity 

in Tg across all samples can be attributed to the aliphatic extensions introduced during the 

oxyalkylation of the lignin oil. This phenomenon of relatively low Tg is consistent with 

observations from a study on the hydroxyethylation of lignin [163]. Additionally, no high-

temperature transitions associated with lignin were detected, which is likely due to the 

highly depolymerized state of the lignin oil used in the study and low crosslink densities 

as observed from DMA studies.  
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Figure 28 DSC Thermograms of Cured Esters (a) First Heating (b) Second Heating 

The thermogravimetric analysis (TGA) curves of the cured polyesters, illustrated in Figure 

29, revealed multistep degradation profiles with a significant degradation peak around 

400°C. The curing process notably enhanced the thermal stability of the polyesters. The 

RCFUP polyester exhibited a T5% of 220°C, which was slightly lower than the 235°C T5% 

observed for the functionalized lignin oil. However, when these polyester resins underwent 

self-curing or were cured with acrylates, their thermal stability improved significantly, with 

the T5% of all cured polyesters exceeding 280°C. This indicates that the cured materials 

possess the thermal resilience required for real-world applications. 

The TGA data for the cured polyesters also highlighted two distinct steps in the 

degradation process. The initial step is attributed to the degradation of side groups attached 

to the lignin structure, while the subsequent main degradation step corresponds to the 

breakdown of the polymer backbone. 
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Figure 29 TGA Thermograms of the Polyesters (left) and Derivative of weight (right) 

The DMA results for the cured polyesters were presented in Figure 30, displaying 

the storage modulus (G'), loss modulus (G''), and tan delta as functions of temperature. The 

frequency of the analysis was varied from 0.5 Hz to 5 Hz, ensuring that measurements were 

made within the linear viscoelastic range of the polymers. The resulting curves confirm the 

characteristics of a crosslinked material, exhibiting a transition from a glassy to a rubbery 

state, as indicated by the changes in the storage modulus. Specifically, polyesters 

crosslinked with methyl MMA demonstrated higher storage modulus values in the glassy 

state compared to those crosslinked with HEA. However, in the rubbery state, the 

distinction in storage modulus between the different crosslinkers was less pronounced. 

The Tg of the polymers were derived from the peak of the tan delta curves, ranging 

between 3°C and 12°C. These Tg values were higher than those reported through DSC 

analysis. Additionally, the Tg values increased with the frequency of oscillation, illustrating 

the frequency dependence of the glass transition. This frequency dependence suggests that 

at higher frequencies, molecular motions may not adequately respond to the applied stress, 

leading to a shift of the tan delta peak to higher temperatures. Conversely, at lower 

frequencies, molecular motions can more readily adjust to the stress, resulting in a shift of 
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the peak to lower temperatures. Moreover, the tan delta curves did not reveal any additional 

relaxation phenomena within the tested temperature range, reinforcing the effectiveness of 

hydroxyethylation in enhancing the homogeneity of the final polymers. 

 

Figure 30 DMA Scans for the cured polyesters RCFUP-HEA (top) and RCFUP-MMA (bottom) 

Crosslink density for the polymers was estimated from the rubbery plateau 

observed in the storage modulus (G') curves, a phase that follows the glass transition and 

is characterized by a relatively flat region on the graph. For RCFUPMMA, this plateau was 

noted at 35°C, and for RCFUPHEA, at 40°C. These densities were calculated employing a 

simplified Flory-Rehner equation: 

𝜈 =
𝐺′

3𝑅𝑇
 

where: ν is the crosslink density (moles of crosslinks per unit volume), G′ is the storage 

modulus in the rubbery plateau region (in Pascals), R is the universal gas constant (8.314 

J/mol·K), and T is the absolute temperature (in Kelvin) at which G′ is measured. 
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The storage modulus within the rubbery region displayed values ranging between 

0.1 – 0.2 MPa, indicating not very high storage moduli. For the MMA crosslinked polyester, 

the crosslink density calculated was 15.742 moles/m3, whereas for HEA, it was 

significantly lower at 3.63 moles/m3. It is to be noted that the crosslink densities are relative 

in nature and further testing at higher temperature needs to be carried out to understand the 

behavior of the polyesters. A flat rubbery plateau at elevated temperatures would confirm 

crosslinking while a sloping rubbery region would indicate inadequate crosslinking and 

branched structure formation. The more efficient crosslinking in MMA can be attributed 

to its smaller molecular structure, which enhances its ability to crosslink, thereby 

improving the storage modulus in both the glassy and rubbery phases of the DMA analysis.  

5.4 Conclusion 

This study involved utilizing lignin oil to make unsaturated polyesters. These were 

synthesized using simple green chemical reactions using ethylene carbonate for 

hydroxyethylation followed by polymerization with maleic anhydride to incorporate cross 

linking sites. The chemistry of functionalization and polymerization were understood in 

detail using FTIR and NMR and GPC. These pointed towards successful hydroxyethylation 

and successful polymerization. These polymers were further thermally cured using acrylate 

based crosslinkers to improve the thermal properties of the polyesters. A significant 

improvement in thermal degradation behavior was observed while incorporating crosslinks 

in the polyester matrix. The high T5% of 280 °C of the cured samples suggested potential 

for real world high thermal resistance applications. The DMA studies revealed the 

existence of a homogenous crosslinked structure with a distinct relaxation mode. The 
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storage modulus behavior in the glassy and the rubber regions pointed to a low crosslinking 

density for the RCFUPHEA compared to the RCFUPMMA.  
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CHAPTER SIX 

CONCLUSION AND FUTURE WORK 

6.1 Summary 

The dissertation presented here addresses research gaps regarding the utilization of 

lignocellulosic biomass for the synthesis of fillers and polymers using the lignin first 

principles. The study presented here employs benign functionalization on lignin oil 

extracted by reductive catalytic functionalization and the utilization of cellulose 

nanocrystals as fillers in PHBV.  

The dissertation demonstrated successful hybridization of cellulose nanocrystals 

using carbamation chemistry which as fillers improved the stiffness by up to 34%. The 

primary reason for this improvement was believed to be the nucleating nature of cellulose 

nanocrystals in the PHBV matrix. Morphological studies revealed uniform filler dispersion 

at lower concentrations and agglomeration at higher concentrations. Moreover, the first 

ever instance of batch foaming of PHBV using N2 was demonstrated. Rheological studies 

revealed a considerably improved melt stiffness and storage modulus which inhibited the 

foaming of the composites. In summary, while the hybrid filler dispersed well within the 

matrix, the reinforcement ability was subpar and inhibited foaming of the composites. This 

study showed the potential of hybrid fillers being utilized to reinforce biobased polymers 

to improve their performance. Foaming using N2 showed an alternative to CO2 based 

foaming.  

The latter part of the dissertation focused solely on the utilization of lignin oil. As 

stated earlier, utilizing lignin without further separation for polymeric materials can be 

largely beneficial. Lignin oil was functionalized using organic carbonates (propylene 
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carbonate and ethylene carbonate) which are touted as benign alternatives to propylene and 

ethylene oxides. Maleic acid, which is produced by oxidation of benzene but can be 

produced from lignocellulosic biomass was used to incorporate acid functionality onto the 

lignin oil. This acid functionality was leveraged by polymerization with diaminodecane to 

form aliphatic-aromatic polyamides. Diaminodecane also has a path to be synthesized from 

biobased sources. Aromatic-aromatic polyamides were also synthesized using p-

Phenylenediamine. The polymerization was carried out using solvent based direct 

polycondensation as opposed to acid chloride based interfacial polymerization to avoid the 

use of harmful acid chlorides. The polymers showed amorphous thermoplastic behavior 

and good thermal resistance with a T5% of at least 220 °C. The aliphatic polyamides showed 

higher thermal stability than the aromatic counterparts, possibly due to their higher 

molecular weight. DMA studies revealed heterogeneity in the polymer structure of both 

the aliphatic and aromatic polyamides owing to lignin side chains. In summary it was the 

first study that demonstrated lignin to be used as one of the prepolymeric material for 

polyamide synthesis. The study highlights the structure-property relationships of lignin oil 

and its corresponding polyamides. Moreover, this study highlighted the potential of green 

chemistry functionalization on lignin oil to make an amorphous thermoplastic material that 

could have potential applications in elastomeric materials.  

Building on a similar concept of functionalized lignin oil, ethylene carbonate was 

used for the study involving the synthesis of unsaturated polyesters. Ethylene carbonate 

was chosen as the aliphatic hydroxyl groups at the end of the oxyalkylation are primary 

alcohols. These in turn lead to formation of thermally stable ester bonds compared to esters 

from secondary alcohols. This improvement in thermal stability was observed in the 
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polyesters synthesized from ethylene carbonate functionalized lignin oil. The polyesters 

showed exceptional thermal stability with a T5% of at least 280 °C. The crosslinking of the 

polyester was evident in its viscoelastic behavior as observed using DMA. MMA showed 

a higher crosslink density compared to HEA owing to its smaller molecular size. Overall a 

simple reaction scheme was developed to form crosslinkable polyesters directly from lignin. 

This simple reaction scheme showed the potential of creating a new class of thermoset 

materials (Unsaturated Polyesters) from lignin and lignin oil with properties suitable for 

elastomeric applications with high temperature resistance.  

While these studies focused on using benign pathways, there were a few harmful 

chemicals that were utilized and should be acknowledged and worked on avoiding in future 

studies. Cellulose nanocrystals were functionalized using toluene diisocyanate which is 

also acutely toxic and carcinogenic in nature. The aromatic polyamide was synthesized 

using p-Phenylene diamine which is an acutely toxic chemical. Dichloromethane, methanol, 

N-methyl pyrrolidone, which were used as solvents for lignin purification, extraction, and 

polymerization respectively have been reported to be carcinogenic and toxic. Hydroxyethyl 

acrylate used for curing is also acutely toxic and corrosive in nature.  

6.2 Future Work 

  Expanding upon the current research, there are significant opportunities for 

advancing the use of lignocellulose in creating diverse condensation polymers. A 

promising direction for future research could involve utilizing cellulose pulp, derived from 

the reductive catalytic fractionation process, to manufacture cellulose nanocrystals. This 

proof of concept would highlight the potential applications of such materials. 
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From a chemical standpoint, the polymerization processes involving lignin oil 

warrant further investigation. Establishing a correlation between the structure and 

molecular weight of the different functionalized lignin oil constituents could dramatically 

enhance our understanding of the relationship between the chemical structure of 

synthesized polyamides and polyesters and their material properties. Additionally, a 

detailed chemical analysis of the inert and oxidative thermal decomposition products of 

these polymers could provide deeper insights into their chemical structures and potential 

avenues for optimization. 

On the practical side, scaling up the production of these polymers is essential for a 

more comprehensive analysis of their mechanical properties, such as tensile strength, 

Young's modulus, and elongation at break. Understanding the fracture morphology of these 

amorphous and crosslinked polymers at a larger scale would offer valuable information 

about their potential applications and performance under stress. 

Furthermore, integrating chemical recyclability into these polymers presents a 

critical challenge. Polyamides and polyesters, as condensation polymers, have 

demonstrated potential for recyclability through solvolysis reactions. Conducting a study 

to investigate the chemical nature of the solvolysis products of these polymers could pave 

the way for developing effective chemical recycling methods for lignin-based polymers. 

This research direction not only aligns with sustainability goals but also opens the door to 

circular economy practices in polymer science. 
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