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Abstract 

Bio-composites were fabricated using biocarbon to reinforce engineering thermoplastics 

like polyamide 6 and 6, 10. Twin screw extrusion and injection molding were selected as the 

fabrication method since it is the most likely and commonly used for commercialization. 

Analysis of the bio-composites was done through tensile, flexural and impact tests for the 

mechanical properties. The heat deflection temperatures, glass transition temperatures and 

thermal stability were performed to demonstrate the thermal properties of the bio-composites. 

Rheological analysis was also performed to understand the effect of biocarbons on the 

polyamide. Well dispersed biocarbon particles with good adhesion with the polyamide were 

noticed after extrusion and injection molding processes.  

The most significant improvements of the mechanical test performed were the tensile and 

flexural strengths and moduli of the bio-composite when compared to the neat polyamide. 

Depending on the biocarbon used, the mechanical behaviors were observed to be different. Using 

functionalized biocarbons at a biocarbon loading of 20 wt. %, the tensile and flexural strengths 

were improved by 21 and 31.5 % respectively. However, the impact strength was reduced by 32 

%. When un-functionalized biocarbon was used, the reverse was the case; the impact strength 



 

 

was insignificantly different from that of the neat polyamide while the improvements in tensile 

and flexural strengths were 0 and 21.9 % respectively.  

The effects of biocarbon on other properties of polyamide were also characterized and 

results showed that biocarbon acts as an anti-nucleating agent in polyamides and thereby reduces 

its crystallinity. Fabrication of polyamide bio-composites with up to 40 wt. % biocarbon is 

possible without any significant thermal degradation effects to the samples. Unlike natural fibers, 

biocarbons can reduce the water uptake of polyamides. A durability test shows that it has better 

overall mechanical property retention up to 50 % than talc reinforced polyamide composites. 
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Chapter 1: Thesis Overview 

The thesis overview sheds light on the research motivation, goals and 

research directions. Objectives and hypothesis in regards to each study in 

achieving the goals are listed. This is followed by summary of the chapters.   
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1.1 Research Motivation and Background 

All living organism are highly dependent on their environment for survival, this fact also 

applies to mankind as well. We have been dependent on the environment for all our necessities. 

With the exponential increase in the human population and fast paced developing technologies, 

we have seen substantial increase in the dependence on the environment and consumption of 

non-sustainable and non-renewable materials. This has led to depleting resources and eventually 

effects on the environment from the waste we produce such as carbon dioxide and carbon 

monoxide just to mention a few[1]. Release of these greenhouse gases have increased since the 

beginning of the industrial revolution and is known and accepted by the scientific community to 

be one of the major causes of climate change currently being observed around the world. The 

effect of climate change is seen as droughts, high ultraviolet rays, and destruction of the ozone 

layer, melting ice caps, flooding and shifting weather patterns[2,3]. Therefore, efforts have been 

made through dissemination of this knowledge by government agencies to help reduce the 

consumption of these materials. 

The petroleum industry is one of the areas which has great effects on the environment 

through the consumption of fossil fuels in the manufacturing of fuel, chemicals and materials. 

The production of plastics from petroleum is in the billions of tons and has been depended on for 

decades. Plastics are one of the materials used today which can be found in almost every aspect 

of our day to day lives. It can be found in the automotive, furniture, construction, agriculture, 

food, electronics and medical industries. This is a material we use and are highly dependent on. 

Consequently, we continuously consume and create huge waste deposits with little idea of how 

to deal with it. Therefore, it is necessary for a transition from the use of synthetic based plastics 

to more renewable, sustainable and environmentally friendly based plastics to take place in order 
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to help alleviate the consumption of petroleum and reduce the emission of greenhouse gases. 

This as part of a holistic approach will help to curb and protect the environment at the long run.  

One area of focus in reducing the use of petroleum based materials is the use of bio-based 

filler materials which will not only cut back on the use of synthetic plastics but also enhance the 

properties of the plastics as well. The use of bio-based materials does not add to the emission of 

greenhouse gases but act as a sequestration of greenhouse gases.  

1.2 Thesis Goal 

Amongst engineering plastics, polyamides have been the most successful and widely 

used. It finds use in high temperature and pressure applications like under-hood of automobiles, 

pressure valves and screws. It is also used in clothing because of its ease to be spun into fibers 

and absorb dyes. Another area is the use in moving parts as it is relatively wear resistant in 

comparison to other plastics because of its self-lubrication capabilities[4]. Therefore it can be 

said to be a very versatile and important material. To further improve its mechanical properties, 

fillers have been added resulting in enhanced modulus, strength, heat deflection temperature, 

lowered water absorption and thermal stability. However, polyamides have a major drawback 

stemming from its inherit property of having a high processing temperature. It is also sensitive to 

crack propagation especially in the presence of fillers. Currently, composites made from 

polyamides are limited to synthetic or nonrenewable fillers such as talcum, glass fibers, carbon 

fibers, and silicon and carbon nanotubes because of their high thermal stabilities. These materials 

enhance the properties of the polyamides but do not reduce or curb the consumption of synthetic 

or petroleum based materials. Rather, it only substitutes in part, the synthetic polyamide with 

another synthetic and nonrenewable material. Bio-based fillers such as natural fibers and 

particulates could curb the use of polyamides; however, the resulting composites are practically 
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useless as these fillers cannot withstand the high processing temperatures of the polyamides, 

therefore degrade with properties worse than the neat polyamides. The main goal of this thesis is 

to study and develop sustainable and durable bio-composites from bio-based fillers and 

polyamides with improved mechanical properties similar to or surpassing that of the neat 

polyamides. By achieving is goal, a progressive step is taken towards the effort to curb the use of 

petroleum based materials in the materials industry specifically the automotive industry. These 

bio-composites will be engineered through blends of synthetic polyamides with bio-based fillers 

as well as impact modifiers and additives. 

1.3 Thesis Title Rationale 

The goal of this thesis was to develop and fabricate a bio-composite from synthetic 

polyamides and bio-based fillers. Since the thermal stability of biomass limits its use, biocarbon, 

a derivative of biomass which can withstand the high processing temperature of polyamides is 

used. No studies on the development or fabrication of biocarbon reinforced polyamides have 

been done before with the exception of preliminary works published in conference proceedings 

by our group[5–7]. Therefore, systematic investigations into understanding of various aspects 

associated with polymer composite science and engineering were undertaken. Hence, the title of 

the thesis was obtained as: “Studies on Engineered Bio-composites from Polyamides and Bio-

based Carbonaceous Fillers” 

1.4 Objectives and Hypothesis 

The overall objective of the thesis is to develop and engineer high performance bio-

composites from polyamides and biocarbon as a bio-based reinforcing filler. To achieve this 

objective, several sub-objectives were developed and undertaken. 
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Chapter 4 

Objective 1: To study the effect of particle size ranges on the mechanical and thermal properties 

of polyamide 6, 10. Different particle size ranges were utilized and the mechanical and thermal 

properties were determined. 

Hypothesis: Utilizing smaller biocarbon particle size ranges as reinforcement in 

polyamide 6, 10 at the same concentration will improve the impact strength of the 

composites.  

Chapter 5 

Objective 2: To improve the impact strength of biocarbon reinforced polyamide 6 using 

epoxidized natural rubber (ENR) as impact modifier. 

Hypothesis: ENR at a low concentration can significantly improve the impact strength of 

biocarbon reinforced polyamide 6 bio-composites significantly above that of the neat 

nylon. 

Chapter 6 

Objective 3: Evaluate the effect on the mechanical properties of polyamide 6 bio-composites 

using biocarbons pyrolyzed at different conditions but from the same source. 

Hypothesis: Difference in surface functionalities of biocarbons from the same source will 

alter the mechanical and thermal properties of polyamide bio-composites.  

Chapter 7 

Objective 4: Study the effect of biocarbon concentration on the mechanical and thermal 

properties of polyamide 6.  
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Hypothesis: Increasing the biocarbon amount will have an increasing effect on the 

resulting mechanical and thermal properties of the composites. 

Chapter 8 

Objective 5: To evaluate the long term durability of biocarbon reinforced polyamide 6 bio-

composite in comparison to well established talc reinforced polyamide 6 composites at the same 

concentration. 

Hypothesis: Biocarbon reinforced polyamide 6 bio-composite has better overall 

durability than talc reinforced polyamide 6 composite. 

1.5 Outline of Thesis Chapters 

Chapter 2 reviews the related literature on the current research status of polyamide bio-

composites. It focuses on the current progress, limitations and identification of research gaps in 

using bio-based materials as reinforcing fillers for the fabrication and development of polyamide 

bio-composites. It also proposes potential resolutions to these limitations.  

Chapter 3 presents an indepth case study of biocarbons as potential filler in polymer composites 

based on the available literature. It examines properties of biocarbons which are typical 

prerequisites for potential reinforcing fillers in polymers. 

Chapter 4 presents the properties of polyamide 6, 10 bio-composites and the effect of particle 

size and ranges of biocarbon on the mechanical, thermal and thermomechanical properties of the 

resulting bio-composites. 

Novelty: Pretreatment of the biocarbon by mechanical reduction of the biocarbon particle 

size results in improvements to the tensile, flexural and impact strengths.  
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Chapter 5 presents the properties of polyamide 6 hybrid bio-composites. The study 

demonstrates that low amounts of ENR can be used to enhance the impact strength of polyamide 

6 bio-composites while maintaining a balance of strength and modulus. Discussions based on 

results from various characterization techniques help in understanding the strong co-relationship 

between component interactions, morphology and their significant effect on imparting property 

improvement.  

Novelty: Interactions between the components led to significant improvement in impact 

strength with use of very low ENR concentrations.  

Chapter 6 investigates the effect biocarbons from the same source but pyrolyzed at different 

temperatures affect the mechanical and thermal properties of polyamide 6. 

Novelty: This study establishes that biocarbon can be engineered to target specific 

properties from polyamide bio-composites. 

Chapter 7 demonstrates the enhancing effects of biocarbon incorporated at different weight 

concentrations on the mechanical, rheological and thermal properties of polyamide 6.  

Novelty: The problematic use of biomass especially at high concentrations to enhance the 

properties of polyamide 6 without the negative effect of thermal degradation in a one-step 

extrusion process is overcome. 

Chapter 8 examines the durability of biocarbon reinforced polyamide 6 bio-composite in 

comparison to that of talc reinforced polyamide 6 composite under elevated temperature and 100 

% humidity.  

Novelty: This study shows that the overall retention of the mechanical properties of 

biocarbon reinforced polyamide 6 is better than those of talc reinforced polyamide 6 

composites.  
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Chapter 9 concludes this thesis with an overall summary, significant contributions and 

recommendations for future works. 
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Chapter 2: Current Status and Limitations of 

Polyamide Bio-composite  

A wide range of fillers/reinforcements have been used to tailor specific properties of polyamides. 

These have been established through numerous literature publications. However, the 

incorporation of biobased reinforcements into polyamides has been largely hindered due to the 

lower thermal stability of the biobased fillers/reinforcements and the high processing 

temperatures of polyamides. This review focuses literature in the area of polyamide 

biocomposites that have tried to overcome this challenge to enable successful fabrication. The 

current status, limitations and innovative methods that have and can be developed and employed 

to overcome these challenges in the fabrication processes of polyamide biocomposites are 

discussed. 
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2.1 Introduction 

Since the introduction of polyamides (PAs) by DuPont in 1940, they have been 

successful and become an integral part of our society because of their practical applications in 

various industries, stemming from their excellent properties. Currently, they are used in the 

automotive, fishing, fabric and textile, sports and furniture industries just to mention a few. They 

are one of the most appealing commercially available engineering thermoplastics because of 

their excellent processibility, chemical resistance, mechanical properties and ease of coloring. 

Polyamides are typically synthesized from the polycondensation of two monomers; a diacid and 

diamine. They can also be formed from the ring opening of a monomer containing an amine and 

acid such as caprolactam[1]. Several grades of polyamides exist today; however, prior to 

advancement in polymer chemistry, PA 6 and PA 6, 6 were the two most widely used and 

recognized of all the grades. They found applications in the textile and automotive industries 

early on due to their suitable properties for these areas. With growing demand for more 

petroleum based product resulting from the growing needs of consumers around the world and 

the shrinking fossil fuel reserves, the need has arisen for scientist to develop similar materials, 

including polyamides, from alternative sources. Consequently, research and development into 

the synthesis and production of polyamides have come about, by utilizing bioresources as the 

base component for polyamides, giving rise to biobased polyamides or biopolyamides as a result. 

2.2 Bio-polyamides 

Biopolyamides, such as PA 6, 10., PA 10, 10., PA 5, 10 and PA 4, 10 are currently being 

partially or completely produced from castor bean oil. The oil is extracted from the bean, 

purified, then synthesized into sebacic acid, which is then converted to the different diamines 

used in the synthesis of biopolyamides (Figure 2-1). Recently, biopolyamide 5,10 has been 
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produced from 100 % biobased sources; it was previously partially biobased, with the biobased 

source coming from sebacic acid produced from castor bean oil[2]. A process was developed 

through systems metabolic engineering to produce diaminopentane from the culture of bacteria. 

The diaminopentanes were then extracted and polycondensed with dicarboxylic acid from castor 

bean oil to produce biopolyamide 5, 10. These processes of extraction and purification require 

the usage of chemicals, time and energy which eventually increases the price of the 

biopolyamides. As a result, biopolyamides are typically more expensive than conventional 

polyamides. However, these polyamides still find use in specialty applications due to their 

comparable mechanical performance to those of conventional polyamides and most of all for the 

need to reduce on the use of petroleum based products. 

  

Figure 2-1: Utilization of bio-based sources as the main route to the production of bio-

polyamides 

[Reprinted from Applied Microbiology and Biotechnology, Vol 91, S. Kind, C. Wittmann, Bio-based 

production of the platform chemical 1,5-diaminopentane, 1-17, Copyright © 2011, with permission from 

Springer, License number: 4036460904130] 
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Due to the added cost of producing biopolyamides, generic polyamides are still being widely 

used. Figure 2-2 is commonly known as the polymer pyramid used to classify and group the 

diverse range of polymers produced[4]. As it can be observed, there are two pyramids which 

divide all polymers into either biobased or petro-based. The y-axis categorizes them based on 

cost-performance ratio. It can be noticed that both biobased and petro-based polyamides are high 

performance polymers but within biobased polyamides at the lower spectrum, indicating that 

they are more expensive that petroleum based polyamides. However, PA 6 and PA 6, 6 fall 

within the engineering category which has a balance between performance and cost, therefore 

making them highly attractive for industrial applications. Most important to the industry are the 

prices of petro-based polyamides which are lower than the biopolyamides[5], therefore making 

them preferable to biopolyamides. In order to overcome the limiting cost implications of 

biobased polyamides, extensive efforts have been made in introducing biobased fillers/fibers 

such as natural fibers and particles by substituting in part the polyamides without compromising 

their performances. 
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Figure 2-2: Cost versus performance of synthetic and bio-based polyamides 

[Reprinted from Wiley Books, B. Brehmer, Polyamides from Biomass Derived Monomers, in Bio-Based 

Plastics: Materials and Applications, (edited by S. Kabasci), Copyright © 2013, with permission from 

John Wiley & Sons Ltd, Chichester, UK., License number: 4033180129190] 

2.3 Filler Reinforced Polyamide Systems 

In order to meet the mechanical specifications for specialized applications, PA 6 and PA 

6, 6 have been reinforced using fillers. Polyamide filled systems can be divided in two 

categories: polyamide composites and polyamide biocomposites. Figure 2-3 illustrates the 

different categories of polyamide filled systems resulting from the combinations of polyamides 

and filler types.  

As it can be seen, when synthetic or biobased fillers are combined with biobased 

polyamides, the resulting materials are known as polyamide biocomposites. Likewise, when a 

conventional polyamide is combined with biobased fillers, it is recognized as a biocomposite as 
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well. Whereas, incorporating synthetic fillers into conventional polyamides is identified as a 

composite. Therefore, a polyamide biocomposite can be defined simply as a composite which 

has at least one of the constituents derived from a biobased source. This can either be the 

polyamide, filler or both. 

 

Figure 2-3: Polyamide composites and bio-composites fabricated from synthetic and bio-

based sources.   

The most widely studied of all filler reinforced polyamide systems are those resulting 

from conventional polyamides and synthetic fillers. The least studied and reported in literature 

are those made from biobased fillers, e.g. natural fibers, wood flour and other forms of biomass. 

This has been as a result of the inherent drawback of biobased fillers having a low thermal 

stability and onset degradation temperature of around 200 °C. Most polyamides have a relatively 

high melting temperature (> 200 °C) and therefore the use of biobased fillers as reinforcement 
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has been mostly restricted to commodity thermoplastics because the lower melting temperature 

of commodity thermoplastics typically around 180 °C. This allows for the use of biobased fillers 

without the concern of thermal degradation. Polyamide composites have been well investigated 

and reported in literature as early as 1969[6]. Since then, numerous publications have 

demonstrated the capability of different fillers as reinforcement and also to improve other 

properties such as dimensional stability and thermo-mechanical properties. Publications on the 

review and progress of polymer composites have been published, but to the best of our 

knowledge one publication from 2015 reviewing the progress of polyamide composites has been 

communicated[7]. This publication focused specifically on the progress of graphene reinforced 

polyamide nanocomposites, their challenges and prospects to be used as a guide for future and 

further development. With all the knowledge disseminated through literature on polyamide based 

composites, there is still no literature on polyamide biocomposites reviewing the works that have 

been done, determining knowledge gaps and proposing solutions to limitations in the production 

and engineering these biocomposites. It is necessary to review the recent advances in the 

development of polyamide biocomposites for engineering applications due to the emerging 

interests in biobased fillers and for the facilitation engineering composites to biocomposites. 

This review specifically explores work from the literature on polyamide biocomposites 

with a goal to understand the progress that has been made to date, limiting factors involved in its 

production and uses. We also attempt to identify knowledge gaps and propose solutions for 

future research and developments in order to advance the science and technology of polyamide 

biocomposites. 
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2.4 Fabrication of Polyamide Bio-composites 

In order to fabricate biocomposites with enhanced properties, it is necessary for there to be 

efficient transfer of stress from matrix to filler with minimal localized stress concentrations 

within the composites. Therefore, good filler-matrix interfacial adhesion, effective dispersion 

and structural integrity of the fillers are necessary to achieve this. One of the most commonly 

adopted methods which can be used to achieve these results is melt blending because of it 

economic implications such as short cycle production time. It also limits the production process 

to a one-step process and therefore eliminating the added cost involved in multi-step processes. 

Though the high processing temperatures of engineering thermoplastics restrict the use of this 

process to mostly synthetic based fibers, natural fibers have regardless been used and studied in 

this process [8–10]. Other possible fabrication techniques that have been used to fabricate 

biocomposites from engineering thermoplastics and natural fibers are illustrated in Figure 2-4. 

These processes were designed to help minimize the fiber degradation during fabrication of 

composite structures. A summary but detailed examination of these processes will be discussed 

in the following sections. 
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Figure 2-4: Flow chart illustrating techniques used in the successful fabrication of 

polyamide bio-composites 

2.4.1 In-situ Polymerization 

In-situ polymerization of polymer composites is a process of polymerization in the presence of 

filler. In this process, the filler is dispersed in one or multiple monomers then polymerized in the presence 

of an initiator under specific parameters, including time, temperature and pressure. Avoiding high 

processing temperatures and the use of solution based processing enables the effective fabrication of 

polyamide biocomposites. However, to the best of our knowledge, no published work can be found in the 

literature utilizing this method on polyamide nano biocomposites. The possible reasons for this are that 

large scale production is not feasible, and the use of micro and macro biobased fibers such as bast fibers is 

also not feasible as these fibers are too long and large to be well dispersed using this method during 

polymerization. Also, unlike nanofillers which require 3-5 wt. % at most, higher fibers loadings will be 

required to have a reinforcing effect and therefore lead to a viscous solution which cannot be easily 

stirred. Therefore, in-situ polymerization might become difficult or hindered as a result.  
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2.4.2 Solvent Blending 

Solvent blending involves the mixing of the fibers with a solvent suitable for the polymer 

matrix. The polymer is then added to the mixture, stirred until the polymer is completely 

dissolved. The mixture is evaporated or distilled to retrieve the composite. This method has been 

used extensively to study cellulose reinforced polyamide composites[11–14]. Similarly, this 

method requires temperatures below the starting degradation temperature of natural fibers during 

fabrication and yet it is not being used for micro and macro fiber reinforced polymer composite 

fabrication. It is not viable on an industrial scale because the use of harsh or toxic chemical 

solvents can increase the cost dramatically and is not environmentally friendly.  

2.4.3 Injection Molding 

2.4.3.1 Microcellular Injection Molding (MuCell) 

Microcellular injection molding is a form of post-composite fabrication to improve on 

light-weighting of molded parts and reduce material consumption. These are achieved by the 

introduction of micro and nano voids within a composite material thereby reducing density of the 

part produced as well as material used. In this process, the biocomposite is injection molded in 

the presence of supercritical fluids (ScF), such as carbon dioxide or nitrogen. During the 

injection process, the fluid homogenizes with the polymer component of the composite, forming 

a single phase. Due to thermodynamic instability during part forming, the gas escapes and forms 

voids within the part. The advantage to this process is the reduction in viscosity, plasticization 

and processing temperature of the composite during injection molding caused by the ScF[15].  

Likewise, the composite parts are less dense than conventional injection molded parts, reduction 

in material consumption and improved strength to weight ratios. However, this process requires 

that the composite be fabricated prior to the MuCell process using other compounding 
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techniques. Another disadvantage to this process is that cell nucleation and growth typically 

occurs at the interface between filler and polymer[15,16] resulting in a composite with poor 

filler-matrix interaction[17]. This is especially problematic for micro and macro sized fillers, 

unlike with nano-sized fillers which can reinforce the structure of the cell walls of the composite 

system[18]. Yousefian and Rodrigue studied the foaming of nanocrystalline cellulose reinforced 

nylon 6 foams[19]. It was found that the filler helped in cell nucleation in the nylon during 

foaming as well as reinforcing the cell structure. This led to increased tensile strength and 

modulus by 13 and 34 % respectively for a 3 wt. % increase in nanocrystalline cellulose 

concentration. This shows that nano-fillers can act as both a cell nucleating agent and reinforcing 

filler simultaneously. 

2.4.3.2 Reaction Injection Molding 

Reaction injection molding (RIM) is a process of composite preparation through the 

reactive polymerization of monomers within an enclosed unit under specific parameters, 

including temperature, pressure and time. In this process, the filler is typically mixed with one of 

the monomers and injected into a closed mold alongside other components such as another 

monomer and catalyst. This process has the advantage of no thermal degradation and breakage of 

the fibers as the reaction temperatures are typically far below the thermal stabilities of the fibers 

and shearing is eliminated[20]. Likewise, good dispersion is obtained since the fibers are 

premixed and well dispersed in the monomer. However, this process limits the amount of filler 

concentration that can be used due to increasing viscosities with increasing filler content. 

Injection of the mixture by the equipment becomes problematic as a result. An example from the 

literature of RIM is the study of polyamide biocomposites using cellulose fibers having two 

different aspect ratios by Zadorecki and Abbas[20]. The low aspect ratio fiber was further 
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surface treated with stearic acid. It was found that the maximum concentration of fiber 

permissible for RIM process application was at 15 wt. % depending on the fiber used. Low 

aspect ratio fibers had a greater influence on increasing the viscosity of the slurry made with 

caprolactam than the high aspect ratio fibers did while the surface treated low aspect ratio fibers 

further increase in the viscosity. It was postulated that the increase in viscosity was not only due 

to the difference in aspect ratio, but partly due to the interactions of hydroxyl groups on the 

fibers surface and carbonyl groups of the caprolactam monomer. 

2.4.4 Extrusion Melt Blending 

Compounding polymers with fillers through melt blending has been shown to result in 

composites with enhanced properties where high shear rates at elevated temperatures are applied 

to aid reactivity or mechanical interlocking between matrix and filler by kinetic batch mixing or 

extrusion processes. Melt blending is an effective, economical, fast and industrially feasible 

method of polymer composite fabrication compared to other methods, and consequently is the 

preferred method for commercialization. Therefore, most research focuses on this method. This 

method is mostly suited for polyamide biocomposites fabrication when using polyamides with 

melting temperatures of 200 °C and below. In this case, biobased fillers can be used without 

concerns of thermal degradation to the filler and poor interfaces. However, this is not of concern 

or the focus of this review. Traditional polyamides like Polyamide 6 and 6, 6 with processing 

temperature up to 250 and 290 °C respectively are two of the most commonly and widely used 

engineering plastic with numerous applications in automotive, electronics, construction and 

textiles, and cannot be melt blended with natural fibers without thermal and structural 

degradation of the fibers. Several ways have been developed to tackle this problem such as 

lowering the melting temperature of the polyamide, limiting fiber exposure during melt 
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compounding and filler modification. The following sections will discuss these in detail with 

review from literature. 

2.4.5 Electrospinning 

Electrospinning is another method which is employed in the fabrication of nylon 

composites, especially nylons reinforced with biobased fillers. However, similar to solvent 

blending, the limitations to the use of this process lie in the steps and use of chemicals in order to 

achieve these biocomposites. Likewise, the resulting biocomposites are in the form of micro and 

nano fibers which also have limited use as they cannot be used in the making of injection molded 

parts. Only a few studies have investigated the use of electropinning to make nylon 

biocomposites and were done for specific targets for small scale production or use[21,22].  

2.5 Minimizing Fiber Degradation during Extrusion Blending with 

Engineering Thermoplastics 

There are two paths which can be taken to ensure the minimization of thermal 

degradation of natural fibers during extrusion at high temperatures. These are material and 

process modification. The previous can be further divided into the modification of the matrix 

and/or fillers. Process modification uses different techniques during the extrusion process to 

minimize the effect of heat on the fibers. Figure 2-4 shows a detailed breakdown of the plausible 

paths that can be taken to successfully fabricating high melting temperature polyamide 

biocomposites with natural fibers. 

2.5.1 Process Modification 

Since both fiber and polyamide are utilized without any modification, the extrusion 

process has to be designed in a way to ultimately minimize the effect of temperature on the fiber 
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as that is the only drawback to the process. There are currently two ways of achieving this and 

these are by limiting the fiber exposure during processing and using a lower temperature during 

compounding. 

 2.5.1.1 Limited Fiber Exposure  

The idea behind this procedure is relatively simple. During extrusion, the fibers are fed 

through an upstream side feeder of the extruder and compounded with the already molten 

polyamide[23]. By doing this, the fibers are exposed to the high temperatures for a fraction of the 

time they would have, had they been fed from the main hopper along with the polymer pellets. 

This method minimizes thermal degradation of the fibers, thereby resulting in better fiber 

structural integrity. Likewise, the fiber aspect ratio is better maintained due to reduced shearing 

by avoiding some kneading zones. The disadvantage to this method is that the short processing 

times might not allow for proper dispersion of the filler in the polyamide, thereby resulting in a 

composite with inconsistent dispersion of filler. Consequently, this leads to localized stress 

concentrations within the composite and premature failure. Notwithstanding, thermal 

degradation of the fibers is unavoidable. For example, at processing temperatures as high as 290 

°C for polyamide 6, 6, it is quite difficult to prevent any fiber degradation even at very short 

exposure times. Despite the fact, this method has been successfully employed in the fabrication 

of natural fiber reinforced polyamide 6 biocomposites with significant improvement in the 

properties of the polyamide at a processing temperature of 230 °C which is well above the 

thermal stability threshold of natural fibers[24]. Figure 2-5 is a schematic of a twin screw 

extruder elemental design demonstrating the use of upstream feeding of kenaf and flax fibers to 

avoid prolonged thermal exposure as well as excessive shearing and heat generation from the 

kneading zones with polyamide 6 and flame retardant (FR) as the other components of the 
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extrusion process[23]. The results from this studied showed that upstream feeding of natural 

fibers was possible up to 22.5 % fiber content without affecting the resulting biocomposites. 

Beyond 22.5 % fiber content, the degradation temperature of the fibers is decreased and therefore 

affects the structural integrity of the biocomposites. 

 

Figure 2-5: Extruder element design to minimize fiber thermal degradation and breakage 

during high temperature processing  

[Reprinted from Composite Part B: Engineering, A. Elsabbagh, L. Steuernagel, J. Ring, Natural 

Fibre/PA6 composites with flame retardance properties: Extrusion and characterisation, Copyright © 

2017, with permission from Elsevier, License number: 4033171195527] 

2.5.1.2 Low Temperature Compounding (LTC) 

Low temperature compounding is a modification to the melt extrusion process allowing 

the successful fabrication of high temperature melt thermoplastic biocomposites such as 

polyamides and PET with natural fibers[25]. The principle behind this process is the use of shear 

from the compounding process to generate heat while applying a negative temperature gradient 

along the barrel zones of the extruder. By doing this, the polymer is kept above its melt 

temperature while minimizing fiber degradation. The resulting biocomposites have well 

dispersed fibers and improved mechanical properties. In order to achieve this, the process is 

phased: start-up, transition and steady-state. The start-up phase entails regular extrusion process 

where the thermoplastic is compounded along with the filler. This allows for the compounding to 

begin. The transition phase involves gradual reduction in the temperature along the barrel zones 



24 

 

until a temperature right above the melting temperature of the thermoplastic is achieved. At the 

steady state, the compounding process is stabilized with the barrel temperature well below the 

melting temperature of the thermoplastic while maintaining the compounding process by 

utilizing heat from the shearing of the melt. Jacobson et al[26], described and studied the effect 

of this process on the fabrication of polyamide biocomposites and found that the thermal 

degradation of cellulose fibers was significantly reduced even at 33 wt. % fiber loading. As a 

result, the mechanical properties of the biocomposites were significantly improved in 

comparison to those of the neat polyamide 6. Close attention and monitoring of the process 

should be taken during extrusion as any slight disruption in the flow of materials can cause 

freezing within the barrel and prevent the screws from rotating. This results in a break in the 

process which has to be restarted by repeating phases one through three. Most importantly, 

considerable material and time are wasted when this happens as the degraded melt in the barrel 

has to be purged clean before the process can begin. 

2.5.2 Materials Modification 

The underlying problem is the inherently low thermal stability of natural fibers; therefore 

the first initiative will be to improve its thermal stability. By doing so, thermal degradation can 

be minimized during processing. On the other hand, reducing the melting or processing 

temperature of polyamides or other high temperature thermoplastics will enable the effective use 

of natural fibers as reinforcement. 
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2.5.2.1 Fiber Modification 

2.5.2.1.1 Surface Treatment of Fiber 

Surface modifications of natural fibers have been well explored and established. One of 

the major concerns or reasons for this has been to improve its adhesion to polymers and also to 

improve its thermal stability. Mercerization or alkaline treatment is a widely used fiber surface 

treatment, which involves the use of aqueous sodium hydroxide (NaOH) in stripping the lignin, 

waxes, hemicellulose and oils from the fiber surface[27]. This process increases the fiber surface 

roughness by defibrillation, thereby increasing the surface area. Also, the thermal stability of the 

fiber is improved, resulting from the removal of less thermally stable components. Figure 2-6 

shows the morphology of flax fibers before and after alkaline treatment[28]. It can be observed 

that the fibers are cleaner and stripped of surface components after treatment.  Likewise, the 

cellulose content is increased in relation to the other components after treatment as seen from the 

constituent analysis in Table 2-1, which is relevant to the increase in thermal stability[28]. 

Cellulose is known to be the most stable component of natural fibers, therefore increasing its 

concentration will result in better thermal stability. The use of mercerized fibers as reinforcement 

in polyamide[24,27] and PET[29] has been successfully done and shown to improve 

compatibility and interfacial adhesion when compared to untreated fibers. 
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Figure 2-6: Flax fibers (a) before alkaline treatment and (b) after alkaline treatment  

[Reprinted from Polymers, A. Amiri, C. A. Ulven, S. Huo, Effect of Chemical Treatment of Flax Fiber 

and Resin Manipulation on Service Life of Their Composites Using Time-Temperature Superposition, 

Copyright © 2015, with permission from MDPI, License number: Open Access] 

Table 2-1: Constituents of flax fibers before and after treatment  

Flax Fiber 
Cellulose 

(%) 

Hemicellulose 

(%) 

Moisture 

(%) 

Crude 

protein 

(%) 

Crude 

fat (%) 

Ash 

(%) 

Other 

(%) 

Untreated 79.56 8.76 2.33 2.44 0.40 1.59 0.73 

Alkaline 

Treated 
87.81 7.48 1.62 1.22 0.13 0.89 0.42 

[Reprinted from Polymers, A. Amiri, C. A. Ulven, S. Huo, Effect of Chemical Treatment of Flax Fiber 

and Resin Manipulation on Service Life of Their Composites Using Time-Temperature Superposition, 

Copyright © 2015, with permission from MDPI, License number: Open Access] 

Figure 2-7 demonstrates the effect of fiber mercerization and its effect on adhesion with 

polyamide[27]. As observed in Figure 2-7a and 2-7b, there is a clear difference in surface 
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roughness between them. Though adhesion between the fiber and polyamide was observed 

(Figure 2-7c), it was improved when mercerized fibers were used (Figure 2-7d) due to 

increased mechanical interlocking between fiber and polyamide[30,31]. The thermal stability of 

the fiber was improved from an onset temperature of 290-330 °C when treated (Figure 2-7e), 

thereby allowing its use for polyamide biocomposite fabrication. 

 

Figure 2-7: Morphology of (a) beech fibers, (b) mercerized beech fibers, (c) fractured 

surface of polyamide 11/beech fiber and (d) fractured surface of polyamide 11/mercerized 

beech fibers and (e) the thermal stability of untreated [BF] and treat [BFmod] beech 

fibers.   

[Reprinted from Polymers, P. Zierdt, T. Theumer, G. Kulkarni, V. Daumlich, J. Klehm, U. Hirsch, A. 

Weber, Sustainable wood-plastic composites from bio-based polyamide 11 and chemically modified 

beech fibers, Copyright © 2015, with permission from Elsevier, License number: Open Access] 

Similarly, when water washing treatment was applied to distiller’s dried grain and 

solubles (DDGS), the thermal stability of the DDGS was improved from 197 °C to 252 °C, 

thereby permitting extrusion at a higher temperature with no side effects from biomass 

degradation[32]. However, this paper did not use the treated DDGS as reinforcing filler in nylon 

but the increase in thermal stability above the typical processing temperature (240°C) of nylon 6 
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indicates that it can be possibly used with little to no degradation. Coating the natural fibers with 

highly thermally stable polymers, which are compatible with polyamide is another method that 

has been investigated as a means of preventing thermal degradation to the fibers during 

extrusion[33]. Examples are the coating of curaua and jute fibers with polyaniline (PANI) [33] 

and epoxies[34,35] respectively. The fibers undergo a coating pre-treatment prior to being used 

in composite fabrication with high temperature polymers. The presence of a polymer layer acts 

as the shield to the fibers from the high processing temperatures, thereby drastically improving 

their thermal stability as seen in Figure 2-8A which illustrates the increase in thermal stability of 

jute fibers coated with a flexible epoxy (FE) resin. However, care should be taken in choosing 

the type of coating used, as it might result in poor interfaces with the engineering 

thermoplastic[34,35]. The added advantages to this process could be the increased melt flow 

during processing[36] and increased mechanical properties of the polyamide composites in 

comparison to uncoated fibers due to improved interaction with polyamide (if the right coating is 

applied). PANI-coated curaua fibers showed improved interfacial adhesion with polyamides, 

possibly due to the presence of amino groups on its surface as observed in Figure 2-8B which 

can interact with amide groups on the polyamide chains. 
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Figure 2-8: (A) Effect of epoxy coating on the thermal stability of jute fibers and (B) 

schematic illustrating the interactions between curaua fiber and PANI through hydrogen 

bonds[33].  

 

[Figure 2-8A reprinted from Open Journal of Composite Materials, S. Thitithanasarn, K. Yamada, U. S. 

Ishiaku,  H. Hamada, The Effect of Curative Concentration on Thermal and Mechanical Properties of 

Flexible Epoxy Coated Jute Fabric Reinforced Polyamide 6 Composites, Copyright © 2012, with 

permission from Scientific Research, License number: Open Access] 

[Figure 2-8B reprinted from Polymer Composites, J. R. Araujo, C. B. Adamo, M. V. Costa e Silva,  M.-

A. De Paoli, Antistatic-reinforced bio-composites of polyamide-6 and polyaniline-coated curauá fibers 

prepared on a pilot plant scale, Copyright © 2013, with permission from Wiley, License number: 

4033170981789] 

With these increments in thermal stabilities of natural fibers and biomass through surface 

treatments, it is feasible to utilize natural fibers in fabricating biocomposites with high 

processing temperature engineering polymers such as polyamide from the view point of science 

and technology. Nevertheless, the extensive use of harsh and potentially toxic chemicals and 

multiple stage processing increases the overall cost of production while leaving behind wastes 

which are not environmentally friendly.  
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2.5.2.1.2 Thermal Treatment of Fiber 

Improving the thermal stability of natural fibers/biomass enough to withstand the high 

processing temperatures of polyamide can possibly eliminate the use of the previously mentioned 

techniques for fabricating polyamide 6 biocomposites based on natural fibers. Thermal treatment 

of biomass is a subject which has been well explored. The most common and viable way of 

thermally treating biomass is by subjecting it to elevated temperatures, typically under limited 

oxygen environments. Below temperatures of 350 °C, the process is referred to as torrefaction, 

while above that and below 750 °C, it is known as pyrolysis. Above 750 °C, carbonization of the 

biomass begins to occur[37]. The use of torrefied, pyrolyzed and carbonized biomass in 

reinforcing polyamides has recently gained new opportunities. A recent study on polyamide 

reinforced with sunflower hull and flax shive before and after torrefaction was investigated by 

melt blending[38]. The authors found that the torrefied biomasses had thermal stabilities which 

were superior to those of the untreated ones. Melt compounding of both treated and untreated 

biomasses were performed by extrusion with no modification done to compensate for biomass 

degradation. Degradation of the untreated fibers was immediately noticed through odors given 

off from the degradation of the untreated biomasses. However, none was noticed when the 

torrefied biomasses were used. The resulting improved thermal stability and reduced degradation 

during extrusion led to better interface with the polyamide and subsequently improved tensile 

and flexural strengths in comparison to the untreated biomass-polyamide biocomposites. The 

presence of some voids at the interface of the torrefied biomasses with polyamide led the authors 

to believe that there was still under-torrefied biomass which led to some degradation as well. In 

order to reduce the odds of having thermally unstable biomass which might compromise the 

integrity of the biocomposites, it is favorable to pyrolyze or even carbonize the biomass. By 
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doing so, uneven thermal treatment of the biomass can be avoided. Thus, the use of pyrolyzed 

and carbonized biomasses in biocomposite fabrication with engineering polymers have 

successfully been investigated and shown to enhance the mechanical properties of the 

thermoplastics. Recent studies by Ogunsona et al. showed that biocarbon from pyrolyzed 

Miscanthus fibers can successfully reinforce nylon without the concern of thermal degradation of 

the biocarbons during fabrication[39–42]. In these studies, fabrications of the biocomposites 

were done at a processing temperature of 250 °C. It was shown that the biocarbon particles were 

well wetted by the nylon, therefore resulting in enhanced mechanical properties. One of the 

studies examined the effect of pyrolysis temperature of the biocarbons on the reinforcing effect 

on nylon 6[41]. It was found that the presence of surface functional groups played a role in the 

strength of wetting of the biocarbon by the nylon. Biocarbons with surface functional groups 

revealed better wetting and therefore enhanced strength and stiffness in comparison to 

biocarbons with little to no surface functional groups. This study showed that biocarbons are an 

effective reinforcing filler for nylons and do not require the need for surface pre-treatments or 

additives to be used prior to and during compounding. 

2.5.2.2 Matrix Modification 

2.5.2.2.1 Depression of Melt Temperature  

Reducing the melting temperature of engineering thermoplastics such as polyamides can 

be done by chemically inducing changes to the crystal structure in the melt state which in turn 

affect properties such as crystallinity and melting temperature. Two ways that has been shown to 

depress the melting temperature of engineering thermoplastics are through blending with 

additives and other thermoplastics. 
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2.5.2.2.1.1 Additives 

Studies have shown that metal ions can affect the hydrogen bonds between polyamide 

chains to drastically alter the thermal properties of polyamide such as reduction of the 

crystallization rate[43] and melting temperature[44,45]. Figure 2-9A shows the effect of LiCl 

concentration on the melting temperature of polyamide by differential scanning calorimetry 

(DSC)[44]. It can be observed that the melting peak progressively shifts to a lower temperature 

as the LiCl concentration is increased. This is due to the formation of imperfect crystals which 

can also be observed from the broadening and reduction of the melting peaks from 1 to 6 in 

Figure 2-9A. 

 

Figure 2-9: (A) DSC heating cycle of polyamide 6 showing the reduction in melting 

temperature at different LiCl concentrations denoted by numbers from 1-6 which 

represents 0.0, 0.1,0.3, 0.5, 1.0 and 2 % LiCl concentration[44] and (B) melting and 

crystallization temperatures of PET by blending with different concentrations of PCL [46] 

depicted by Tm and Tc respectively. 

 

[Figure 2-9A reprinted from Journal of Spectroscopy, D. Sun, J. Li, Q. Pan,  C. Hao, G. Lai, The In Situ 

Polymerization and Characterization of PA6/LiCl Composites, Copyright © 2013, with permission from 

Hindawi, License number: Open Access] 
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[Figure 2-9B reprinted from Polymer Journal, K. Y. Lim, B. C. Kim, K. J. Yoon, The Effect of Molecular 

Weight of Polycaprolactone on the Ester Interchange Reactions during Melt Blending with Poly (ethylene 

terephthalate), Copyright © 2013, with permission from Nature, License number: 4033170777580] 

The  knowledge that was first applied to reduce the melting temperature of polyamide to 

allow the use of natural fibers was developed by Mohanty et al.[47]. This method involved a 

two-step process where the polyamide was first melt compounded at the typical processing 

temperature with LiCl aqueous solution in dropwise manner during extrusion processing. Details 

are discussed in the published patent[47]. The extrudate was collected, pelletized and then melt 

compounded with the natural fibers (Hemp fibers). Different concentrations of LiCl up to 5 wt. 

% showed successive reduction in the melting temperature of the polyamide 6 to 191 °C from 

223 °C. The results of this were composites with superior mechanical properties in comparison 

to the neat polyamide and are given in Figure 2-10. It is glaring that the mechanical properties 

are superior for composites with a higher LiCl content in comparison with composites at the 

same fiber loading. This behavior could plausibly be attributed to the increasing melt viscosity of 

the polyamide through crosslinking effect in the melt state caused by the interactions between the 

LiCl and polyamide[48,49]. With a higher melt viscosity, there is less likelihood of shear 

thinning and degradation of the polyamide chains during extrusion. The HDT of the composites 

was mostly significantly lower than that of the neat polyamide, despite the presence of stiff 

fibers. The presence of LiCl limits load bearing capability of the polyamide matrix at elevated 

temperatures, because most of the α-form crystals within the polyamide have been transformed 

to a less stable ɣ-form[44,50]. 
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Figure 2-10: Properties of Hemp fiber reinforced polyamide composites in the presence of 

LiCl[47] - (A) Polyamide 6 (B) Polyamide 6 + 3.5 wt % LiCl (C) Polyamide 6 + 3.5 wt % 

LiCl + 15 wt % Hemp Fibers (D) Polyamide 6 + 3.5 wt % LiCl + 30 wt % Hemp Fibers (E) 

Polyamide 6 + 3.5 wt % LiCl + 40 wt % Hemp Fibers (F) Polyamide 6 + 3.0 wt % LiCl + 

30 wt % Hemp Fibers. © US Patent Office. Redrawn from data and reused.  

Similarly, Xu[48] investigated cellulose reinforced polyamide 6,6 biocomposites by 

using LiCl in combination with INTEC SB 94 and N-butylbenzenesulfonamide (NBBSA). 

Likewise, LiCl was used to lower the melting temperature of the polyamide 6, 6. However, 

polyamide 6, 6 has a relatively higher melting and processing temperature than polyamide 6. 

Therefore, INTEC SB 94 was added as a temperature depressant to induce further reduction in 

the melting temperature. NBBSA was used as a plasticizer to counteract the increase in viscosity 

of the polyamide caused by LiCl. Three concentrations of cellulose were used; 10, 20 and 30 %. 

The effect of injection and compression molding on the mechanical properties was investigated 

after fabricating the composites by extrusion. The results showed that the tensile and flexural 

moduli increased with increasing cellulose content. However, beyond 10 % cellulose content, the 

tensile and flexural strengths decreased with increasing cellulose content. These behaviors were 

observed regardless of the molding technique used. However, injection molded samples 

exhibited higher properties than those which were compression molded. The reduction in the 
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strengths above 10 % could possibly be attributed to poor dispersion of the cellulose. It is well 

known that cellulose is difficult to disperse, especially at high loadings. Improvement in the 

mechanical properties of the injection molded samples over those of made by compression could 

possibly be due to better alignment of the fibers within the polyamide, therefore resulting in 

improved stress transfer. The results indicated that severe fiber degradation was occurring, 

especially at higher concentrations of 30 %, regardless of the reduction in the processing 

temperature of the polyamide 6, 6. This could be attributed to the relatively high processing 

temperature of these composites, which was still above the threshold for biobased fillers such as 

cellulose. 

A comparison of the presence and lack of LiCl and NBBSA in wheat straw reinforced 

polyamide 6 biocomposites on the tensile strength and morphology were evaluated[51]. Of the 

LiCl concentration tested, it was found that the tensile strength of composite containing 2 % each 

of LiCl and NBBSA was better compared to that containing 4 % of NBBSA without LiCl. 

Figure 2-11 shows the difference in interfacial adhesion between the composite with and 

without LiCl[51]. The presence of voids at the interface can be observed for composites without 

LiCl. As a result of a lower processing temperature, the composite with LiCl had a better 

degradation energy indicating better thermal stability[52]. In summary, this method allows the 

use of natural fibers in the production of biocomposites with high melting temperature 

engineering plastics especially polyamide. Overall, the presence of the additives helps produce 

biocomposites with superior mechanical properties over those without. 
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Figure 2-11: Morphology of wheat straw reinforced polyamide 6 bio-composites with (A) 

4 % NBBSA processed at 235 °C and (B) 2 % of LiCl and NBBSA each processed at 225 

°C 

[Reprinted from Polymer Composites, Y. Amintowlieh, A. Sardashti, L. C. Simon, Polyamide 6-

wheat straw composites: Effects of additives on physical and mechanical properties of the 

composite, Copyright © 2012, with permission from Wiley, License number: 4033170191922] 

2.5.2.2.1.2 Polymer Blending 

Another method to depress the melting temperature of engineering polymers such as 

nylons and poly (ethylene terephthalates) (PETs) is by blending it with another polymer at low 

concentrations. It has been reported that some polymers can depress the melting temperatures of 

other polymer when used in small quantities[46,53–56]. The presence of a minor polymer phase 

can disrupt the formation and growth of crystals in the major polymer phase, thereby resulting in 

a wide and random distribution of crystal formation[56]. This causes a reduction in the 

crystallinity as well as the melting temperature. Campoy et al.[53], studied the effect of blending 

liquid crystal copolyester at concentrations from 0 to 85 wt. % with nylon 6. It was found that the 

melting temperature of the nylon was successively depressed with increasing amounts of liquid 



37 

 

crystal copolyester. At around 50 wt. % liquid crystal copolyestr concentration, the 

crystallization temperature was also shifted to a lower temperature. Similarly, reduction of the 

melting temperature of PET has mostly been investigated. Figure 2-9B shows the depression of 

the melting and crystallization temperatures of poly (ethylene terephthalate) (PET) by blending it 

with polycarolactone (PCL) at different concentrations. Similar attributes to that of LiCl on 

polyamide are observed. In this case, in the presence of low molecular weight PCL with high 

amounts of hydroxyl end groups, PET can undergo ester interchange reactions through 

acidolysis[57–59]. Talla et al[29], successfully fabricated biocomposites from PET and hemp 

fibers using this concept by reducing the melting temperature from 247 to 237 °C. Alkaline 

treatment of the hemp fibers was done to enhance its thermal stability thereby allowing it to be 

processed at 237 °C. This study showed that composites made through this process were 

thermally stable and the effect of processing parameters such as temperature was negligible. 

Therefore, these studies have demonstrated that fabrication of biocomposites from engineering 

thermoplastics and natural fibers is possible. Apart from the advantage of depressing the melt 

temperature of the thermoplastic through blending, the polymer could act as a compatibilizer to 

further improve the adhesion between the fiber and engineering thermoplastic[60]. In a study by 

Jana and Prieto[60], wood flour was coated with a low molecular weight epoxy in order to help 

prevent thermal degradation during compounding with poly (phenylene ether) (PPE) which has a 

high processing temperature of between 280 and 320 °C. It was found that the epoxy coating on 

the fibers formed miscible blends with PPE and remained on the wood flour surface after 

polymerization possibly due to the polar surface of the wood flour. The resulting composite 

showed enhance mechanical properties. 

.  
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2.6 Factors to Consider during Bio-composite Compounding 

2.6.1 Moisture 

Regardless of the modifications made to the extrusion process during natural fiber-

polyamide biocomposite fabrication, there are some factors which need to be considered. It has 

long been known and established that polyamides can hydrolyze in the presence of moisture and 

elevated temperatures. Therefore, it is vital to remove the moisture as much as possible from the 

polyamide prior to processing. Likewise, moisture has to be removed from the fiber so as not to 

cause hydrolysis of the polyamide during compounding. Typically, a moisture content of than 

0.2 % or less is acceptable for both matrix and natural fiber to minimize hydrolysis during 

processing. It is also understood that, during a typical extrusion compounding process, the filler 

and matrix are both exposed to moisture from the surrounding environment and will inevitably 

absorb moisture since they both are hydrophilic materials. A solution to this is to make the 

hopper(s) airtight or by degassing and water vapor removal through a vacuum pump(s) along the 

extruder zones. This will inevitably add more cost to the process, but will more than likely 

eliminate the concern of hydrolysis of the polyamide. The effect of moisture on polyamide 

biocomposites has been reported in literature. It was found that the tensile strength and modulus 

are improved up to the wood fiber loading of 2.5 wt. % and further increasing their concentration 

resulted in their property reduction significantly[61]. The hydrolysis of the polyamide chains was 

attributed to the decrease in properties as one of the possible reasons. It was postulated that the 

higher wood content translated to higher moisture content during hot pressing. However, another 

study showed that the presence of moisture did not negatively affect the properties of curaua-

polyamide biocomposites[24]. In fact the tensile and flexural properties of biocomposites made 

using dried and undried fibers showed similar results. Scanning electron microscopy revealed 
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good interfacial adhesion between fiber and matrix in both cases.  It was suggested that partial 

hydrolysis of polyamide during compounding with the undried fibers resulted in increased 

carboxylic end groups which made it more compatible through interactions with the hydroxyl 

groups on the fiber or through reactions forming ester bonds. The use of water to exfoliate clay 

during extrusion with polyamide 6 has led to nanocomposites with well dispersed clay and 

improved mechanical properties[62–67]. According to Fedullo et al.[67], the use of water has no 

significant reduction in molecular mass of the resulting polyamide after extrusion but rather acts 

to lower the viscosity and modify the polarity of the polyamide. Therefore, it is rather difficult to 

come to any conclusion regarding the importance of having moisture or not during the extrusion 

of polyamide biocomposites since compounding occurs in a high pressure and temperature 

environment with little to no exposure to oxidative environments. 

2.6.2 Fiber Loading 

Another factor which is important to the fabrication of structurally sound biocomposites 

during melt compounding of polyamides with natural fibers is the fiber content. Increasing the 

concentration of natural fibers beyond a certain point can lead to drastic thermal degradation of 

the composites. The presence of low thermally stable fiber components such as waxes, 

hemicellulose and pectin can induce thermal degradation of the fiber at higher loadings[68]. 

Elsabbagh et al.[23], studied biocomposites prepared from polyamide 6 with flax and kenaf 

fibers. They found that at fiber loadings of up to 22.5 wt. %, the biocomposite pellets exhibited 

blowholes which indicated excessive thermal increase during the extrusion process. Also, from 

the thermogravimetric studies, it was found that at 22.5 wt. % fiber loading, the degradation 

onset temperature was close to that of the processing temperature, thereby making further fiber 

loading impractical as it will only reduce the thermal stability of the composite even further. 
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Similar results were observed from the thermal analysis of polyamides reinforced with untreated 

and treated pineapple leaf fibers. Regardless of the fiber treatment, a reducing trend in the 

thermal stability of the composites was noticed[69]. In a study by Vold et al.,[38] utilizing 

torrefied flax and sunflower fibers as reinforcement in polyamide 6, it was found that increasing 

the fiber content led to the decomposition of under torrefied fibers, which acted as a plasticizer in 

the biocomposites. This resulted in a poor interface and subsequently decreasing mechanical 

properties. Others have shown that increasing the fiber loading beyond a certain concentration 

can induce thermal degradation of the fibers and render the resulting biocomposites impractical 

resulting from the poor mechanical properties obtained[48,70]. In conclusion, natural fiber 

loading beyond 20 wt. % should not be used during melt extrusion of polyamide biocomposites 

in order to minimize thermal degradation. 

2.7 Interfacial Adhesion and Bond Strength 

Interfacial adhesion and bond strength between filler and matrix are one of the primary 

factors which govern the reinforcement of polymers in composites[30]. Fillers such as carbon 

fibers and nanotubes, glass fibers and beads, minerals and clays typically need to be modified to 

improve interfacial adhesion with polyamides, whereas natural fibers or biomass will more often 

than not result in good interfacial adhesion with polyamide as long as the thermal degradation of 

the fibers is minimized[10,27,42,71]. This is because of the similarity in polarity and surface 

tensions of both materials stemming from the functional groups in both materials resulting in 

dipole-dipole interactions or hydrogen bonding[61].  
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Figure 2-12: Adhesion Strength tests of flax fiber and polyamide adhesion: (A) Micro 

bond test, (B) results from contact angle and aspect ratio, (C) fiber surface before pullout 

test and (D) fiber surface after pullout test. 

[Reprinted from Composites Part A: Applied Science and Manufacturing, A. Le Duigou, A. 

Bourmaud, C. Gourier, C. Baley, Multi-scale shear properties of flax fibre reinforced polyamide 

11 bio-composites, Copyright © 2016, with permission from Elsevier, License number: 

4033161306241] 

In natural fibers, the presence of surface functionalities such as hydroxyls, carboxyls and 

ether linkages act as anchor points for polymers chains and therefore make them compatible with 

polar polymers[33]. It has been suggested that the interactions occurring between natural fibers 

and polar thermoplastics such as polyamide and PET result from hydrogen bonding[27,29,71]. 

McHenry and Stachurski[61] studied the interfacial adhesion between wood-polypropylene and 

wood-polyamide. The morphology of the fractured surface of the wood-polyamide biocomposite 

revealed no fiber pullouts with well embedded fibers, whereas the wood-polypropylene 

biocomposites revealed fiber pullouts with debonding occurring at the interface with 
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polypropylene. This result suggests that the difference in interfacial adhesion between the 

matrices and wood is most probably due to the difference in polarity.  

Micromechanical tests such as micro-droplet bond and single fiber pull out tests are 

useful for the characterization of interface properties between fillers and matrices[72]. In the 

former, a droplet of polymer in the molten state is applied to a single fiber to form a concentric 

layer around the fiber such as in Figure 2-12A[71]. At different times and temperatures, the 

droplet aspect ratio (length/diameter (L/D)) and contact angle are measured. In the case of flax 

fiber-polyamide 11 micro bond test shown in Figure 2-12A, no changes in the contact angle and 

aspect ratio was observed after exposure of the sample for 8 mins at 210 °C. However, upon 

cooling to 23 °C, a slight decrease in the contact angle is observed, whereas the aspect ratio is 

increased (Figure 2-12B). This suggested that the interface between the fiber and polyamide is 

thermally stable and will not thermally degrade during processes such as extrusion. Changes to 

the aspect ratio and contact angle after cooling were attributed to the constraint on the fiber by 

residual stresses from matrix shrinkage. A fiber pull out test was conducted on this sample. 

Figure 2-12C and 2-12D show the sample before the pull out test and after. The presence of 

fiber peeling indicates the strong interfacial adhesion between the fiber and polyamide. 

 

  



43 

 

 

Figure 2-13: Schematic illustrating hydrogen bonding between hydroxyapatite and 

polyamide 6, 6. 

[Reprinted from Composites Part A: Applied Science and Manufacturing, X. Zhang, Y.-B. Li, Y. 

Zuo, G.-Y. Lv, Y.-H. Mu, H. Li, Morphology, hydrogen-bonding and crystallinity of nano-

hydroxyapatite/polyamide 66 bio-composites, Copyright © 2007, with permission from Elsevier, 

License number: 4033140778126] 

Hydroxyapatites (HAs), naturally occurring calcium based nano-fibers, which have 

hydroxyl groups on their surface similar to natural fibers have been shown in forming hydrogen 

bonds with polyamide 6,6 through the interactions between the hydroxyl groups of the HAs and 

amide groups of the polyamide[73,74]. Figure 2-13 illustrates the hydrogen bonding between 

HA and polyamide. Therefore, it is expected and most likely that the same interaction is 

occurring in between natural fibers and polyamides. From the literature, we can conclude that 

polyamides and natural fibers have an affinity towards one another, resulting in good interfacial 

adhesion because of the polar groups present in their structures. Also, that these attractions are 

most likely occurring as a result of hydrogen bonding. 



44 

 

2.8 Improvement to Polyamide-Natural Fiber Interface 

It has been understood that the adhesion between polyamides and natural fibers is due to 

their similarities in polarity as well as the possibility of hydrogen bonding. This suggests that the 

interface between these materials can be further improved through further modifications. By 

doing so, the bond strength is increased, resulting in a better transfer of stress from matrix to 

filler. Through fiber modification and utilization of techniques to minimize thermal degradation 

as discussed previously, a feasible route to the production of high performance polyamide 

biocomposites can be realized. 

Quite a few studies have developed or used previously developed fiber modification to 

improve the interfacial adhesion with different commodity thermoplastics[75–77]. However, few 

have done the same with polyamides because little attention is given due to the drawback of 

natural fiber use in high temperature processing. Two of the most common treatments applied to 

fibers for improving the adhesion to polyamides are alkaline or mercerization and silane 

treatments. The first is commonly used because it strips the fiber of thermally unstable 

components while exposing fibrils, which improve mechanical interlocking with the polyamide 

during compounding. Silane treatment is beneficial as the fibers do not undergo excessive or 

harsh treatment processes which could affect its structural integrity during fabrication processes. 

Also, the grafting of amino or end groups which can interact with the polyamide is relatively 

easy. Panyasart et al.[69], and Nopparut and Amornsakchai[78] studied the effect of alkaline and 

silane treatments of pineapple leaf fiber on the mechanical properties of polyamide 6. In both 

studies, the treated fibers improved the composite properties in comparison to the untreated 

fibers. Nevertheless, the untreated fibers enhanced the properties of the polyamide resulting from 

the compatibility with the polyamide.  It was found that the surface treated fibers exhibited 
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superior tensile strengths and moduli in comparison to that of the untreated fibers. Beyond 40 wt. 

% fiber content, a reduction in the tensile strength for all composites was observed due to fiber 

agglomeration.  

2.9 Properties of Polyamide-Natural Fiber Bio-composites 

2.9.1 Mechanical Properties 

Just like any other polymer composites, the properties of polyamide biocomposites vary 

with the nature of the filler used. Fibrous or high aspect ratio fillers such as jute, hemp and PALF 

typically significantly enhance the tensile and flexural properties of the polyamide whereas 

particulate fillers like wood flour might show moderate reinforcing effects. Nonetheless, the 

impact properties might be superior to those of fibrous fillers because of the ability of particulate 

fillers to stop crack propagation through crack pinning and bowing[79]
,
[42]. This is due to the 

ease and efficient stress transfer of the fibrous filler over a longer surface in comparison to 

particulate filler which is restricted to smaller and narrower surfaces. Synthetic fillers like glass 

fibers and carbon fibers are superior to natural fibers in terms of strength and stiffness and 

therefore can reinforce polyamides better. Figure 2-14 (top) compares jute reinforced polyamide 

6 with talc, glass fiber and wood flour reinforced polypropylene[80]. It can be observed that at 

similar or higher filler loadings in polypropylene, jute/PA6 exhibits better flexural strengths. The 

advantage of polyamide biocomposites is the good compatibility between the fiber and matrix, 

leading to improved properties. Likewise, the properties of polyamides are significantly higher 

than that of polypropylene. Therefore, jute/PA6 can potentially replace GF/PP especially at 

higher loadings of GF while incurring little to no additional cost.  
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Figure 2-14: Comparison of the flexural strength of jute/PA6 composites with 

polypropylene (top) and PA6 (bottom) filled with different fillers at different 

concentrations. (GF – Glass fiber)  

[Reprinted from Leong Y, Thitithanasarn S, Yamada K, Hamada H. Compression and injection 

molding techniques for natural fiber composites. In: Natural Fibre Composites Materials, 

Processes and Applications, Woodhead Publishing Limited; 2014, p. 216–32, with permission 

from Elsevier and license number: 4002570439158. Copyright © 2014] 

When it is compared to other polyamide filled composites in Figure 2-14 (bottom), it 

has a flexural strength which is comparable. However, considering the density of the composites, 

jute/PA6 will have superior specific strengths at similar fiber loadings. In order to achieve 

similar or better properties comparable to GF, talc or graphene/PA6 composites, a hybrid 

polyamide biocomposite system can be employed where other fillers are used alongside natural 
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fibers[81,82]. This way, a significant part of the composite is biobased while still achieving the 

desired properties. To the best of our knowledge, there are no current literature available, 

investigating hybrid polyamide biocomposites from a multicomponent filler system. 

2.9.2 Density 

The densities of polyamide biocomposites are very critical as their applications are 

mostly found in the automotive industry, which requires low density materials in order to 

minimize fuel consumption. A compilation and comparison of the densities of polyamide 

composites made from different fillers at 20 wt. % loading is represented in Figure 2-15. These 

values were obtained from published works using a polyamide 6 with a density of 1.13 g/cc. 

Density from commercially available carbon fiber filled polyamide 6 composites at 20 % wt. 

loading (RTP 283 A) from RTP Co. Plastic Fabrication Company was used. The composites in 

comparison to neat nylon show a sharp increase in the densities with mineral at 13.3 %[24], 

carbon fiber at 8.1 % and glass fiber at 12.5 %[24]. Studies of other polyamide 6 filled systems 

also exhibit increases in their densities; aluminum at (8.1 %)[83], microcrystalline cellulose 

(MCC) at (4.5 %)[84], vegetal fibers at (4.5 %)[24], torrefied flax shive (TFS) at (10.7 %)[38] 

and torrefied sun flower hull (TSFH) at (8.5 %)[38]. However, in the case of biocarbon an 

increase of only 4.3 % was observed[39]. A percentage decrease in density of three to four times 

lesser than  mineral and glass fiber filled nylon[39].  

With such high densities of the fillers, applications for the composites will be 

significantly narrowed. With biocarbon having a 4.3 % increase in density, it has the potential to 

replace mineral and even glass filled systems when considering the role of density in the 

intended application. Results from natural fiber filled nylon composites are quite similar to that 

of biocarbon filled composite due to the similarities in the densities. Recently, the mechanical 
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properties of biocarbon reinforced nylon biocomposite were bench marked against mineral and 

natural fiber reinforced nylon composites[40]. It was shown that the densities of the 

biocomposites were significantly lower than that of the mineral reinforced nylon. Likewise, the 

specific strengths and moduli were superior to those of the mineral filled nylon. This comparison 

was done to show the importance of light-weighting in relation to improvement in mechanical 

properties of nylon for automotive applications. 

 

Figure 2-15: Density comparison of polyamide 6 reinforced with different fillers at 20 % 

wt. and their corresponding percentage increases relative to polyamide 6.  

2.9.3 Moisture Absorption 

One of the long term concerns of biocomposites are their hygroscopicity.  Polyamides 

and natural fibers exhibit inherent hydrophilicity and will absorb moisture from their surrounding 

environment. Therefore, this property severely limits the performance of polyamide 

biocomposites and its applications. Most polyamide biocomposites are used in applications with 
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dry surroundings and little to no moisture or water contact such as under-hood of automobiles. 

Studies have shown that the moisture absorption of polyamides can be reduced using 

hydrophobic fillers such as glass and carbon fibers[85]. These materials create a barrier to the 

path of moisture transport through the polyamides. It is clear that natural fibers increase the 

water uptake of polyamides. However, biocomposites from biocarbons with polyamide show 

results similar to that of polyamide. This is due to the reduction in polarity of the material 

compared to typical natural fibers. Vold et al.[38], found that using torrefied flax shive and 

sunflower seed hull in polyamide biocomposites reduced the water uptake even at higher 

loadings as compared to that of the neat polyamide. Similarly, Ogunsona et al.[41], found ~0.5 % 

increase in the water absorption of biocarbon reinforced polyamide biocomposite at 20 wt. % 

biocarbon loading because of the reduced polarity of the biocarbons in comparison to those of 

natural fibers. Therefore, using biocarbon in combination with other natural fibers can help 

reduce the moisture uptake of biocomposites. 

2.10 Conclusion: Way Forward/Future of Polyamide Bio-composites 

Polyamide bio-composites have great potential practical applications in various industries 

such as the automotive, furniture and construction industries. Understanding the limitations and 

potential properties of natural fibers and ways to apply them as reinforcing agents in polyamides 

can potentially lead to a new class of bio-composites. From this literature review, we come to the 

following conclusion: 

 General extrusion of polyamide bio-composite fabrication is limited to synthetic 

fillers as natural fibers will degrade due to the high processing temperatures of the 

polyamides. 
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 Polyamide bio-composites can be successfully fabricated using techniques to 

minimize fiber degradation such as fiber and process modifications. 

 Polyamide bio-composites are typically limited to natural fiber loadings between 

20 to 25 wt. % due to increased degradation during fabrication resulting from 

volatiles. 

 Incorporation of high natural fiber loading decreases the thermal stability of the 

bio-composite. 

 Research into the use of a combination of techniques to minimized fiber 

degradation is required to explore the best possible bio-composite fabrication 

methods. 

 The effect of moisture during polyamide bio-composite fabrication is 

inconclusive; literature has suggested both a positive and negative effect of 

moisture on the interfacial adhesion between fiber and matrix during 

compounding. Therefore, a systematic and thorough investigation as to the 

significance of moisture on bio-composites during compounding is necessary. 

 Thermally treated natural fibers have shown potential to be used directly and 

without any modification to the fabrication process to successfully produce bio-

composites with enhanced properties. 

 Hybrid composites from polyamides and a combination of natural and synthetic 

fibers are yet to be explored. A combination of these can go a long way in the 

development of bio-composites which have minimal drawbacks resulting from the 

presence of natural fibers. 
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Currently, biocarbon has been a focus of researchers all over the world as potential filler 

for engineering thermoplastics. It is thermally treated biomass in the presence of limited oxygen 

resulting in a highly thermally stable carbon rich material. It can be used without the concern of 

thermal degradation and therefore compounded directly with polyamides without the added steps 

of process or material modifications. In conjunction with other natural and synthetic fillers, bio-

composites with well-balanced properties and minimized drawbacks can be achieved. 
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Chapter 3: Biocarbon Potential in Polymer 

Bio-composites 

In this review, reports from literature pertaining to the investigations of biochar 

properties which have significance in relation reinforcing fillers in polymer composites are 

discussed. These are also compared to well-known and currently used fillers. Similarly, works 

exploring the use of biochar as filler in various polymer composites are also reviewed. The scope 

of this review will be to identify potential characteristics of biochar which are important factors 

required by fillers in polymer composites. Biochar varies in its physical and chemical properties 

and this is highly dependent on the biomass source used, technology processes and production 

conditions. The presence of functional groups on its surfaces is indicative of its ability to be 

further engineered through modification processes similar to graphene and carbon nanotubes. 

Similar to amino and carboxyl functionalized carbon nanotubes, it has been proven that biochar 

can also be functionalized in likewise manners.  Biochar, when compared to other fillers at the 

same concentrations in the same polymer results to a lower density due to its turbostratic 

structure which is less dense. It can be engineered to produce particle sizes and size ranges down 

to nano-metric scales for use in particulate polymer nanocomposite applications. It has a thermal 

stability which surpasses most other bio-based fillers and can be used, especially with 

engineering polymers. Biochar has the potential to be used as reinforcing filler in polymer 

composites while increasing its bio-based content, reducing consumption of petroleum based 

materials and carbon foot print on the environment. 

 



59 

 

3.1 Introduction 

 

Currently, end-use applications require lightweight, durable and thermally resilient 

materials. Engineering polymer composites, especially, have shown excellent properties to 

reconcile some of these problems[1,2]. Composites from commodity polymers have also shown 

capacity to address some of these problems as well. The field of polymer composites is well 

developed and on its way to becoming one of today’s front runners in advanced materials. They 

are actively being explored because of their widespread applications and low cost. Enhancing 

properties of these polymers by using reinforcing fillers to keep up with the ever-growing 

demand for lighter and stronger materials have been achieved and well reported in literature[3]. 

With concerns for the environment and depleting resources, a demand for new polymer 

composites based on bio renewable and sustainable resources to replace partially or in full, 

currently used composites based on depleting or petroleum resources. 

It is common practice in the polymer industry to have polymers melt-compounded 

directly with different kinds of fillers in order to improve some of their properties. Studies on 

different polyolefin with various fillers have been performed[4–6]. Several materials have been 

explored for their reinforcing effect on polymers and have been proven successful. Materials 

ranging from naturally found synthetic (non-bio-based) materials (mica, talc, clays and 

sepiolite)[7–11], man-made synthetic materials (carbon fiber, glass fiber and carbon 

nanotubes)[12–14] to natural (bio-based) materials (plant fibers, cellulose and flour)[15–18] just 

to mention a few have been explored. Table 3-1 lists some of the most commonly used filler 

materials in polymer composites along with some of their physical properties. 
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Substituting synthetic polymers in part with bio renewable resources like natural fibers 

and biomass has become the most feasible ways of cutting down on synthetic polymers and 

fillers. Some natural fibers exhibit specific strengths which are higher than some commonly and 

heavily used filler materials like glass fiber[19,20]. They are environmentally friendly, easily 

obtainable, sustainable and most importantly, cost competitive. The first wave of composites was 

those based on polyolefin. Polyolefin were used because of their popularity, low cost and 

widespread use but they have a lasting negative effect on the environment. They were also 

explored because of their low processing temperatures which are within the thermal stability 

range of most natural fibers and biomass. Exploration into the use of natural fibers for 

reinforcement in engineering polymers were not successful and quickly died out because of the 

processing temperatures which are well over the thermal stabilities of these fibers. Composites 

made from these fibers and engineering polymers revealed great levels of degradation of the 

fibers and ultimately inapplicable composites. However, the fabrication of natural fiber 

reinforced engineering polymer composites was successfully achieved. This was realized by 

inducing a reduction in the melting temperature of the polymer enough to permit the 

incorporation of natural fibers at a lower temperature[21]. However, the drawback to this is the 

additional requirement of expensive and non-environmentally friendly additives. However, this 

process involved the use of a salt and a two-step process which could adversely result to added 

manufacturing cost. Beyond this, the use of natural fibers and biomass has been limited to low 

processing temperature polymers. 

A second wave of polymer composites are those based on biopolymers which involved 

the use of natural fibers or synthetic fibers with bio-based polymers. These composites showed 

promise because of their biodegradability which reduced the impact on the environment. 
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However, they are not as resilient and in some cases as mechanically sound as polyolefin based 

composites after long term use[22,23]. Their durability under different environmental conditions 

is of concern and should be improved upon if they are to be used as substitutes for applications 

currently serviced by olefin composites. 

Engineering polymer composites have mostly been reinforced with synthetic and mineral 

based fillers which can withstand high processing temperatures but renders them even more non-

renewable and non-environmentally friendly. With the average thermal stability of natural fibers 

at around 200 °C, degradation is inevitable if used as is as reinforcement in engineering polymers 

because of the high processing temperature during fabrication[24]. Therefore, efforts have been 

made to improvement their thermal stability through heat treatment by means of torrefaction. 

Torrefaction is a process of thermal degradation of biomass under limited or no oxygen, up to 

temperatures of 350 °C and typically at a low heating rate of around 5-10 °C/min[25]. This 

process alters the chemical and physical structure of the biomass by removing volatile matter 

unstable below the torrefaction temperature. This causes the fibers to transition from a highly 

heterogeneous structure to a more uniform structure containing more carbon. As a result, the 

structure is then transformed to a more stable one by aromatizing the heterogeneous structure. 

Studies have shown that the thermal stability of biomass can be improved in reference to its 

parent biomass though thermal treatment[26–28]. 

 

 

 

 



62 

 

 

Table 3-1: Physical and mechanical properties of reinforcing fillers used in 

polymer composites.  

Fibrous / 

Particulate Filler 

Modulus (GPa) Strength (TPa) Density (g/cm
3
) Dimensional Scale 

Material 

Type 

Natural fibers 4-128 0.131-1.627 0.6-1.56[29–32] Nano - macro Bio-based 

Minerals - - 2.05-2.9[33,34] Nano - micro[33] Synthetic 

Clay 140[35]  2.3-2.99[35,36] Nano - micro[37] Synthetic 

Carbon fiber 220-390 2.5-3.2 1.7-2.25[38–41] Nano – micro[42] Synthetic 

Carbon nanotube 400-1800[43,44] 0.15-0.18[45] 1.75[46] Nano[47] Synthetic 

Biochar 4-25[25,48,49] - 0.85-2.06[50–55] Nano – macro[56–59] Bio-based 

Glass fiber 70-86[40] 2-4.57[40] 2.5-2.6[31,60] Micro[33] Synthetic 

Carbon black - - 1.7-1.9[57,61,62] Nano – micro[63] Synthetic 

Glass beads - - 2.5[36] Micro[33] Synthetic 

Metals 379[64] 1.9[64] 2.7-8.96[65,66] Nano-micro[65–67] Synthetic 

Carbon 230-240[40] 4[40,68] 1.4-1.7[40] Nano – micro Synthetic 

Graphite/Graphene 250-1000[69,70] 0.1-0.118[69,71] 2.24[41] Nano – micro[72] Synthetic 

Ceramic 152-370 1.7-2.13 2.7-3.75 Micro Synthetic 

 

Increasing the thermal stability of fibers and biomass through torrefaction is indicative 

that they can be utilized as reinforcement in engineering polymers without the negative effect of 

thermal degradation. Further increase in the temperature during the thermal treatment process of 

biomass causes more volatiles to be removed and the rearrangement of the structure to form 

carbon-carbon bonds. Above 350 °C, the transition from torrefaction to the initiation of 

carbonization begins to take place. Carbonization is similar to torrefaction but only occurs at 
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temperatures higher than 350 °C. It functions by creating a highly thermally stable material rich 

in carbon by trapping carbon within its structure. This material has been referred to as biochar or 

biocarbon in the literature[25]. It is a low valued by-product of the bioenergy industry. It is not 

typically designed or engineered for specific uses but its properties are determined from the 

processing conditions for the extraction of bio-oils and gases coupled with the type of biomass 

used.  

Since the first documentation of biochar as an excellent additive in soil to aid the growth 

of agricultural produce in ancient Japanese [73,74], a great deal of time and effort have gone into 

investigating and characterizing it. These have been done to fully understand its nature from a 

holistic point of view. Published research on biochar to date ranges in the hundreds, with most of 

the earlier publications focusing on its characterization and effects on soil enhancement for 

agricultural purposes[75–79]. Further studies focused on its production and manipulation to 

enhance its physical and chemical attributes targeted for soil amendment [80–83]. The current 

research on biochar focuses on developing alternative applications beyond soil 

amendment[25,84–87]. However, some authors have proposed the use of biochar in composite 

applications[88,89] but few work have been done towards achieving this goal. Figure 3-1 

illustrates the production process and current uses of biochar as well as potential new 

applications. The need to find alternative uses for biochar stems from the need to substitute 

currently used synthetic materials with those from bio renewable resources due the fast depleting 

resources, drive to be more environmentally sustainable and to take advantage of its economics. 

Why biochar and not some other material? Biochar is a derivative of biomass which is 

thermally decomposed under limited or no oxygen supply to yield a carbon rich solid at 

temperatures usually below 700 °C[90,91]. During pyrolysis, there is release of energy through 
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heat which can be captured for use. The release of volatiles in form of gases called syngas can be 

used as fuel or further processed into commercial products[92]. A third component, bio oils, are 

also released during this process and can be separated and purified for further applications[93]. 

These pathways through which every component of the parent biomass can be utilized makes 

biochar an excellent candidate for research on alternate use besides soil enhancement. Its current 

uses are mainly as fuel in the bioenergy industry and as mentioned earlier, soil enhancement. The 

current limited uses of biochar gives rise to it as a low-value added product (by product) in the 

bioenergy industry[94]. For the bioenergy industry to fully become self-sustainable, all aspects 

of the production and products must be sustainable and viable in parts. 

3.2 Biorefinery Industry 

Currently, we are beginning to see a great deal of emphasis put on social and 

environmental concerns and how industrial practices are affecting the environment. Industries 

are now beginning to divert from the use of non-environmentally friendly materials to more 

sustainable and eco-friendly materials. Biochar as a potential material for various applications 

has become a major force to be reckoned with in the materials industry as a result. This is 

because biochar is rich in carbon, which prevents the release of carbon to the environment but 

captures and traps it. This characteristic property of biochar is referred to as carbon 

sequestration, hence reducing the carbon footprint on the environment. The bioenergy industry 

was set up as a part solution to the ever-growing demand for society’s energy demands. 

Currently, energy demands are being satisfied with various energy sources mostly derived from 

fossil fuels such as crude oil and coal. However, these sources of energy are not renewable. With 

advancing technology and growth of the human population, more energy is required and, 

therefore, new sources of energy needed to supplement and eventually replace the current 
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sources.  This has led to the exponential growth of the bioenergy sector; consequently it has 

become ever more important to find alternate or additional uses for biochar to transform it from a 

low value added product into a high value added product and to keep this industry self-

sustainable. This has led to several investigations into potential alternate uses of biochar. 

Literature suggests that biochar has been mostly explored in three main application streams; 

absorbents, energy storage and filtration. Biochar has high surface area and can be utilized as 

absorbents for the coagulation of impurities and waste removal in waste management. It has been 

explored for air and water filtration application because of it porous structure which allows it to 

trap microscopic particles (Figure 3-1). However, to date, very few studies have investigated the 

use of biochar as reinforcement in polymers. The majority of the work done have been reported 

between years of 2015 and 2016, indicating that researchers are beginning to realize the potential 

it has as a reinforcing agent[25,48,49,88,89,95–100].  

 

Figure 3-1: Pathways through which biochar is and can potentially be used. 

In this review, we focus and discuss the biochar properties. To this end, we examine 

biochar in comparison to other reinforcing fillers currently used in the field of polymer 
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composites and its potential to possibly substitute in part or in whole, some of these reinforcing 

filler materials. For biochar to be considered as a potential reinforcing filler or as an enhancer for 

other properties of a polymer, it must exhibit properties similar to, better or cumulatively more 

attractive as a whole than currently used materials. We will approach this review from the view 

point of factors and properties of reinforcing fillers which promote desired properties in polymer 

composites and by reviewing all known biochar reinforced polymers reported in literature. 

3.3 Engineering Designer Biochars 

Understanding the physical, structural and chemical properties of biochar is critical to 

examining its possible utilization and optimization for reinforcing purposes in polymer 

composites. Biochar obtained from different pyrolysis technology have distinct and trending 

properties resulting from the parameters and conditions involved in its production. However, its 

physical and chemical properties can vary significantly from one biochar to another and are also 

highly dependent on the biomass which they are made from. Specific desired properties can be 

obtained by manipulating processing conditions, changing the pyrolysis technology used or just 

by selecting a different biomass source. In-depth studies of engineering biochars by manipulating 

the pyrolysis parameters have already been done. Since this is not the focus of the review, a brief 

highlight will be given. 

3.3.1 Pyrolysis 

The bioenergy industry produces bio oils and gases from biomass feedstock through 

pyrolysis. Pyrolysis is a form of extraction technology by the thermal degradation of biomass in 

the partial or total absence of oxygen. Bio-carbon can vary in chemical composition and 

structure depending on the pressure, heating rate, environment in which it is pyrolyzed, the 

highest treatment temperature (HTT), the inherent composition of the starting biomass 
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(holocellulose, lignin and inorganic matter) and its moisture content. The moisture content of the 

biomass is important in yielding high carbon content at high pressures. High yields of biochar 

can be obtained under increased pressures and/or decreased heating rate. Increased pressure 

helps suppress volatization and increase aromatization of the solid. In light of this, the reaction 

conditions of the pyrolysis production process can be engineered to change the product ratios and 

properties towards a specific use such as reinforcing fillers in polymer composites. For example, 

manipulating the processing conditions in order to trap more carbon within the structure yields 

more biochar and consequently increases its hardness/stiffness. Biochar are commonly produced 

through three processes. These processes are slow, fast and flash pyrolysis. 

3.3.1.1 Slow Pyrolysis 

Slow pyrolysis also regarded as conventional pyrolysis is characterized by the low 

heating rate and relatively long vapor residence time[101]. This process allows for the increased 

graphitization of the biomass to take place and therefore yielding a very high concentration of 

carbon content especially at elevated HTT. Biochars resulting from this pyrolysis are typically 

denser with high modulus due to the residence time which allows for more alignment of the 

graphitic sheet layers. Kloss et al[78] and Abdullah[56] studied the effect of different HTT on 

wood based biochars from different sources. The carbon content was observed to increase with 

increasing temperature while hydrogen and nitrogen contents reduced, suggesting an increase in 

aromaticity of the structure. Brewer et al compared the aromaticity of chars from slow, fast and 

gasification processes and found that slow pyrolysis yielded the highest aromaticity, again due to 

the residence time which allowed for carbonization to take place[50]. Characterization of biochar 

produced from two different waste paper mill pulp feedstock showed that the carbon content in 

both chars were approximately the same (29 and 32 %) despite their origin[102]. Though 



68 

 

chemical composition and feedstock differences can play a significant role in derivative 

constituents after pyrolysis, the typical carbon yield obtained by slow pyrolysis typically falls 

around 30 % [25] but can be as high as 50 %[103].  

3.3.1.2 Fast Pyrolysis 

The use of a high heating rate, a short vapor residence time are what characterize the fast 

pyrolysis process[104]. High yields of vapor and oil are obtained with low biocarbon content of 

around 10-25 wt. % due to the very short residence time which prevents formation of carbon-

carbon bonds[25]. As a result, turbostratic structures are formed when this process is used. It will 

presumably yield biochar with very low density and heterogeneous structures as well. This type 

of technology is developed and used mainly for liquid fuel extraction because of the high oil 

yields[105]. 

3.3.1.3 Flash Pyrolysis 

This process occurs when the biomass is heated very rapidly under high pressure yielding 

bio-carbon and volatiles of around 60 % and 40 % respectively. A high amount of bio-carbon is 

obtained in this process, which is opposite to the low yield in fast heating. This is possible 

because the high pressure aids in the in the carbonization process as stated earlier by retaining 

more carbon in the structure. Budai et al[106] studied the effect of different pyrolysis technology 

such as slow, hydrothermal carbonization and flash pyrolysis on corncob. It was found that flash 

pyrolysis yielded the highest carbon content of approximately 83.2 % and with slow pyrolysis 

having intermediate carbon content. It was also found that the rate of carbonization increased 

with increase in HTT and was insignificant above 687 °C. 
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Therefore, when designing biochar for reinforcing purposes, it should typically not 

involve the use of fast heating rates and short residence times because biochar with a lot of 

structural defeats (low aromaticity and heterogeneous structure) will result to a reinforcing 

material that fractures at weak points during stress transfer from polymer to filler. Rather, 

conditions which will favor highly carbonized structures with the presence of moieties on the 

surfaces of the biochar should be considered. These will allow for structural integrity and 

potential for further modifications to suit different polymers. 

3.3.2 Feedstock for Biochar Production 

Char produced from the pyrolysis of any biomass feedstock is considered biochar. Any 

biomass can be pyrolyzed to obtain biochar. This does not essentially qualify any biochar as 

good reinforcing filler. When designing biochar for specific applications like filler in polymer 

composites, it is expected that it should possess comparable stiffness and homogeneity across its 

structure for proper reinforcing effects to those currently used. Therefore, selecting feedstock for 

biochar production intended for use as reinforcement will require that it has high lignin content 

to begin with. This is because lignin has a very wide decomposition temperature and is therefore 

more stable than cellulose and hemicellulose[105]. High lignin content will result to high char 

conversion during pyrolysis. A higher char or carbon content translates to a more aromatic and 

homogeneous structure with reduced defeats. The high lignin content in wood is the reason for 

wood based biochars having typically higher carbon content than biochars from other sources 

like grasses[25]. Biochar obtained from animal waste has been found to contain relatively 

substantial amounts of ash content. Ash in biochar are mostly comprised of minerals, are highly 

thermally stable up to temperatures of 800 °C. The main constitute of these minerals are those 

typically found in soil such as oxides, sulphide, carbonates, phosphates and chlorides. These 
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minerals can exist as micron or nano-sized phases within the carbon lattice and therefore rather 

difficult to get rid of. These minerals not only contribute to the increased density of the biochar 

but also disrupt the compatibility of the biochar with polymer matrices. 

3.4 Characteristics of Biochar  

3.4.1 Density 

The density of filler materials is a critical property if it is to be used as a reinforcing 

material. This is because end-use applications of these composite materials typically require 

them to be of minimal weight. Applications especially in the automotive and aerospace industries 

have strict density requirements as they try to improve on fuel consumption in this day and age 

of heightened depleting fuel resources. Even for composites that don’t end up in some sort of 

vehicle application, the need to minimize the density is still necessary for logistical reasons. 

Since the manufacturing world is now global, products are transported from one end of the world 

to the other. Transportation cost ensues from increased weight of the products. 

The density of biochar has been reported in literature by several researchers with values 

as low as 1.235 gcm
-3

 to as high as 2.06 gcm
-3

 (Table 3-1). It might seem like a very wide range 

for the density of a material or even erroneous data, but it is clear that the density of biochar as 

mentioned earlier is highly dependent on the derivative biomass and pyrolysis conditions during 

its production. In comparison to other well-known fillers (e.g.; carbonaceous fillers), it is very 

low. At present, fillers being used have densities as high as 2.9 gcm
-3

 which results in increased 

density of the composites despite their excellent reinforcing properties when incorporated into a 

polymer matrix.  
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To the best of our knowledge, keratin which has a density of 0.8 - 0.89 g/cm
-3

[107,108] is 

the only known and currently explored synthetic or natural filler with a lower density than that of 

biochar. However, keratin might not be applicable for composite applications with engineering 

polymers due to issues of degradation. Therefore biochar presents a path to bio-composite 

production using engineering thermoplastics. 

3.4.2 Thermal Stability 

The thermal stability of reinforcing fillers is a vital property when dealing with polymer 

composites. It is important that the filler be able to withstand temperatures at which these 

composites are processed. The thermal stability of a material is a measure of its ability to 

withstand increasing temperatures without degradation setting in. The importance of thermal 

stability comes into play when engineering polymers are involved. Due to the high processing 

temperatures of some engineering polymers such as at 240 °C[109], 250 °C[110], and 270 

°C[111], fillers like natural fibers and in some cases torrefied natural fibers cannot be used. For 

this reason, studies on engineering polymer composites using natural fibers are not actively 

pursued. However, composites from nylon and natural fibers have been successfully 

fabricated[21]. It was made possible by inducing a reduction in the melting temperature of the 

nylon enough to allow the use of natural fibers as reinforcement. Others have employed the use 

of thermal treatment (torrefaction) on natural fibers in order to increase their thermal stability 

enough to be used in polyamide composites[28,110]. However, the structural integrity of the 

fibers is affected by the torrefaction process and results to fragmentation into particles during the 

compounding process. Latimmer et al[28] studied and compared the effect of using both 

torrefied and un-torrefied flax shive as reinforcement in polyamide 6. They observed the 

degradation of the untreated flax shive during melt compounding from the smell given off by the 
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degrading biomass and also through the microscopic morphology of the interface between the 

polyamide and un-torrefied biomass. When the torrefied biomass was melt compounded with 

polyamide, no smell was perceived and showed improved interface with the polyamide. 

Torrefied flax shive and sunflower hull was also used to reinforce polyamide[110]. The 

increased stability of the fibers was achieved and successful fabrication of this composite as well 

without negative effects of temperature to the fibers. However, reduction in some properties 

were noticed and the presence of voids within the samples resulting from incomplete or uneven 

treatment of the fibers. Further study is required to produce fibers with more uniform thermal 

stability from torrefaction to maintain consistent properties. 

Biochar on the other hand has a thermal stability capable of withstanding high 

temperatures. The thermal stability is highly dependent on the temperature at which it is 

pyrolyzed. Kim et al[112] studied the stability of wood and grass based biochars using 

thermogravimetric analysis (TGA). They found that at greater highest treatment temperatures 

(HTTs), the biochars were increasingly more stable but not as stable as carbon nanotubes, 

indicating the incomplete carbonization or graphitization of the sheets like those found in CNTs. 

It was also found that wood based biochars shown superior thermal stability to those of grass 

based biochars at equivalent processing temperature. It was attributed to the concentration of 

more complex ligneous polymer structure and less thermally labile hemicellulose than in grass 

biochars. This goes to show how processing and elemental composition and concentration can 

affect and vary the properties of biochar. Cao and Harris[113] also found that the thermal 

stability of dairy manure biochar increased with increase in the HTT (Figure 3-2). This change 

in stability could be attributed to the limited amount or absence functionalities present on its 

surfaces of the manure biochars processed at different HTT, therefore exhibiting difference in 
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weight loss as volatiles are removed.  In biochar, there is inevitable weight loss around 80 °C to 

100 °C even after drying to a constant weight[114]. This is due to the particularly porous 

structure and high surface area which can trap and adsorb moisture and also from its 

hydrophilicity stemming from polar functional groups on its surface. Though the thermal 

stability of biochar is considerably lower than that of carbon black and other carbonaceous 

materials, it is however stable enough to be processed at high temperatures with engineering 

polymers such as PET, nylon and PTT, therefore making it an attractive option and alternative. 

 

Figure 3-2: TGA profiles of biochars from Dairy (Adapted from [113]) 

[Reprinted from Xinde C, Willie H. Properties of dairy-manure-derived biochar pertinent to its 

potential use in remediation, Bioresource Technology, 2014, p. 5222–8, with permission from 

Elsevier and license number: 4004761189428. Copyright © 2010] 
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3.4.3 Surface Chemistry 

Biochar is an extremely complex material. Its properties especially its surface chemistry 

can vary greatly depending on its parent chemical composition and processing condition[115–

117]. It is usually acidic because it oxidizes upon exposure to oxygen rich environment[118]. 

Newly produced biochar commonly has low functionalities but begins to oxidize with 

predominantly oxygen containing functional groups like carbonyls, carboxyls and hydroxyls 

which are grafted onto its surface upon exposure to moisture[119–122]. These functionalities 

make biochar a polar material and inevitably hydrophilic in nature[120]. The concentration and 

types of functionalities can also vary and is highly dependent on the pyrolysis temperature. 

Figure 3-3A describes possible functional groups present on biochar surfaces while Figure 3-3B 

shows the changes in functionalities and fusion of C=C bonds with increase in temperature. With 

the presence of functional groups on its surface, there is a great potential for them to be used as 

anchor points for further modifications to suit specific polymer. Discussion on modification of 

biochar for tailored uses will be discussed further on. 
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Figure 3-3: Functionalities usually found on biochar surfaces (A) and Structural changes 

during pyrolysis of carbon (B) (Adapted from [123] and permission requested). 

[Figure 3-3A reprinted from Colloids and Surfaces A: Physicochemical and Engineering 

Aspects, J. Brennan, T. Bandosz, K. T. Thomson, K. E. Gubbins, Water in porous carbons, 

Copyright © 2001, with permission from Elsevier, License number: 4034201224351] 

A study on the characterizations of biochar by studying the effect of pyrolysis 

temperatures on two biomasses (poplar and straw) were investigated[78]. A similar characteristic 

was also noticed for both biochars at and above 460 °C indicating the dehydration of the 

biomass. It was also noticed that the intensities of the peaks reduced and broadened with 

increasing temperature.  
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Figure 3-4: FTIR of biochars from miscanthus fibers pyrolyzed at low and high 

temperatures depicting structural differences. 

[Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, J. Brennan, T. 

Bandosz, K. T. Thomson, K. E. Gubbins, Water in porous carbons, Copyright © 2001, with permission 

from Elsevier, License number: pending] 

 

In another study, Fourier Transform Infrared Spectroscopy (FTIR) was performed on 

biochars produced from the same source and but at different conditions (Figure 3-4). It was 

found that B2 (biochar produced at a higher pyrolysis temperature) showed no peak with a 

relatively flat or straight line indicating the absence of functional groups on their surfaces and the 

presence of high concentrations of carbon because of the HHT. However, B1 showed an array of 

peaks at 875 cm
-1

, 1050 cm
-1

, 1230 cm
-1

, 1436 cm
-1

, 1580 cm
-1

, 1700 cm
-1

 and a very broad and 

shallow peak in the range of (2920 – 3400) cm
-1

 (Figure 3-4). These peaks correspond to the 
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vibrational deformation of aromatic C-H and C-O from carbonates, C-O vibrations from leftover 

carbohydrates present in the parent feedstock, C-O vibrations from esters, aromatic vibrations of 

C-H or C-O vibrations from carbonates, carbonyl vibrations and pi bond vibrations, carbonyl 

vibrations within carboxyl groups, carboxylic anhydrides and ketones, aliphatic C-H vibrations, 

aromatic C-H vibrations and hydroxyl vibrations respectively[78,124–127]. The peak at around 

(2920 – 3400) cm
-1

 is broad and shallow when compared to other peaks. This was due to the 

removal of most of the O-H groups present in the biochar as the temperature is increased. These 

studies show how the chemical structure of the biochar changes over different HTTs and can be 

tailors to produce biochars tailored for specific purposes. 

This is also an indication of carbonization of the heterogeneous structure. 

Characterization of the aromaticity of chestnut wood pyrolyzed at temperatures from 200-1000 

°C was perform by McBeath et al[128]. It was found that the aromaticity of the wood reached a 

plateau at around 500 °C and at 800 °C, the biochar was mostly carbon. Figure 3-5 shows the 

relation between temperature and aromaticity as studied by McBeath et al. This sheds light from 

another angle as to why the FTIR spectra of B1 in Figure 3-4 showed little to no peaks. The 

aromaticity of the structure of the biochar was higher; it had been converted to mostly carbon.  
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Figure 3-5: Effect of temperature on the aromaticity of biochar. 

[Reprinted from Organic Geochemistry, A.V. McBeath, R. J. Smernik, M. P. W. Schneider, M. 

W. I. Schmidt, E. L. Plant, Determination of the aromaticity and the degree of aromatic 

condensation of a thermosequence of wood charcoal using NMR, Copyright © 2011, with 

permission from Elsevier, License number: 4034220643139] 

In polymer composite technology, one factor affecting composite performance is the 

good adhesion between polymers and reinforcing fillers. Biochar being a polar material can have 

good affinity towards polymers with the same polarity. This attraction can be due to weak force 

of attraction like van der Waal, hydrogen bonds or strong covalent bonds[122].  Also, the 

presence of functional groups mean that biochar can possibly chemically react with polymer side 

and end chain groups during melt compounding or other forms of composite fabrication. Groups 

on the biochar surfaces can also be modified and tailored for specific polymers (discussed in the 

following sections).  

Affinity between a polymer and filler typically leads to better wetting between materials 

and dispersion of the filler within the matrix in comparison to having little to no affinity. Carbon 
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black (CB) is used as a reference in this discussion because of it similarities in properties to 

biochar, i.e. shape, structure and chemistry. CB filled polymer systems (polypropylene-CB and 

copolyamide-CB) were studied for the percolation threshold by means of electrical 

conductivity[129]. It was found that the percolation threshold for the polypropylene (PP) system 

was at a much lower concentration of CB at about 2-4 % wt. than in the co-polyamide system 

which was around 25 % wt. This huge difference in percolation threshold resulted from poor 

miscibility or interaction between CB and PP which caused aggregate formation and then 

resulted in filler-filler contact because of the difference in surface tension. The difference in the 

surface tension is related to the polarity of the materials. PP is a nonpolar material (having no 

polar groups) while CB is (having oxygenated groups like carboxyl, phenolic and 

quinonic)[130].  With the co-polyamide system, the similarity in polarity with CB resulted in 

good wetting of the CB particles which required more loading of CB in order to break the 

polymer layer and create filler-filler contact. 

Jurado et al[131] also studied the effect of CB loading on the percolation threshold in 

polystyrene (PS) and PP filled systems. At lower CB loading than that of the PS system, 

percolation was found to be reached in the PP system resulting from poorer wetting of the CB by 

PP. At 30 % wt. loading of CB, percolation was observed in PS. Although difference in the 

percolation thresholds results for polypropylene-CB systems found by Jurado et al and 

Tchoudokov et al. was observed, it was however due to the different testing methods used which 

have different levels of sensitivity. 

Miyasaka et al[132] studied the interaction between CB and different polymer systems; 

PP, nylon, PS, branched-polyethylene (BPE), linear polyethylene (LPE), natural rubber (NR), 

poly methylene methacrylate (PMMA) and styrene-butadiene rubber (SBR). It was found that 
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the larger the surface tension is of a polymer (polarity), the higher the loading of CB needed to 

achieve percolation. Figure 3-6A describes CB loading as a function of surface tension. It can be 

seen that nylon which has the highest polarity requires higher loading of CB to achieve 

percolation. The dotted line is the theoretically calculated best fit curve based on model they 

used.  

 

Figure 3-6: Effect of (A) polarity or surface tension of different polymers on critical 

volume concentration required to obtain percolation (B) adhesion strength between 

polymers and CB critical concentration. 

[Reprinted from Journal of Materials Science, K. Miyasaka, K. Watanabe, E. Jojima, H. Aida, 

M. Sumita, K. Ishikawa, Electrical conductivity of carbon-polymer composites as a function of 

carbon content, Copyright © 1982, with permission from Springer, License number: 

4034220791511] 

They also studied the adhesion strength between these polymers and CB, based on 

equations and models which factored in the effects of polarity and hydrogen bonding on the 
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adhesion strength. It was found that nylon showed the highest adhesion strength which also 

corresponds to the only polar polymer, therefore hinting towards the matrix-filler affinity due to 

the possible interactions between the surface functional groups on CB and present in nylon.  

In another study, biochar referred to as biocarbon was used to reinforce nylon 6, 10 at 20 

wt. % loading[97]. It was found through the morphology of the impact fractured surface of the 

composite that there was good wetting between the nylon and biochar. It was postulated that this 

was occurring as a result of hydrogen bonding between the functional groups on the biocarbon 

surface and the groups on the nylon chains. To understand the interactions which occur between 

nylon and biochar, a study on the effect of biochar on the interactions and mechanical properties 

was performed using biochar obtained from the same biomass but pyrolyzed at different 

conditions to yield biocarbons with and without functional groups on their surfaces[133]. This 

study found that the functionalized biochar showed better wetting by the nylon and subsequently 

superior tensile and flexural properties in comparison to that of the un-functionalized biochar-

nylon composite. The presence of surface functionalities on the biochar such as carboxyl groups 

was determined to form hydrogen bonds with the amide groups on the nylon chain. Whereas, the 

un-functionalized biochar showed poor wetting with the nylon, resulting from the absence or 

limited presence of functional groups on its surface and resulting in a superior impact strength. 

This study drives home the point as to the potential of biochar as reinforcing filler and that it can 

be engineered to target certain composite properties depending on the applications. 

3.4.4 Morphological Features: Size, Shape and Aspect Ratio 

Filler size, shape and aspect ratio in polymer composites are important factors in altering 

the polymer properties. The effect of increased surface area as the filler size reduces, results in 

increased polymer-filler interactions[97,99,100,134]. This can cause improvements especially in 
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the mechanical properties of the composite system. Also, the transition of the filler size from 

macro-metric to micrometric and then to nano-metric scales change the dynamics of the 

composite system entirely[135]. At the nano-scale, interactions and phenomenon which happen 

may not be applicable at the macro and micro scales. The effect of particle size on polymer 

systems has been well demonstrated in literature[136,137]. However, literature on the 

morphological features of biochar and its effects on polymers are limited.  

Literature has shown that biochar can be modified to increase its surface area and reduce 

its particle size using different methods[54,56,138,139]. Due to its ease of fracture, brittleness 

and porosity resulting from the dehydration and changes in its molecular structure during 

pyrolysis[139–141], it is easily milled into powder form which can be further be fractionated into 

various particle size ranges. The use of different milling media can affect not only the size but 

also the shape of the particles. 

Peterson et al. studied the millability of corn stover biochar using a ball milling planetary 

in the presence of different wet milling media (acetone, ethanol, water, heptane and hexane) and 

salt as a dry milling media[54]. They found that the addition of wet media to the milling process 

assisted in the grinding of the biochar to smaller particles and therefore increasing its surface 

area. The use of hexane, ethanol and heptane resulted in better millability of the biochar at low 

concentrations followed by salt assisted milling. Overall, effective milling of biochar was mostly 

affected by the ratio of milling balls to biochar (weight ratio) followed by the addition of milling 

aid. However, without the addition of milling aid such as salt and solvents, direct milling of 

biochar was less effective in producing large surface areas and reduction of the particle sizes 

(Figure 3-7). 
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Figure 3-7: Effect of milling media on the surface area of corn stover biochar by BET 

surface analysis. 

[Reprinted from Powder Technology, S. C. Peterson, M. A. Jackson, S. Kim, D. E. Palmquist, 

Increasing biochar surface area: Optimization of ball milling parameters, Copyright © 2012, with 

permission from Elsevier, License number: 4034221360243] 

Abdullah and Wu[56] investigated the grindability of different natural resources to be 

utilized as energy and fuel. They looked at dried wood biomass (DWB), coal and biochar 

produced from DWB. It was found that at increasing grinding times, DWB was reduced to large 

and chunky fibrous particles which were flattened by the milling media. Coal and biochar were 

significantly reduced to very small particles also with increase in time (Figure 3-8: better viewed 

in color). Again, the brittleness played a role in the reduction of the biochar to small particles 

compared to its derivation (DWB). 
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Milling of biochar not only increases surface area and reduces its particle size but also 

has an effect on the particle aspect ratio. Aspect ratio is yet another important factor in polymer 

composites. Very high aspect ratios (fibrous fillers) usually result in excellent mechanical 

properties like increased tensile and flexural properties because of the load bearing ability across 

the length of the fiber. However, in most cases a reduction in the impact behavior is seen. On the 

other hand, aspect ratios close to one (particulate fillers) act as impact modifiers as they stop the 

propagation of crack growth through the mechanism of crack pinning[142–144]. Biochar can be 

considered as particulate filler based on its aspect ratio after milling.  

 

Figure 3-8: Size and shape effects on biochar, coal and dried biomass at different 

grinding periods. 

[Reprinted from Energy & Fuels, H. Abdullah, H. Wu, Biochar as a Fuel: 1. Properties and 

Grindability of Biochars Produced from the Pyrolysis of Mallee Wood under Slow-Heating 

Conditions, Copyright © 209, with permission from ACS Publications, License number: Open 

Access] 
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Grinding of biochar was investigated for its aspect ratio and roundness[56]. It was found 

that the aspect ratio of biochar was close to one making it very globular in shape. With an 

increase in grinding time from 1 to 4 min, the roundness became more pronounced. With an 

increased roundness, the major/minor axis of the particles (aspect ratio) also decreased (Figure 

3-8). As the biochar particle tumbles, strikes the wall of the milling container and is crushed 

between the milling media and the milling container, its edges are smoothened and length 

reduced to bring about an elliptical, globular or round-like shape. A similar observation of the 

smoothening of the edges of corn stover and switch grass biochars were also observed after 

milling[145]. Figure 3-9 shows the morphology of biochar relative to carbon black. It can be 

seen that the particles are globular in shape resulting from milling. 

 

Figure 3-9: Comparison between milled biochar and carbon black particles at different 

magnification. 

[Reprinted from Powder Technology, S. C. Peterson, M. A. Jackson, S. Kim, D. E. Palmquist, 

Increasing biochar surface area: Optimization of ball milling parameters, Copyright © 2012, with 

permission from Elsevier, License number: 4034221360243] 
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The effect of biochar particle size was studied by Ogunsona et al[97]. In this study, 

biocarbon as referred to was used as reinforcement in nylon at different particle sizes ranges (< 1 

mm, < 500 μm, 426-500 μm, 213-250 μm and <63 μm). Results from the mechanical properties 

of composite containing particles of < 500 μm were significantly lower than that of the neat 

nylon. It was also shown that by reducing the particle size, the impact strength of the composite 

was increased. Impact strength was not insignificantly different from the neat nylon when 

biochar with the particle size of <63 μm was used. It was suggested that the roundness of the 

particles hindered crack propagation through crack pinning and therefore was able to dissipate 

the energy. However, slight reductions in the tensile and flexural properties were observed as a 

result of the reduction in aspect ratio of the particles. Biochar, like CB, tends to agglomerate 

after milling forming clusters of micron sized particle due to week intermolecular van der Waals 

attractions[54]. In the previously mentioned study on millability of biochar by Peterson et 

al.[54], milled biochar was morphologically compared to CB and great similarities were found. 

Clusters could be observed in both CB and biochar (Figure 3-9). At higher magnifications, 

aggregate of individual particles can be observed. These particles aggregates can possibly hold 

their structure in polymer composites if proper shearing or fabrication processes are not adopted. 

Ball milling has the capability of reducing materials up to 100 nm in particle size and 

possibly less[38]. In order to truly determine the level to which milling can reduce biochar 

particles, separation of the clusters has to be carried out and the particles measured. A study 

analyzed the particles of ball milled rice husk biochar after different milling times using a 

particle analyzer[138]. After 6 h of milling, the average particle size was 510 nm and reduced 

further to 45 nm after 30 h. Figure 3-10A shows the micrograph of rice husk biochar after 

milling for 30 h. It can be observed that there are clusters of nano-particles which form larger 
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particles. Upon further analysis by atomic force microscopy (AFM) of the particle topography, it 

becomes evident that the particles are well in the nano meter range (Figure 3-10B).   

 

Figure 3-10: Particle size analysis of rice husk biochar by (A) scanning electron 

microscopy and (B) atomic force microscopy depicting nano-particles derived through 

ball milling. 

[Reprinted from International Journal of Polymer Analysis and Characterization, S. Richard, J. S. 

Rajadurai, V. Manikandan, Influence of particle size and particle loading on mechanical and 

dielectric properties of biochar particulate-reinforced polymer nanocomposites, 21 (6): 462-477 

Copyright © 2016, with permission from Taylor and Francis. Reference number P020717-03] 

Since milling is shown to reduce biochar particle size down to the nano mater range, it is 

therefore expected to also reduce defects within the structure of the particles such as macro and 

micro pores. Biochar consists of amorphous and crystalline graphitic domains existing randomly 

in its structure. Formed at the boundaries between those domains are dislocations and vacancy 

defects[146]. It is expected that milling of biochar fractures its structure at the weakest regions 

which are the defects and the amorphous regions, thereby leaving smaller and almost-defect-free 

particles with high concentrations of crystalline structures.  
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3.4.5 Stiffness and Hardness 

The modulus or stiffness of biochar has recently just been reported in the 

literature[25,49,133] in relation to the growing interest in its use as a filler in polymer 

composites. Before now, the stiffness of biochar was has not been a significant property because 

of the applications which it is targeted for. In polymer composite materials, the modulus is 

important as it directly relates to the overall stiffness of the composite. It is very typical for the 

moduli of composites to increase with increase in filler content. However, the modulus and shape 

of the filler also play a role in the composite stiffness as well. Different fillers having the same 

shape and size but different moduli will affect the modulus of the composite accordingly. 

Based on the understanding of the structure of biochar and how it varies depending on the 

parent biomass and processing conditions, the modulus like other properties is expected to vary. 

However, biochar can be engineered to minimize the variance of its modulus. During pyrolysis, 

the biomass undergoes dehydration through moisture loss, release of volatiles and then fusion of 

carbon-carbon bonds creating aromatic rings as seen in Figure 3-3B. At elevated temperatures, 

these rings begin to dominate the structure and form misaligned sheets of graphene. With the 

heterogeneous structure removed, the better stacked and ordered graphene sheets result to a 

denser and stiffer material. This increases the homogeneity across the structure of biochar, giving 

it a more stable and uniform property. Slow heating rates and long residence times also have the 

above effect on biochar as longer time permits for aromatization and alignment of the structure. 

An illustration in Figure 3-11B shows the pathways though which biochar with high stiffness, 

carbon content, aromaticity and crystallinity can be achieved. 

Mcbeath et al[128] studied the effect of the HTT on the aromaticity and aromatic 

condensation (degree of purity of aromatic rings) of wood charcoal using nuclear magnetic 
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resonance analysis (NMR). They found that by increasing the HTT during pyrolysis, the 

aromaticity also increased and that at around 800 °C, the aromaticity of the biochar was almost at 

100 % (Figure 3-5). They also studied the effect on different biomasses and found that the same 

trend was occurring as seen in their previous study; both aromaticity and aromatic condensation 

were increasing[147]. 

Increases in biochar carbon content will inevitably result in a higher biochar modulus. 

Maximizing the capture of carbon during pyrolysis has been well documented in literature. Slow 

pyrolysis of biochar will yield a high biochar output as previously discussed. The carbon 

contents in relation to the pyrolysis temperature of three different biochars; olive husk, corncob 

and tea waste were studied by Demirbas[148]. It was found that the carbon content increased 

with increase in the pyrolysis temperature and began to plateau at higher temperatures (Figure 3-

11A). The inverse was the case for hydrogen and oxygen which decreased with increased 

temperature. The result was attributed to the scission of weak bonds within the biochar structure 

caused by degradation at higher temperature. Figure 3-11B describes the resulting product and 

characteristics of the biochar produced when pyrolysis is employed. The crystallinity of the 

biomass structure is increased with high carbon content and high aromaticity. All these result to 

increased hardness and modulus. 
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Figure 3-11: (A) Effect of temperature on the carbon content of three different biochars 

and pathways to achieving high modulus biochars and (B) flow chart of biomass to 

pyrolysis and its characteristics. 

[Figure 3-11A reprinted from Journal of Analytical and Applied Pyrolysis, A. Demirbas, Effects 

of temperature and particle size on bio-char yield from pyrolysis of agricultural residues, 

Copyright © 2004, with permission from Elsevier, License number: 4034301155585] 

[Figure 3-11B reprinted from The Science of the total environment, O. Das, A. K. Sarmah, D. 

Bhattacharyya, Structure-mechanics property relationship of waste derived biochars, Copyright 

© 2015, with permission from Elsevier, License number: 4034301261047] 



91 

 

The DMT moduli of two biochars used to reinforce nylon were studied[133].  The 

biochars from miscanthus fibers were pyrolyzed at different temperatures and measured by 

embedding the particles in a nylon matrix with known modulus of approximately 2.6 GPa. The 

moduli of both biochars were clearly different with the average modulus of the low temperature 

biochar at approximately 4-5 GPa while that of the high temperature biochar was approximately 

13-19 GPa (Figure 3-12). The difference in moduli was related to the HTT of the biochars. At a 

higher HTT, formation of C=C bonds, packing and alignment of the graphitic sheets within the 

biochar increased and resulted in a denser, more crystallized material with fewer defects. This 

ultimately led to a higher modulus biochar. Behazin et al[25] also measured the moduli of 

miscanthus, switch grass and wood chip biochars using the same technique as the previous study. 

Moduli of approximately 5, 6 and 10 GPa were obtained. Likewise, Das et al[49] determined the 

modulus of waste pine wood used to reinforce polypropylene through nano-indentation 

technique. The result obtained from this study was a biochar modulus of ~ 5 GPa.  
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Figure 3-12: DMT modulus images of biochar pyrolyzed at (A) 500 °C and (B) 900 °C. 

[Figure 3-12 reprinted from Composite Part A: Applied Science and Manufacturing, E. O. 

Ogunsona. M. Misra, A. K. Mohanty, Impact of Interfacial Adhesion on the Microstructure and 

Property Variations of Biocarbons Reinforced Nylon 6 Bio-composites, Copyright © 2017, with 

permission from Elsevier requested] 

Also through nano-indentation, the modulus of wood based biochar was determined[149]. 

Interestingly, they found that by changing the HTT of the biochar, they were able to manipulate 

the modulus of the biochar. At around 400 °C, an indentation modulus of 5 GPa was obtained. 

When the temperature was increase to 1000 °C, a modulus of 40 GPa was obtained. Similarly, 

thermos-stabilization of lignin led to increases in its hardness and modulus by 57 and 33 % 

respectively. When the lignin was carbonized, these values were further increased by 196 and 46 

%. This shows how engineering biochar can be manufactured to yield a specific result for 

specific applications. The question is, can these biochar properties positively affect polymers 

when added to them? The answer is yes. Das et al[49] found that when biochar was used to 

reinforce the polypropylene, the modulus of the polypropylene at the immediate surroundings of 
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the interface with biochar particles was increased. A study on the mechanical properties of 

biochar filled PLA was done[150]. It was found that hardness of PLA was improved by adding 

biochar. With increasing concentration of biochar in PLA up to 50 %, the hardness was 

improved by 39 %. This showed that the biochar was able to interact with the polypropylene to 

restrict its chain mobility. The tensile modulus of ultrahigh molecular weight polyethylene 

(UHMWPE) was improved when three different charcoal powders where used as 

reinforcement[151]. However, when the pyrolysis temperatures of the powders were increased 

from 500 to 1100 °C, the moduli of the composites increased significantly. Although, no reason 

was given as to this behavior, it is obvious that the difference is as a result of the pyrolysis 

conditioning of the charcoal powers.  The further carbonization increases their moduli and this is 

reflected directly in the composite stiffness as well. It is clear from Table 3-1 that biochar has a 

relatively lower modulus in comparison to other known fillers, however, the long term effect or 

durability when used in composite applications is unknown. A study comparing the durability of 

talc and biochar filled nylon systems were performed[152]. It was observed that the talc showed 

superior restriction of the nylon chains when used as filler versus when the biochar was used. 

However, when these composites were subjected to elevated temperature and moisture levels, the 

biochar reinforced nylon exhibited better retention of its restrictive effect on the nylon than talc 

did. 

3.5 Biochar Modification  

Biochar is a very interesting material and has a lot of potential in polymer composite 

technology because of its structure and especially its surface chemistry. As discussed earlier, 

functional groups present on its surfaces such as hydroxyl, carboxyl and carbonyl groups have 

potential to be used as precursors in the further functionalization of the biochar for targeted 
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polymers. However, depending on the HTT of the biochar, the concentrations might be 

inadequate which limits its reactivity with polymers[153] and might need to still undergo 

oxidation to saturate its surface. Biochar like other carbonaceous materials can be functionalized 

using already established modification techniques in literature for carbonaceous materials like 

carbon nanotubes (CNTs) and graphene sheets. These techniques can be divided into two main 

groups: physical or chemical modifications. Physical modifications involve non-covalent 

interactions like adsorption, wrapping or mechanical entanglement on the carbon by some other 

material. This modification usually involves bonds like van der Waals and hydrogen bonds. 

Chemical modifications on the other hand, involve the covalent bonds with the carbon structure 

thereby creating strong bonds.  Due to the strong interaction that chemical modification offers, it 

is the better studied of the two. Recently, a review on the progress of modifications of biochar 

and its applications was published[154]. However, this review focused on applications intended 

for water decontamination. Here we discuss modification of biochar potentially applicable to 

polymer composites. 

3.5.1 Oxidation/Carboxylation of Biochar 

Oxidation of biochar is the process of covalently grafting oxygen groups on its surface by 

breaking the C=C bonds or reaction with groups already present on its surface. this process 

typically creates carboxyl groups and therefore sometimes called carboxylation[155]. Since these 

bonds are very strong, breaking them usually requires the use of aggressive chemicals. These 

chemicals attack the bonds, breaking them up while grafting functional groups at the open ends. 

Oxidizing agents (hydrogen peroxide, nitric acid, sulfuric acid, nitric/sulfuric acid mixture and 

piranha; mixture of sulfuric acid and hydrogen peroxide) are mostly utilized in this process, 

predominantly yielding oxygen groups such as COOH, OH and C=O.  
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Figure 3-13: (A) FTIR of peanut hull hydrochar (PHHC – pristine peanut hull 

hydrochar, mPHHC – modified peanut hull hydrochar) (B) Concentration of oxygen 

group on biochar surface as a function of oxidant concentration (C) Biochar stability as a 

function of oxidant concentration. 

[Figure 3-13A reprinted from Chemical Engineering Journal, Y. Xue. B. Gao, Y. Yao, M. 

Inyang, M. Zhang, A. Zimmerman, K. S. Ro, Hydrogen peroxide modification enhances the 

ability of biochar (hydrochar) produced from hydrothermal carbonization of peanut hull to 

remove aqueous heavy metals: Batch and column tests, Copyright © 2012, with permission from 

Elsevier, License number: 403430141662] 

[Figure 3-13B and 13C reprinted from GCB Bioenergy, A. Cross, S. P. Sohi, , A method for 

screening the relative long-term stability of biochar, Copyright © 2013, with permission from 

Wiley, License number: 4034310043446] 
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The potential of biochar as an absorbent in the removal of aqueous heavy metal was 

investigated by Xue et al[84]. Hydrothermally produced biochar from peanut hull was used. 

They found that the activation of this biochar by the addition of oxygenated groups especially 

carboxyls through the use of hydrogen peroxide was achieved and was successfully used in 

removing lead which directly reacts with it. Our focus, however, is not on their application of 

this process but on the successful oxidation of biochar which can further be modified as 

suggested earlier. The presence and increase in the concentration of carboxyl groups was 

determined using FTIR. It was noticed that the peak corresponding to the COOH group increased 

in intensity and also broadened (Figure 3-13A), indicating the oxidation of the biochar. 

Similarly, Alho et al[156] studied the stable fraction of woody biochar in soil by accelerated 

aging through the oxidation of biochar with hydrogen peroxide. It was confirmed through solid 

state NMR with the presence of carboxylic groups at 172 ppm. The study on long term stability 

of biochar was also studied by Cross and Sohi[157]. Accelerated aging of biochar was also 

performed using hydrogen peroxide and the presence of grafted oxygen group was found. The 

modified biochar was characterized and it was established that the O/C ratio increased with 

increase in the concentration of oxidant used, indicating the increase in surface groups (Figure 

3-13B). However, the stability of biochar decreased with increase in the oxidant used (Figure 3-

13C). This was due to the breaking of the strong aromatic structure of the biochar and the 

introduction of defects (oxygen groups) which make them weaker and susceptible to de-bonding. 

Increasing the stability of biochar will be discussed in the coming sections. Hydrogen peroxide 

was mostly used to oxidize biochar because of its low thermal stability leading to its 

decomposition into water and oxygen with no residual traces or toxic effects. Therefore, 

treatment of biochar with hydrogen peroxide leaves an oxidized biochar residue after drying with 
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no traces of unreacted hydrogen peroxide. Hence, this eliminates the chances of introducing 

harsh chemicals into the polymer composite fabrication process which can affect the matrix-

biochar interface or degrade the polymer itself. Elimination of chemicals used for biochar 

modification can greatly reduce the cost and impact on the environment. Only one study has 

been done which purposefully modified biochar for polymer composite applications. In this 

study, nitric, sulfuric and mixture of both acids were used to oxidize the surface of miscanthus 

biochar in order to introduce functional groups as a chemical link to polymer chains[87]. The use 

of the mixture of acids was found to yield the most oxygen groups on the biochar surface. Nitros 

and carboxyl groups were found to be introduced on the biochar as determined from the FTIR. It 

was suggested that the increase in functional groups and introduction thereof will further 

improve the interactions with polymers, therefore leading to improved adhesion between 

polymer and biochar.  

3.5.2 Amidation of Biochar 

Functionalizing biochar with amine groups can result to greater dispersion in solutions 

and especially in polar polymers like nylon since it contains amide and carboxyl groups. These 

groups can interact to increase compatibility with the polymer. Amino-functionalization of 

biochar can be achieved using different techniques but with the same concept. This usually 

involves utilizing oxygen groups on the biochar surface as a linkage to other groups containing 

amine end group(s). 

Yang and Jiang[158] has demonstrated the amino modification of biochar for increased 

adsorption of metals from wastewater. They found that the nitrification of the biochar as a 

precursor led to its amidation by reacting it with ammonium hydroxide in the presence of glacial 

acetic acid and Sodium dithionite. However, this involves several steps and chemicals for 
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reactions and washing which can drive the cost of the final product to abnormal prices. Shen et 

al[159] was able to introduce primary amines as well as amide groups onto the surface of biochar 

in a two-step process involving oxidation through steam activation and then chemical 

modification in the presence of NH4Cl. Though no study has been done on reinforced polymer 

matrix after amidation of biochar, a comparable study on the oxidation and amidation of CNTs 

used to reinforce nylon revealed that the better dispersion of the CNTs was achieved when 

amino-functionalized CNTs were used versus oxidized CNTs. This subsequently resulted to 

improvements in the mechanical properties of the nylon composites.  

3.5.3 Esterification of Biochar 

Esterification is the creation of ester groups by the reaction of carboxylic acids with 

alcohols. In the esterification of carbon materials, carboxyl groups are created on the carbon 

surface by oxidation reactions and then further reacted with a form of acid. These materials are 

usually functionalized to be used as absorbents or precursors to further functionalization for 

other application purposes. Direct or uncatalyzed esterification of biochar was achieved by 

Feridoun and coworkers[150]. Thermal application in a reactor was used as catalyst while 

evaporating phthalic anhydride and grafting onto hydroxyl groups of the biochar.  This was 

possible due to the low HTT of the biomass at 290 °C resulting to hydroxyl still present on its 

surface. Reaction between the hydroxyl and phthalic groups was shown to occur by the reduction 

in the intensity of the hydroxyl peak from the FTIR analysis. This process is of interest as it does 

away with the use of solvents which are not always environmentally friendly. It also reduces the 

time and labor involved in the esterification process. From an industrial point of view, it is an 

excellent technique to be implemented on the larger scale due to its low cost as well. 

Esterification through wet chemistry has also been achieved, though not on biochar but on CNTs.  
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Kim and coworkers[160] grafted ester groups onto the surface of CNTs by first oxidizing 

its surface with acid mixtures to give CNT-COOH and then further reacted it with sodium 

hydroxide to form CNT-COONa. This was then reacted with 1-bromooctadecane to obtain 

esterified CNTs. Similar processes of esterification also involve the use of wet chemistry and 

multiple steps[161–163] which can make the final product expensive and not commercially 

viable. 

Esterification of biochar shows potential for composite applications from studies of 

biochar reinforced polylactic acid (PLA) composites[150]. In this study, the mechanical 

properties of untreated biochar reinforced PLA showed inferior properties to that of the ester 

modified biochar reinforced PLA. It was suggested that the modified biochar had better 

interactions with the PLA resulting from the ester groups on its surface. 

3.5.4 Thermal Stabilization of Biochar 

Functionalizing biochar especially through oxidation creates more defects within its 

structure resulting to instability in its thermal behavior[154,164]. Grafting of organics on its 

surface also result to reduced thermal stability. Maintaining or improving its thermal stability is 

crucial to its utilization as filler material, particularly in engineering polymer composites to 

prevent degradation of the species on its surface after modification. Review of the literature 

suggests focus on this subject has not been well explored. However, the thermal stability of 

biochar was improved using graphene by Zhang et al[165]. They found that by coating biochar 

with a more thermally stable material (graphene) helped in shielding it from thermal degradation 

at higher temperatures by acting as a skin (Figure 3-14b and 14d). It was also found that the 

adsorption capability was increased with the graphene skin. Ghaffar and Younis[166] also found 

that the treatment of biochar with graphene showed a tremendous increase in surface area and 
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therefore increased its adsorption capability also. Not only do these work show improved thermal 

stability which is desirable in engineering polymer composites, but they also indicate the 

possibility of increased interfacial adhesion between the modified biochar and polymer matrices 

stemming from the functional groups as well as the high surface area and mechanical 

interlocking of the graphene sheets. 

 

Figure 3-14: TGAs of (a) switch grass biochars and (c) pine wood biochar at different 

pyrolysis temperatures; (b) SEM and (d) TGA of enhanced thermal stability of cotton 

wood biochar after modification with graphene. (BC – Biochar and GCBC – graphene 

coated biochar). 

[Figure 3-14A and 14C reprinted from Energy & Fuels, P. Kim, A. Johnson, C. W. Edmunds, M. 

Radosevich, F. Vogt, T. G. Rials, N. Labbé, Surface Functionality and Carbon Structures in 

Lignocellulosic-Derived Biochars Produced by Fast Pyrolysis, Copyright © 2011, with 

permission from ACS Publications, License number: Open Access] 

[Figure 3-14B and 14D reprinted from The Science of the Total Environment, M. Zhang, B. Gao, 

Y. Yao, Y. Xue, M. Inyang, Synthesis, characterization, and environmental implications of 

graphene-coated biochar, Copyright © 2012, with permission from Elsevier, License number: 

4034310543937] 
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3.5.5 Heat Treatment of Biochar 

Biochar upon exposure to the atmosphere begins a slow but continuous oxidation process 

because of the presence of moisture and oxygen in the environment. Biochar as-is has some 

compatibility with polar polymers but will be incompatible with nonpolar polymers. It also 

contributes immensely to its hydrophilicity. It is therefore necessary to modify biochar to reduce 

its polarity enough to promote compatibility with non-polar polymers and also to reduce its 

hygroscopicity. Likewise, hydrophobic biochars such as those produced at very high HTT like 

900 to 1000 °C have little to no surface groups and can have little to no affinity towards polar 

polymers. Post heat treatment of biochar can produce two distinct attributes. It can either produce 

a hydrophilic or hydrophobic biochar. By heating the biochar in the presence of oxidizing agents 

such as ammonium gas or air, its surface can be polarized by introducing oxygenated functional 

groups. In a study, air oxidized biochar was performed on biochars from different sources[164]. 

The pyrolysis temperatures of the biochars were also varied to understand their effects on 

efficiency of oxidation. It was found that biochars produced at lower temperatures were easily 

more oxidized than biochars produced at higher temperatures. This was due to the well-formed 

structure of the biochars produced at higher temperatures versus those produced at lower 

temperatures. Breaking the well-developed C=C bonds in high temperature pyrolysis biochar is 

more difficult and requires longer treatment times and higher concentrations of oxidizing agents. 

Whereas with biochars produced at lower temperatures, it’s easier to graft onto or change the 

already existing functional groups. When heating is done in the absence of oxidizing agents but 

in inert gases like hydrogen, the structure of the biochar is aromatized and typically having 

hydrogen species like aryls and alkyls therefore making it hydrophilic[154]. Depolarization of 

biochar is impractical because the biochar will inevitably become oxidized and return to being 
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polar at the long run. For immediate application after depolarization, this process id very 

effective and feasible for polymer composite application since the biochar will be locked within 

the polymer matrix.  

Englert et al[167] investigated the alkylation of graphene oxide in the presence of 

hexyliodide to obtain covalently attached hexyls on its surface. Reaction between carboxyl 

groups on graphene oxides and alkylamine was achieved to obtain alkylated graphene[168]. It 

was also noticed that the dispersibility of the alkylated graphene increased with increase in the 

alkyl chains length. Figure 3-15 show the schematic of the alkylation of the graphene oxide 

through chemical reaction path.  

 

Figure 3-15: Alkylation of graphene oxide. 

[Reprinted from Chemical communications (Cambridge, England), J. M. Englert, K. C. Knirsch, 

C. Dotzer, B. Butz, F. Hauke, E. Spiecker, A. Hirsch, Functionalization of graphene by 

electrophilic alkylation of reduced graphite, Copyright © 2012, with permission from Royal 

Society of Chemistry, License number: 4034310752028] 

The effect of alkylated graphene oxide and alkylated CNTs were studied in composites 

with nonpolar polypropylene[169]. Results showed that the dispersion and interfacial adhesion 

were improved resulting from the attachment of linear alkyl chains to the carbon materials. A 

typical reaction of alkylation using oxides on graphene surface is presented in Figure 3-15. Must 
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of the alkylation processes involve initial oxidation of the carbon which inevitably weakens the 

structure and reduces its thermal stability. It is necessary to avoid oxidation as a step when 

necessary. The direct alkylation modification of carbon surfaces by attaching aryl radicals 

through the reduction of diazonium salts was investigated[170]. It was found that aryl chains 

were successfully grafted on the carbon without the need to first oxidize its surface. Though 

these modifications were not done by heat treatment, it shows that polarized carbon can be 

depolarized by capping the polar groups on its surface with hydrophobic groups. Hydrophilic 

biochars can therefore interact and be dispersed better in nonpolar polymers such as 

polypropylene or polyethylene. 

3.5.6 Chemo-mechanical Functionalization: Ball Milling 

Carbonaceous materials have undergone extensive investigation on their modification. 

However, these methods like those previously discussed usually involve the use of solvents and 

harsh chemicals which are not environmentally friendly. They also cause damage to the 

molecular structure thereby affecting its integrity. More often than not, they are also expensive 

and can add to the cost of the final product. Also, with today’s environmental consciousness and 

sustainability in mind, researchers have been devising new ways of eliminating or cutting down 

on the use of these chemicals[171]. Chemical functionalization of carbonaceous materials 

through the use of mechanical applied forces has been investigated by several researchers. 

Chemo-mechanical functionalization through ball milling is used as a means to mechanically 

fracture the material in the presence of moieties which are grafted (Figure 3-16A and 16B). At 

the local interface between the milling media and the carbon material, temperatures and 

pressures can reach in excess of 1000 °C[172] and 1 GPa[173] respectively. At these conditions, 

C=C bonds are easily broken due to the high energy exerted and free radical formations which 



104 

 

occur at the fracture surface[174,175]. This conditions act as catalyst to the formation of covalent 

bonds hence grafting functionalities on the material[174]. This method is designed to avoid the 

use of solvents and further post treatments like solvent washing and also to skip the initial step of 

oxidation which is most times required before further functionalization. 

 

Figure 3-16: schematic representation of ball milling process (A), stainless steel milling 

container, lid and milling media (B) and (C) mechanism of bond breaking and grafting.  

[Figure 3-16A and 16B reprinted from Composites Part A: Applied Science and Manufacturing, 

P.-C. Ma, N. A. Siddiqui, G. Marom, J.-K. Kim, Dispersion and functionalization of carbon 

nanotubes for polymer-based nanocomposites: A review, Copyright © 2010, with permission 

from Elsevier, License number: 4034310888720] 

[Figure 3-16C reprinted from Chemical Physics Letters, P.-C. Ma, B. Z. Tang, J.-K. Kim, 

Conversion of semiconducting behavior of carbon nanotubes using ball milling, Copyright © 

2008, with permission from Elsevier, License number: 4036870664713] 
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In a patent on silver decorated carbon nanotubes, ball milling was applied to covalently 

graft amine directly to the CNT walls and also to carboxyl groups attached to the walls of the 

CNT in the same process (Figure 3-16C)[176]. Improvements in electrical conductivity by in 

situ amino-functionalized CNTs were studied and achieved through ball milling of CNTs in the 

presence of ammonium bicarbonate (NH4HCO3)[171,177]. NH4HCO3 was decomposed during 

milling forming ammonia in its immediate surrounding which reacted to form amines and amide 

bonds. Grafting of aryl and akyl groups onto CNT surfaces was achieved by ball milling 

CNTs[178]. Niez et al[179] also studied the grafting of amine, thiol, amide and mercapto to CNT 

surfaces and found it to be an effective method. In another study, they also found that ball 

milling was effective in chemical breaking of carbon nanotubes which was recommended as 

reinforcing fillers in polymers because of the functional groups created at the ends and sides of 

the broken tubes which can chemically react to form covalent bonds[180]. Potassium hydroxide 

was used as the atmosphere in which carbon nanotubes were modified to obtain highly polar 

CNTs decorated with hydroxyl groups[181].  

This technique of ball milling can also be applied to biochar therefore allowing covalent 

bonding to polymers and increasing their compatibility. Carboxylated CNTs also showed better 

compatibility resulting to improved thermal and mechanical properties of nylon-carbon nanotube 

composites[182] and increased dispersion in the nylon[183] and epoxy[184] matrices. Amino-

functionalized CNTs, when compared to oxidized CNT-nylon composites, exhibited 

improvements in the mechanical properties due to increased interfacial adhesion between the 

COOH groups in nylon and amine groups present on the CNT surface[185]. Grafting of aryl and 

alkyl groups on biochar can reduce its hydrophilicity thereby making it more compatible with 

nonpolar polymers like polypropylene and polyethylene as mentioned above. 
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3.5.7 Intercalation and exfoliation 

Graphite, unlike biochar has well-ordered and highly packed stacks of graphene sheets 

held together by van der Waals forces between the layers of the sheets. Biochar on the other hand 

is a combination of ordered but misaligned and disordered graphitic sheets with defects as 

mentioned previously. In the ordered graphene sheets, the misalignment is found within any two 

or more layer of graphene sheets. Also, the presence of minerals in the biochar structure attracts 

high concentrations of oxygen groups[186]. These minerals are generally in the nano-scale and 

penetrate deep into the lattices of both structures of the biochar. The presence of high amounts of 

dislocation defects can also be found at the interface between the minerals and amorphous 

carbon phase. All these compounded together, make the forces of attraction between the layers 

weaker and therefore the structure of biochar inferior to that of graphite. However, this makes for 

an interesting case as the intercalation or exfoliation of biochar to obtain mono- or few-layer 

sheets or otherwise graphene oxide which comes from the already oxygenated sheets can be 

achieved. Graphite exfoliation has been well studied and documented. Techniques used for its 

exfoliation can essentially be applied to biochar. In the event of biochar exfoliation, derivatives 

will have higher surface areas and superior structural integrity with functionalities present on its 

surface and within its layers for further reactivity. Various approaches and investigations to 

achieving separation have been established and investigated. 

Application of mechanical forces to biochar in solution via stirring, shaking and 

sonication can plausibly cause exfoliation in a more economical way than other methods 

can[187,188]. Solvents which interact favorably with carbon have to be used during exfoliation 

in order to reduce the energy between the sheets and reduce re-agglomeration. Intercalating 

agents, dispersion agents and chemical functionalities are used to weaken the van der Waals 
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bonds and cause separation upon heat treatment. Biochar in solution can then be subjected to 

sonication, high speed shearing, stirring or shaking. The sturdy burst of high pulse created by 

sonication is identified to aid in the separation of the layers and also breaks the sheets which are 

good for applications with micro to nanocomposites. Stirring and shaking on the other hand can 

also exfoliate the sheets while preserving their crosswise dimension which is good for 

applications demanding layers with large diameters. 

 

Figure 3-17: Schematic representation of the modification of layered carbon by oxidation 

and separation of biochar to obtain intercalation or exfoliation by shearing or 

thermodynamic imbalance. 

Mechanical exfoliation of graphite into defect-free few-layer graphene by shearing in 

liquid was investigated and achieved without first swelling the graphite layers to intercalate them 

by oxidation or other means[189]. The use of a high shear mixer with approximately 100 µm 

tolerance between the rotor and stator enabled for exfoliation of the graphite. The narrow gap 

between the rotor and stator coupled with the high speed of revolution forced graphite particles 

between them and sheared the layers. Shi et al[190] studied the reduction of graphite to small 
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expandable graphite particles by pulverizing it with an ultra-high-speed mixer. They found that 

graphite was reduced to flake-like particles and upon expansion developed a worm like 

appearance from the separation of the graphene sheets. Though single layer graphene sheets were 

not obtained, separation was attained through expansion (intercalation of the sheets) (Figure 3-

17). 

Hubert et al[191] studied the effect of cryogenic milling of graphite in the presence of PP 

on the properties of PP nanocomposites. It was found that cryo-milling caused the graphite 

platelets to exfoliate after milling but re-agglomeration was observed once melt compounding 

was done. Despite the presence of agglomerated graphite platelets, modulus of the composite 

was enhanced by 100 %. This goes to suggest that even when exfoliation is not achieved, 

expansion or reduction of biochar to flake or round like particles can be effective reinforcing 

filler in polymer composites[192,193]. 

Recently, modification of corn cob biochar to produce exfoliated carbon nano-sheets was 

investigated[194]. The steps taken to achieve this have been previously discussed. Steps such as 

oxidation and then exfoliation through flash heating of oxidized biochar were taken. Figure 3-

18F depicts the representation of the modification process undertaken to achieve biochar nano-

sheets. Also, from the morphology of the exfoliated biochar (Figure 3-18C and 3-18D), it is can 

clearly be observed that the biochar structure has been exfoliated when compared to that of the 

unmodified biochar (Figure 3-18B). A high resolution image by transmission electron 

microscopy revealed that the biochar was exfoliated into few-layer sheets of carbon as observed 

in Figure 3-18E. Raman spectroscopy was then used to verify analytically, the exfoliation of 

biochar through the presence of G band as seen in Figure 3-18A. This was indicative of the 

presence of graphitic layers. The splitting of the 2D peak in the exfoliated biochar was also 
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associated with the increase in crystalline order within the biochar. This is work is outstanding 

and demonstrates that biochar, a sustainable, green and renewable carbon can be engineered into 

nano-fillers such as graphene sheets and therefore potentially replacing current sources of 

graphene for all applications especially in polymer composites. 

 

Figure 3-18: Raman spectra of unmodified and exfoliated biochar (A), SEM images of 

unmodified (B) and exfoliated biochar (C and D), (E) TEM image of few-layer 

microporous nano-sheets of graphene from the exfoliated of corn cob biochar and process 

of converting biomass to exfoliated few-layer-sheets of graphene. 

[Reprinted from Journal of Materials Chemistry A, M. Genovese, J. Jiang, K. Lian, N. Holm, 

High capacitive performance of exfoliated biochar nanosheets from biomass waste corn cob, 

Copyright © 2014, with permission from Royal Society of Chemistry, License number: 

4000570949057] 

3.6 Biochar versus Carbon Black 

Comparable to biochar is carbon black, a widely used synthetic filler material derived 

from petroleum[195]. It is produced by the incomplete combustion of liquid or gaseous 

hydrocarbons. Carbon black also has a polyaromatic structure which contains hydroxyl and 
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carboxyl functional groups which have reactive capabilities[196]. However, these functional 

groups are very limited and typically constitute less than 0.05 % of its elemental composition. 

Therefore, it has very limited affinity towards polar polymers like nylon and PLA in comparison 

to biochar. It is one of the most successfully used filler material as a colorant and stiffening agent 

in the rubber and thermoplastic. It finds a considerable primacy over fillers such as graphite, soot 

and activated charcoal as a result of high amount of elemental carbon, low impurities and 

economic implication. There are numerous publications highlighting various applications of 

carbon black in plastics, rubber and more specifically the polyolefin family [197–200].  

Due to its origin as a petroleum based material and a recent drive to replace these 

materials with more sustainable, renewable and bio based materials, biochar can potentially 

replace carbon black. The modulus of carbon black typically higher than that of biochar because 

of the higher carbon content and tightly stacked sheets due to higher production temperature. 

However, biochar can also be produced to yield similar modulus to that of carbon black by 

subjecting it to high pyrolysis temperatures as well.  

Biochar is economically viable and cost competitive when compared to carbon black. 

Biochar has an average cost of $600 per ton[201] while carbon black averages $1000 per 

ton[202]. By replacing carbon black with biochar, the cost of overall the fabricated composites 

will be reduced, therefore, further driving products from these materials towards 

commercialization. It functions also as a soil enhancer by retaining nutrients and moisture when 

it is used with a compostable polymer for composite applications after the life cycle of the 

composites. Carbon black does not have this advantage. In fact, if used in a compostable 

polymer, the presence of polyaromatic hydrocarbons (PAHs) can leach out and contaminate the 
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compost. It has also been reported as having toxic effects on rodents unlike biochar which has 

not shown any health effects on humans[203].  

3.7 Conclusion 

Review of the status of biochar as a potential reinforcing agent in polymer systems 

reveals that there has been no work done in this area. Unlike fillers such as glass fiber, talc or 

CNTs, biochar properties can vary drastically. This is as a result of the type of biomass, pyrolysis 

conditions and pyrolysis technology used. Due to this variation in its properties, it is necessary 

for detailed characterization of each biochar in order to understand its unique properties before 

selection for targeted applications.  An advantage to this variation that it can be engineered to 

specific desired properties which gives it flexibility and widens its application prospects. 

Literature suggests that biochar has several advantages over carbon black especially in the use 

not just as a colorant and reinforcement in rubber but also as reinforcement in thermoplastics. 

Some of these advantages are: 

 It is a bio-based material derived from the production of energy which traps a significant 

amount of carbon within its structure and therefore reduces greenhouse gas emission. 

 Biochar will show more compatibility with a variety of polymers than carbon black will 

because of the present of functional groups which are absent on carbon black. 

 It can potentially be engineered by exfoliating the turbostratic sheets to increase 

dispersion, mechanical interlocking and increased surface area  and by treating the 

randomly ordered aromatic structures to increase the functional groups which increase its 

scavenger potential when used as a filler in polymers[204] (see modification of biochar). 
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 The density of biochar is significantly lower than that of carbon black and other filler 

materials which will result in lighter composites. Lighter composites in the automotive 

industry translate directly to savings at the gas pump. 

Biochar, still in its infancy has great potential to replace in part or in whole some of the 

currently used fillers. Realistically, it does not have high aspect ratio such as fibrous fillers which 

have excellent load bearing capabilities and therefore cannot replace them completely. However, 

it can be used as a component in hybrid filled systems to promote some specific properties while 

also increasing bio content of the systems. However, with future research into its possible 

exfoliation, it could be a new source for graphene, making it bio renewable and sustainable. 
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Chapter 4: Effect of Particle Size and Size 

Ranges on the Properties of Polyamide 6, 10. 

 

The reinforcing effects of biocarbon of varying particle size ranges (crushed, <500, 500-

426, 250-213 and <63 µm) on bio-based polyamide 6, 10 (PA 6,10) at 20 wt.% loading were 

investigated for the resulting bio-composites. The heat deflection temperature and impact 

strength were observed to increase with reduction in particle size. Also, a 200 % increase in the 

impact strength was observed in the bio-composite with biocarbon particles sized at <63 µm 

when compared to that with <500 µm. 50 and 83 % increase in the tensile and flexural moduli of 

the bio-composite with biocarbon particle size of <500 µm was observed respectively, while the 

tensile strength was observed to remain unchanged. The flexural strength of the bio-composites 

was improved by 61 % when compared to neat nylon. These results were due to good wetting, 

dispersion and increased surface area of the biocarbon within the nylon matrix. These results 

show the potential of biocarbon as reinforcing filler in nylon for applications especially in the 

automotive industry. 
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4.1 Introduction 

The race to find alternatives for petroleum-based materials is due not only to the 

diminishing petroleum resources but also to the demand for greener and more environmentally 

sustainable consumer products. As a result, a wide range of biopolymers are being produced and 

studied including poly (lactic acid) (PLA), bio-based polyamides (BPAs), 

polyhydroxyalkanoates (PHAs) including poly (3-hydroxybutyrate-co-3-hydroxyvalerates) 

(PHBVs) to mention a few. In the category of engineering polymers, polyamide (PA) and 

polytrimethylene terephthalate (PTT) are being produced from fully and/or partially renewable 

resources and are widely used in various engineering applications. Of these polymers, bio-based 

polyamides are recently drawing attention of the auto-industries as possible substitute for 

petroleum based polyamides. Bio-based PA 6, 10 is emerging as one of the important types of 

PAs and has been of interest to the automotive industry due to its higher resistance to moisture as 

a result of the extra hydrophobic methylene group compared to other PAs. It is also of interest 

because of its high bio-based content of 60 – 63 %, derived from inedible castor oil while 

maintaining properties comparable to petroleum-based  PA 6,10[1].  

PA 6, 10 is substantially expensive and therefore not cost competitive enough to replace 

PA 6 and 6, 6, which are largely used in the automotive industry. To replace petroleum-based 

PAs, it must have a cost that is comparable or even lower. Reduction in the cost of polymers has 

been approached using various methods. The methods include developing new, faster and more 

cost-effective production processes and the addition of cheaper fillers or reinforcements to the 

matrix, while maintaining or enhancing the properties of the original polymer. The added 

advantage of filled polymers is that they can also increase some physical properties of the 

polymer, such as the heat deflection temperature and tensile and flexural properties, which 
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widens its application scope[2–4]. This increase is subsequently highly dependent on the 

interfacial interaction between the filler and matrix, filler distribution, size, shape and integrity. 

Several nylon based composites have been explored using cheap fillers such as talc, calcium 

carbonate, mica, carbon black, glass beads, fly-ash and kaolin to enhance the properties and 

reduce cost[4–11].  

Recently, pyrolyzed biomass (biocarbon) well known as biochar has come under scrutiny 

for its potential to be used not only as filler but also as reinforcement. It is a carbon rich solid; a 

derivative of the pyrolysis of biomass which is thermally decomposed in the complete absence or 

partial presence of oxygen yielding gases, oils and char[12]. Several investigations have been 

done on biocarbon primarily on its characterization[13,14], application towards soil 

amendment[15] and absorption capabilities[16].  

Prior researchers have investigated the use of biocarbon as reinforcement in 

thermoplastics. A statistical analysis to optimize the co-injection of biochar composites using 

Taguchi Method was performed by Zaverl et al.[17]. In this study, the biochar composite made 

up of a blend of polybutylene terepthalate (PBT) and polytrimetheylene terepthalate (PTT) was 

used as the core while a more ductile blend of matrices consisting of polybutylene adipate 

terepthalate (PBAT) and polybutylene succinate (PBS) was used as the skin. This was done by 

way of design as the biochar acted to stiffen the matrix in the core resulting to a rigid inner 

structure. The researchers found that the inclusion of biochar at 10 wt. % to the core blend 

resulted to increases in both tensile and flexural moduli. In another study, polypropylene hybrid 

composite made from wood fiber and biochar was investigated[18]. It was found that loading the 

polypropylene-wood composite at a constant wood content of 30 wt. % with biochar up to 24 wt. 

% resulted in similar tensile strength but improved modulus when compared to the 
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polypropylene-wood composite without biochar. An increase in the flexural strength and 

modulus was also noticed. It was postulated that the increase in properties were due to the 

greater surface area of the biochar in comparison to that of the wood fiber by approximately 3 

folds. The increase in surface area consequently resulted to better adhesion to the matrix. The 

thermal stability by means of thermogravimetric analysis was observed to increase at 18 wt. % 

biochar content due to the inherent high thermal stability of the biochar. In a recent study, 

pyrolyzed kudzu biomass was incorporated into poly (lactic acid) (PLA) as a reinforcing 

filler[19]. The effects of pyrolysis temperature and post treatment of the biochar on the 

mechanical properties of the PLA were investigated.  The addition of biochar to PLA resulted in 

a reduction in the mechanical properties of the composites. However, the modulus and hardness 

of the composite were increased, stemming from the intrinsic hardness of the biocarbon. 

Modification of the biochar by esterification was performed by exposing a sample of the biochar 

under elevated temperatures in a reactor in the presence of excess phthalic anhydride. Upon 

complete evaporation of the phthalic anhydride, the reaction was stopped and the samples 

collected. It was postulated that the resulting samples were esterified by the evaporated phthalic 

anhydride. This modified biochar was used to fabricate composites and compared to those 

without any modification. It was observed that the modified biochar led to better interfacial 

adhesion between the biochar and PLA which subsequently resulted to a better tensile strength 

than in the composite without any modified biochar. We can conclude from the previous works 

on biocarbon reinforced composites that biocarbon: 

 Improves the stiffness of polymer composites 

 Depending on the polymer matrix, it could improve the strength of the 

composite as well 
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 It is thermally stable to be used for high temperature processing 

 It also improves the thermal stability of polymers 

 It can be modified to improve interfacial adhesion with polymer matrices         

to yield better mechanical properties. 

Biochar was also used to partially substitute carbon black in rubber composite systems 

resulting to improvements in mechanical properties[20]. Bamboo charcoal, similar to but 

different from biochar due to its processing temperature which is typically above 1000 °C, has 

been used and studied by different authors as reinforcing fillers in some polymers such as poly 

(ethylene terephthalate) (PET)[21], PET/polypropylene blends[22], low density polyethylene 

(LDPE) and polypropylene (PP)[23]. These studies which utilized bamboo charcoal as 

reinforcement showed increase in moduli of the composites indicating biochar as a promising 

stiffening agent in thermoplastics. Based on the literature review of thermoplastic composites 

made from biochar as filler, it is apparent that biochar shows promise to be used as a reinforcing 

material and not just to cut down the cost of polymers being inexpensive filler. 

The current work investigates the structure-property co-relationship of novel injection 

molded bio-composites from sustainable miscanthus biocarbon filler and bio-based polyamide 6, 

10. The focus of this work was to understand the effects and interactions which different 

biocarbon particle size ranges have on the properties of PA 6,10 through different mechanisms 

resulting from their shape, size and defects. This was done by studying the mechanical properties 

(tensile, flexural and impact), thermal resistance, morphology and water absorption properties. 

As of date, only a hand full of published literatures addressing the use of biocarbon, directly or in 

combination with other fillers as a reinforcing material in thermoplastic polymer composites 

have been investigated. Only one published research on the effect of biocarbon particle size on 
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the rheological behavior of nylon 6/biocarbon composite has been done[24]. However, none has 

addressed the effect of size disparity of the biocarbon and their interactions with polyamides on 

their mechanical properties. 

4.2 Materials and Methods 

4.2.1 Materials  

The polyamide used was a bio-based polyamide 6,10 (natural) with a density of 1.07 

g/cm
3
 and a trade name of MAZMID 6.10. It was acquired in the form of pellets from 

Mazzaferro Industria e Comercio de Polimeros e Fibras Ltda (Brazil). Biocarbon from chopped 

miscanthus fiber from New Energy Farms (Leamington, Ontario, Canada) was made by Genesis 

Industries (CA, USA) and produced through slow pyrolysis at an average highest treatment 

temperature (HTT) of 500 °C.  

4.2.2 Sample Preparation 

Before compounding, PA 6, 10 was dried at 80 °C for 24 h and biocarbon at 105 °C until 

constant weight. Approximately 50 g of biocarbon was placed in a 500 mL stainless steel ball 

mill container and milled for a period of 24 h at 300 rpm. The milling was divided into two 

cycles: 12 h clockwise and counter clockwise rotation milling with a 60 s resting interval 

between each cycle using a milling machine (Retsch PM100, Germany). The milling media used 

was 65 ceramic balls made from zirconium oxide, 10 mm in diameter and weighing 3.34 g each 

with a total weight of 217.1 g (weight ratio of balls to biocarbon was 4.34:1). The milled 

biocarbon was sieved into different particle size ranges using a sieve shaker (H-4330) 

manufactured by Humbolat MFG Co. (USA). PA 6,10 composites were made with biocarbon at 

20 wt. % loading from crushed, milled and fractionated milled biocarbon particle size ranges of 
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<63, 213-250 and 426-500 µm. The crushed biocarbon used here was broken down to smaller 

particles (below 1 cm) to allow for easy access through the hopper of the compounder during 

processing. The milled biocarbon had a particle size range of <500 µm. A 20 wt. % loading was 

chosen for two main reasons based on preliminary studies; above 20 wt. % loading, the wetting 

of the biocarbon by the nylon is significantly reduced and the viscosity of the composites make it 

difficult to be injection molded. All composites were processed at 250 °C and at a screw speed of 

100 rpm for 120 s using a HAAKE MiniLab II Micro Compounder (Thermo Scientific, MA, 

USA) and then injection molded with an injection pressure, injection time, injection back 

pressure, injection back pressure time and mold temperature of 400 bars, 10 s, 150 bars, 5 s and 

70 °C respectively using a HAAKE MiniJet Injection molding machine (Thermo Scientific, MA, 

USA). For simplicity and ease of identification, acronyms have been given to the samples and 

are listed in Table 4-1. 

Table 4-1: Sample designation and formulation of PA 6, 10 and biocarbon 

composites. 

Sample 

ID 

Weight % 

Biocarbon 

PA 6,10 

Un-sieved Milled and Sieved 

Crushed (<1) 

mm 

Milled (<500) 

µm 

(426-500) 

µm 

(213-250) 

µm 

(<63) 

µm 

PA 100 0 0 0 0 0 

BC-1 80 20 0 0 0 0 

BC-2 80 0 20 0 0 0 

BC-3 80 0 0 20 0 0 

BC-4 80 0 0 0 20 0 

BC-5 80 0 0 0 0 20 

PA – Polyamide 6, 10, BC – Biocarbon Composites 

4.2.3 Morphological Analysis 

The surface morphology of the biocarbon and the interface between the matrix and the 

filler of the composites were analyzed using a scanning electron microscopy (SEM, FEI Inspect 
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S50, OR, USA). Both the fractured and microtomed surfaces of the composites were investigated 

to understand their microscopic features. With the exception of the microtomed samples, all 

samples were first sputter coated with gold under vacuum for 60 seconds using a Cressington 

Sputter Coater 108 auto (Cressington Scientific Instruments, UK). 

4.2.4 Structural Coordination and Surface Functionalities by Fourier Transform Infrared 

Samples were prepared by grinding the biocarbon while PA 6, 10 and BC-5 (Table 4-1) 

were cut to produce thin sheets and then pressed flat on the scan surface. BC-5 was used because 

of its highest surface area contact with PA 6, 10 which should produce the most interaction 

noticeable if any. A Thermo Scientific Nicolet 6700 Fourier transform infrared spectroscope 

(FTIR) was used to collect infrared spectra of the prepared samples. A total of 32 scans, between 

a wave number range of 4000 and 400 cm
-1

 and at a resolution of 4 cm
-1

 were collected for each 

of the above mentioned samples. No baseline correction was done to the spectra in order to avoid 

distortion of the peaks. 

4.2.5 Thermal Analysis 

The thermal behavior of the PA 6,10 and their biocarbon composites were examined 

using a differential scanning calorimeter (DSC Q200), manufactured by TA Instruments (USA) 

under nitrogen flow at a rate of 50 mL/ min. All tests were performed according to ASTM 

standard D7426. Flat pieces removed from the same parts of the molded samples ranging 

between 5-10 mg in weight were placed in an aluminum pan and heated from 0 to 260 °C at a 

rate of 10 °C/min, held at 260 °C for 5 min, cooled to 0 °C at a rate of 5 °C/min, held at 0 °C for 

5 min and then scanned again to 260 °C at the rate of 10 °C/min. The melting temperature (Tm), 

crystallization temperature (Tc), crystallization enthalpy (ΔHc) and melt enthalpy (ΔHm) were 
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determined from these scans. The first heating cycle was discarded as it was done to erase the 

thermal history of the samples. 

The viscoelastic behavior of the neat and composite samples were investigated using a 

Dynamic Mechanical Analyzer (TA Instruments) in three point bend clamp mode with a 

frequency of 1 Hz and a strain amplitude of 25 µm. Testing was done within a temperature range 

of 0 to 200 °C with a ramp rate of 3 °C/min and a pre-load of 1 N. Samples with a width and 

thickness of 12.6 mm and 3.35 mm were used. 

The heat deflection temperature (HDT) of the samples was measured according to ASTM 

standard D648 on a Dynamic Mechanical Analyzer (DMA, TA Instruments) with a width and 

thickness of 12.6 mm and 3.35 mm respectively. A preload force of less than 1 N was applied to 

the sample and scanned from 20 to 200 °C at a rate of 2 °C/min. 

4.2.6 Particle Size Distribution 

Approximately 500 g of dry milled biocarbon was sieved into various particle size ranges 

using a sieve shaker (H-4330) manufactured by Humbolat Mfg. Co. (USA). The initial and final 

weight of each sieve was measured and the difference was used to determine the particle size 

distribution based on weight fraction of the biocarbon obtained from each sieve. 

4.2.7 Mechanical Properties 

Approximately 500 g of dry milled biocarbon was sieved into various particle size ranges 

using a sieve shaker (H-4330) manufactured by Humbolat Mfg. Co. (USA). The initial and final 

weight of each sieve was measured and the difference was used to determine the particle size 

distribution based on weight fraction of the biocarbon obtained from each sieve. 

 



136 

 

2.7 Mechanical Properties 

The samples were conditioned at 23 ± 2 °C and 50 ± 5 % relative humidity for a period of 

40 h prior to testing. Tensile properties were measured using the samples prepared according to 

Type V specimen of ASTM standard D638. The tests were conducted on a Universal Testing 

Machine (Instron, Norwood, MA, USA) at room temperature and at a crosshead speed of 100 

mm/min. It should be noted that none of the composite materials conformed to the ASTM 

standard, but were tested at 100 mm/min for direct comparison to the neat nylon. 

Flexural properties were measured using the samples prepared according to procedure B 

of ASTM standard D790. The tests were conducted on a Universal Testing Machine (Instron, 

Norwood, MA, USA) at room temperature and at a crosshead speed of 9.6 mm/min. 

Impact strengths of the samples were measured in accordance with ASTM D256. The 

samples were notched to a depth of 2 mm just after injection molding. The tests were conducted 

on a TMI Monitor Impact Tester (Testing Machines Inc., DE, USA) at room temperature. 

4.3 Results and Discussion 

4.3.1 Structural Coordination and Surface Functionalities by Fourier Transform Infrared 

The determination of possible interactions between biocarbon and PA 6, 10 were 

explored through FTIR spectra analysis. The FTIR spectra of PA 6, 10, miscanthus biocarbon 

and BC-5 are shown in Figure 4-1. BC-5 was chosen, scanned and used as a reference for all 

composites because it comprises of the smallest biocarbon particle size range at the same loading 

and therefore has the largest surface area in contact with PA 6, 10 for possible interactions. Other 

composites were not scanned because any interactions between the biocarbon and PA 6, 10 

would be the same, as no new material or changes to the functional groups were made.  The 
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observed peaks at 1531 cm
-1

 and 1630 cm
-1

 for  PA 6,10 correspond to the N-H bending of the 

amide group and carbonyl vibrations respectively [1]. The peak at 3070 cm
-1

 represents the C-H 

asymmetric stretching vibration of the polymer chain. The FTIR spectrum of the biocarbon 

shows a peak at 1700 cm
-1

 that corresponds to the vibration of carbonyl groups within carboxyl 

groups on the biocarbon surface. The peak at 3300 cm
-1

 in both BC-5 and PA 6,10 corresponds 

to the N-H vibrational stretching of the amide[25]. In our previous study on the characterization 

of biocarbons from different sources, results from the FTIR showed similar characteristics of the 

miscanthus biocarbon[14]. 

 

Figure 4-1: FTIR spectra of PA 6, 10, BC-5 and biocarbon. 

Though good interfacial adhesion between the biocarbon and polyamide was observed 

from the micrographs (to be discussed later), there is no evidence from the FTIR suggesting 

reactions between them. However, the good interfacial adhesion is most likely a result of van der 
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Waals and hydrogen bonding between the amide groups of the PA 6, 10 and carboxyl groups of 

the biocarbon respectively. It may also be due to the polar nature of both materials. In a study of 

halloysite reinforced polyamide nanocomposites[26], it was suggested that the halloysite fibers 

were compatible with nylon based on their hydrophilicity and therefore had the potential of 

hydrogen bond formation between the amide group of the nylon and hydroxyl group of the 

halloysite.  

4.3.2 Morphology Analysis 

The morphological features of the crushed and milled biocarbon were investigated using 

SEM and the obtained micrographs are shown in Figure 4-2A and 2B respectively. The crushed 

biocarbon samples have a heterogeneous shape (completely random with no correlation between 

particles). It can also be noticed that the edges are pointed or sharp. These play a huge role in the 

mechanical properties as discussed later on. For the milled biocarbon particles, the morphology 

reveals a more homogeneous shape; they tend to have a globular shape (decreased aspect ratio) 

than in the crushed biocarbon samples. This is due to the fractures occurring during the milling 

process while reducing the particles to smaller, rounder sizes and shapes. Abdullah and Wu[27] 

found that milling of wood biocarbon reduced the particle size while increasing the milling time 

resulted in rounded particles. Although most defects in the form of micro pores are removed by 

milling, some of the milled particles still contain hair line fractures (Figure 4-2C) which could 

affect the properties of the composites. 
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Figure 4-2: Micrographs of (A) crushed biocarbon (B) milled biocarbon and (C) 

magnified image of milled biocarbon particle showing hairline cracks.  

The morphology of the impact fractured and microtomed surfaces of the PA 6,10 

composites were also analyzed and are shown in Figure 4-3. SEM images of the fractured 

surfaces show wetting of the biocarbon by the PA 6, 10, making it difficult to distinguish 

between the matrix and filler. Although the micrographs reveal good interaction between PA 6, 

10 and biocarbon, the fractured surface of BC-1 showed some voids within the biocarbon which 

acted as weak or stress concentration points during mechanical testing. The mechanical results in 

relation to the defects (micro pores of the biocarbon) are discussed later on. The samples were 

microtomed to reveal the biocarbon within the matrix, observe the state of dispersion and the 

interface. It was observed that there were no obvious pullouts or dislodged biocarbon particles. 

The affinity of the biocarbon and PA 6, 10 can be attributed to the polar nature of both the matrix 

and the filler, and also to the possible presence of hydrogen bonding between the amide groups 

of the PA 6, 10 and the carbonyl groups of the carboxyl groups on the biocarbon as mentioned 

earlier.  
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Figure 4-3: Micrographs of fractured and microtomed surfaces of PA 6,10  and 

composites. 
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The carbonyl groups in both PA 6, 10 and biocarbon and the oxygen containing groups in 

biocarbon are mainly responsible for their high polarity. After the samples were microtomed, it 

was realized that the biocarbon particles in sample BC-1 were very porous showing grooves 

representing the cross section of the pores in the biocarbon. Microtomed surfaces of the other 

composites revealed increased and even dispersion and smaller particles with fewer porosity of 

the biocarbon in the matrix. This supports the idea that milling reduces the defects and pores of 

the biocarbon by fracture propagation through them. 

4.3.3 Particle Size Distribution 

Dried as-received biocarbon has a random fiber/particle size and shape distribution, 

which depends on the structure and chopping length of the miscanthus feedstock before 

pyrolysis. The as-received fiber/particle size had a wide distribution as large as 20 mm (in one 

dimension) and as fine as dust particles. To study the effect of particle size on the composites, 

the biocarbon was milled and sieved into different particle size ranges. From the particle size 

distribution by weight of the milled biocarbon (Figure 4-4), it was observed that the particle size 

ranges 151-177 µm and 64-75 µm with weight fractions of 38.09 % and 0.299 % were the most 

and least, respectively. It is of importance to mention that during sieving, complete separation of 

particles into the different particle size ranges is impossible and therefore the presence of smaller 

particles within larger particle size ranges is unavoidable under the present experimental 

conditions used. This is because smaller particles tend to agglomerate and adhere to larger 

particles especially in pores and cracks (Figure 4-2C). However, it can be assumed that the 

particle size ranges used for this experiment are of majority and the smaller particles which 

adhere to them are insignificant.  
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Figure 4-4: Particle size distribution of the milled biocarbon by weight. 

The good millability of the biocarbon comes from its highly brittle and fragile structure, 

which is a result of the weakening of the structure on the macromolecular level during pyrolysis 

of the biomass. Composites of PA 6, 10 and biocarbon of different particle size ranges were 

fabricated to accentuate their effects on the PA 6, 10 properties. Unfractionated milled biocarbon 

was also used in comparison with the sieved biocarbon to investigate the effect of combined 

particle size and range on the performance of the composites. The effects of the different particle 

size on the performance of the composite are discussed in the next sections. 
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4.3.4 Thermal Analysis 

4.3.4.1 Differential Scanning Calorimetric Analysis 

The melt behavior (Figure 4-5A) shows neat PA 6, 10 and its composites exhibiting two 

melting peaks; a minor and major peak at 207.4 °C and 217.9 °C respectively.  Studies have 

shown that the minor melting peak corresponds to the formation of γ-form crystalline structures 

while the major peak corresponds to the α-form crystalline structure[28]. The γ-form crystalline 

phase is considered an imperfect crystal formation with hydrogen bonding formed between 

parallel chains, while the α-form crystalline phase is more stable with hydrogen bonds formed 

between anti-parallel chains which is less stretched in the rotation of the chains and therefore 

increasing the packing of the chains (crystallinity)[29]. This double melting peak phenomenon in 

polyamides has been described in literature as the perfection of crystals during melting where 

poor crystal formation improves during melting to a more perfect crystal formation[30]. It can be 

noticed that the intensity of the γ-peaks reduces and broadens with the incorporation of 

biocarbon of smaller particle sizes. The energy involved (ΔHm for Tm2) in this melting process 

could be calculated from the area under the curve. This lower energy suggests that the biocarbon 

particles are interfering with chain mobility and the perfection of crystals of the polymer 

(reduction of the peak intensity) therefore increasing the distribution of spherullite sizes and 

number of imperfect crystal formation (broadening of the peak) in the system during the cooling 

cycle. The smaller particle sizes are able to further restrict the chain mobility, thereby resulting 

in the creation and increase in the size distribution of more imperfect peaks. This subsequently 

causes the peaks to broaden. Less perfect crystals will then lower the energy required to melt 

them. However, the α-form peaks did not show any changes in their intensities and were 
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unaffected by the addition of biocarbon possibly due to the greater affinity between the chains 

than between the biocarbon and polymer chains.  

 

Figure 4-5: DSC graph showing the second heating (A) and cooling cycles (B) of PA 6,10 

and its composites. 
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The first cooling cycles of PA 6, 10 and its composites are shown in Figure 4-5B. The 

crystallinity of all the samples was calculated and is given in Table 4-2. The crystallization curve 

during cooling shows that the crystallization temperatures of the composites were mostly 

unchanged; this implies that biocarbon, regardless of the size or distribution, does not act as a 

nucleating agent. Also, the crystallization peaks of PA 6, 10 had the highest peak intensity and 

ΔHc relative to those of its composites, while BC-5 shows the peak with the lowest intensity. The 

addition of very small biocarbon particles varied the crystallization behavior by reducing the heat 

of crystallization of BC-5 indicating that it acts to hinder the formation of crystallites by 

inhibiting the chain mobility of PA 6,10[31]. The thermal analysis suggests that biocarbon acts to 

retard crystallization rate by restricting chain mobility especially when its size is reduced. 

Table 4-2: DSC and DMA data of PA 6, 10 and its Composites  

Samples DMA Tg (°C) Crystallinity (%) 

PA 6,10 56.03 18.88 

BC-1 56.13 19.10 

BC-2 59.45 18.42 

BC-3 61.98 17.60 

BC-4 60.56 16.95 

BC-5 62.13 18.53 

 

4.3.4.2 Dynamic Mechanical Analysis 

DMA was performed to determine the thermomechanical properties of nylon and its 

composites, including the glass transition temperature (Tg). The slight vibrations of the chains of 

the amorphous phase in nylon as detected by DMA were used to determine the Tg. The results as 

seen in Table 2 revealed an overall shift in the peaks of the composites from a lower to a higher 
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temperature (56.03 to 62.13) °C when compared to that of neat nylon to BC-5 is significant. This 

shift can be attributed to some interactions between the biocarbon and PA 6, 10, such as the 

restriction of the polymer chains in the amorphous regions caused by biocarbon. This can also be 

explained from the tan delta value, which shows BC-1 having almost the same Tg as PA 6, 10 

due to the larger particle size, which do not have any effect. As the surface area is increased and 

particle size decreased (BC-2 to BC-5), the contact area between the biocarbon and matrix and 

the penetration in the amorphous region is also increased. This restricts side chain mobility and 

translates to an increase in the Tg. This behavior was explained by Robertson et al. that 

interactions between polymer chains and filler particles can induce the suppression of terminal 

relaxation of the polymer chains therefore causing them to relax at a higher temperature[32]. 

They also found that changes in the Tg up to 10 °C of poly(styrene-co-butadiene)/ silica 

composites were attributed to the inter-particle network due to restriction of the polymer chains. 

A synergistic effect between the increase in surface area and the restricting effect of chain 

mobility by the biocarbon was in effect.  

As the particle size is reduced, there is further and more chain restriction within the 

amorphous phase of the nylon. As it can be seen, BC-5 shows the highest increase in Tg due to 

the presence of the smallest particle size range. It should be noted that BC-5 has particles which 

possibly contain nano-sized particles which can therefore have greater interaction between 

polymer chains at such scale. A study on the effect of silica particle concentration on the thermal 

properties of various molecular weight poly vinyl alcohol (PVA) was carried out by 

Tsagaropoulos and Eisenberg[33]. It was found that when silica particles were added to the 

matrix, the appearance of a second tan delta peak was noticed. It was suggested that the inter-

particle distance reached a critical point where the chain mobility was restricted enough to affect 
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the Tg of the composite. With limited space for these chains to vibrate between particles, more 

energy (heat) was required to initiate vibration, thereby increasing the Tg. It is therefore likely 

that the presence of these nano-metric particles resulted in the greatest increase in Tg of all the 

composites. 

4.3.4.3 Heat Deflection Temperature 

HDT is a measure of the ability of a polymeric material to withstand structural 

deformation at elevated temperatures under a constant load. With the addition of rigid or stiff 

fillers, it is expected that the HDT of the PA 6, 10 composites will increase. It is known that the 

addition of fillers into a polymer matrix increases the HDT of polymers such as polyamide. It 

can be observed that the HDT increases from 150 to 177 °C with the incorporation of crushed 

biocarbon (Figure 4-6); an 18 % increase. A further increase of 24 % is noticed when milled and 

fractionated biocarbon with smaller particles are added to PA 6, 10 up to BC-5. As the particle 

size is reduced, the inter-particle distance is also reduced, thereby limiting the freedom or radius 

of gyration of the polymer chain especially in the amorphous phase. Therefore, higher 

temperature is required to cause displacement or flow within the composite leading to a higher 

HDT. BC-5, with the smallest particle size and range, exhibited the highest HDT as a result. This 

is in correlation with the results which show that BC-5 has the greatest restriction in the 

amorphous phase as noticed from the Tg. Studies on PA 6/clay[2] and PA 6/flyash[11] 

composites have also showed an increase in the HDT of the composites relative to the neat PA 

6,10 due to chain restriction of the polymer chain by the fillers. 
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Figure 4-6: DSC graph showing the second heating (A) and cooling cycles (B) of PA 6,10 

and its composites. 

4.3.5 Mechanical Properties 

4.3.4.3 Tensile Properties 

An increase in the tensile moduli of the composites was noticed when compared to that of 

the neat PA 6, 10 (Figure 4-7). The modulus can be observed to increase by 44 % with the 

addition of biocarbon up to BC-2 and then slightly declines successively up until BC-5. This 

effect can be explained through the particle size and shape distribution. As the particle size in the 

composite decreases, the modulus increases due to increased surface area, thereby increasing the 

possibility for greater interfacial adhesion between the filler and matrix[34].  The presence of 

particles of smaller size in the milled sample (BC-2) increases the modulus when compared to 

BC-1. It was expected that the modulus would continue to increase in the fractionated samples, 
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which have even smaller particle sizes, but it showed a decline instead. This decline is attributed 

to the particle shape and size distribution; with a very wide particle size distribution (see Figure 

4-4), packing is expected to occur where particles of different sizes fit together more densely 

than particles with narrower size ranges[35]. Smaller particles can go into interstitial spaces in 

already tightly packed bigger particles. With better packing, the load bearing capacity of the 

composite is increased, therefore resulting to a higher modulus[36]. Also, the aspect ratio plays a 

significant role in both the modulus and strength. Higher aspect ratios typically result in a 

composite with a higher modulus than those containing particulates of sheet-like or globular 

structures[37]. As the particle size is reduced, their structures also tend towards a more round-

like appearance. This can be observed from the microtomed surfaces of the composites. The 

particles in BC-2 have higher aspect ratios than those in the other composites. The effect of the 

packing and aspect ratio of the particles in the composite with milled biocarbon supersedes the 

effect of the smaller and narrower particle distribution in the other composites and therefore 

results in the highest modulus.  

The addition of crushed biocarbon on the tensile strength of PA 6,10 showed an initial 

decrease of 36.7 % (BC-1). However, an increase of 75 % was observed in BC-2 with milled 

biocarbon when compared to BC-1. The strength of BC-2 surpassed that of PA 6,10, and then a 

slight and continuous decrease was noticed in BC-3, BC-4 and BC-5 successively. This behavior 

of the tensile strength of the composites just like the modulus can be ascribed to the combination 

of defects of the biocarbon especially in BC-1, the size and aspect ratio of the particles[3]. 

Micro-pores within the biocarbon in BC-1, as seen in Figure 4-3, created weak points through 

which the formation and propagation of cracks eventually led to failure during stress transfer 

from matrix to filler. When milled biocarbon is added (BC-2), the particle size and defects sites 
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are reduced, creating increased surface area for interaction with PA 6,10 and reduced points at 

which failure can occur within the biocarbon respectively. Hence, it can be suggested that the 

fewer the defects in the particles, the greater the enhancement in the strength of the composites 

resulting from better stress absorption during transfer without fracture. A slight decrease in the 

tensile properties of the other composites can be attributed to the reduction in the aspect ratio. As 

the particle size reduces, the aspect ratio moves towards one; the biocarbon then begins to act as 

a spherical particle and fails more rapidly by elastic deformation at both ends of the particle in 

the direction of the force[38]. 

 

Figure 4-7: Tensile strength and modulus of neat PA 6,10 and its composites. 

4.3.4.4 Flexural Properties 

It was observed that both the flexural strength and modulus increase with the addition of 

biocarbon to the matrix up to BC-2, with respect to the neat PA 6,10, and then decreased up until 
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BC-4 (Figure 4-8). Although the flexural properties decreased at BC-5, they are still greater than 

those of the neat PA 6, 10 by ~30 %. During three point bend flexural testing, there are regions 

of compression and tension. The region of tension follows the same rules as the tensile testing 

mechanism. In the compression region, resistance to collapse is a key factor for flexural 

properties. The addition of a harder material to a softer matrix (biocarbon to PA 6,10) results in 

resistance towards collapse because of the higher modulus of the filler. Surface area, size, size 

distribution, and adhesion between both materials are also key factors in the flexural properties 

as discussed further. The strength behavior can be explained by the increase in surface area 

contact between the biocarbon particles and matrix, which easily absorb and transfer stress under 

the compressive and tensile forces. Studies done on nylon 6/flyash composites showed that the 

flexural strength was enhanced with the increasing interfacial content[11]. It was suggested that 

the contact surface area for deformation increased with flyash loading therefore increasing the 

flexural strength of the composite. Das et al studied the effect of biocarbon on the mechanical 

properties of polypropylene-wood composites at 30 wt. % wood loading[18]. They found that at 

24 wt. % loading of biocarbon (part replacement of the polypropylene) to the polypropylene 

wood composite, both flexural strength and modulus were at the maximum. It was suggested that 

the brittleness of the biocarbon acted to increase the modulus of the composites.  

Similar to the tensile strength, the flexural strengths of the composites follow the same 

trend. It can be observed that BC-2 also shows the highest strength and then a progressive 

reduction thereafter as the particle size ranges are decreased. With the packing and aspect ratio 

being greatest in BC-2 and a reduction thereafter, a decrease is also observed. The reduction in 

strength noticed in the samples with smaller particle size ranges despite an increase in surface 

area is attributed to lower packing of the particles and aspect ratio, therefore reducing the overall 
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strength. The modulus behavior of the composites can also be explained based on the same 

principle; the modulus increases as the aspect ratio of the fillers increase. The overall increment 

in the moduli of the composites compared to neat PA 6, 10 is again attributed to the chain 

restriction of the PA 6, 10 by the biocarbon particles. A greater difference in the trend and 

percentage increase in flexural versus tensile properties is noticed due to the biocarbon also 

acting to resist deformation in the compression region during testing. 

 

Figure 4-8: Flexural strength and modulus of neat PA 6,10 and its composites. 

4.3.4.5 Impact Properties 

The impact strengths of PA 6, 10 and its composites are shown in Figure 4-9. The 

addition of crushed biocarbon (BC-1) decreased the impact strength of PA 6,10 by 70 %. 

However, the addition of milled and fractionated biocarbons to PA 6,10 (BC-2 to BC-5), 

increased the impact strength in the following order: BC-2 < BC-3 <BC-4 < BC-5, when 
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compared to BC-1. It is well known that the addition of fillers diminishes the impact property in 

polymers. This is because it reduces the ductility of the polymer and hampers plastic deformation 

by restricting polymer chains. It also causes stress concentration where crack propagation can be 

promoted due to weak interface and/or sharp edges of the filler. Milling of the biocarbon not 

only reduced the particle size, but increased the homogeneity of its shape. It also reduced the 

defects (micro-pores) by breaking the particles into smaller and more defect free particles.  

 

Figure 4-9: Impact strength of neat PA 6,10 and its composites. 

The impact strength of (BC-5) showed the most improvement, which is approximately 

equal to that of the neat PA 6, 10 when the standard deviation is considered. It is suggested that 

this increase in impact strength is as a result of the particles becoming globular in shape as 

observed in Figure 2B and 3. With a spherical shape-like filler particle in a composite, the impact 

fracture mechanism that typically occurs is crack pinning[39]. This occurs when a propagating 
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crack meets a sphere-like particle and propagates by moving around the particle and bows out. 

The crack tip becomes round, no longer sharp and takes a longer route, therefore drastically 

dissipating the energy[40]. By stopping or reducing the crack propagation, the composite is able 

to absorb and dissipate the force, which subsequently results in higher impact strength. Also, the 

more defect-free particles prevent premature failure of the composites. The addition of 

particulate filler to the polymer matrix typically affects the impact strength negatively. The 

restriction of the chain mobility by the biocarbon particles also play a role in drastically reducing 

the impact strength, as the matrix is unable to plastically deform, absorb and disperse energy 

efficiently. Studies on particle-reinforced PA 6 composites showed that the impact strength 

decreased with an increase in filler content[3]. From the micrographs of the impact fractured 

surfaces, it is difficult to distinguish between the biocarbon and PA 6, 10 as a result of good 

wetting. During the fracture of weakly bonded particles, cracks propagate around particles and 

then pull out or detach from the particle, exposing the particles or leaving holes where the 

particles were once lodged in place. Conversely, in strongly bonded particles, the cracks 

propagate through the matrix leaving a layer on the surface of the particle[38], thereby 

suggesting the presence of good particle-matrix interaction in the composites which is also 

observed in these composites. 

4.3 Conclusion 

Biocarbon from the chopped Miscanthus fiber was used as reinforcing filler in PA 6, 10 

for the fabrication of sustainable bio composites. The investigation revealed that there was good 

interaction between biocarbon and PA 6, 10, resulting in significant interfacial bonding between 

both materials. However, the porosity and the defective structure of biocarbon stemming from 

the micropores caused a reduction in the tensile strength of the composite containing crushed 
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biocarbon. The effect of particle size, shape and range was shown to have an impact on the 

composite properties. The impact strength was observed to improve with reduction in the particle 

size. The tensile and flexural strengths were at maximum when milled and unfractionated 

biocarbon was used. A slight but progressive decrease in these properties was observed with 

successive reduction in particle size ranges. Overall, the composite exhibited mechanical 

properties that were equal to or surpassed that of the neat PA 6, 10 with a filler loading of 20 wt. 

%. It is of utmost importance to note that the processing of the composite from start to finish was 

completely chemical free, without the incorporation of any additives, compatibilizers or coupling 

agents. With the incorporation of biocarbon, the bio-based content of the composites was ~70.5 

%, giving biocarbon a new and significant role in polymer composites and possibly changing its 

perception as an undervalued by-product to a valued co-product. It also increases the economic 

viability and sustainability of this biorefinery industry, and the developed composites can be 

explored for various structural applications especially under-hood automotive parts. However, 

biocarbon-reinforced polymer composites are in their infancy and currently not advanced enough 

to completely replace composites used in industries such as glass or carbon fiber filled polymers. 

This is because of its aspect ratio, larger dimensions and voids which lead to its lower 

reinforcing effects.  However, it can be incorporated to form hybrid composites or to replace 

other particulate filled composites that do not require properties significantly higher than the neat 

polymer. With several advantages over other types of fillers, biocarbon demonstrates excellent 

potential as reinforcing filler in the near future. 
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Chapter 5: Toughened Biocarbon Reinforced 

Polyamide 6 with Impact Modifier 

 

 Nylon reinforced with 20 wt. % of biocarbon showed tensile and flexural 

strengths superior to that of the neat nylon by 19.5 and 31 % respectively. However, the addition 

of biocarbon had a detrimental effect on its impact strength and elongation at break. Therefore, 

epoxidized natural rubber (ENR) was incorporated at very low concentrations as an impact 

modifier due to its compatibility with nylon. An increase in impact strength of 55 % was 

observed even in the presence of 20 wt. % biocarbon. This was made possible due to 

encapsulation of some of the biocarbon within the nylon and their reducing its restricting effects. 

The effect could be observed from the morphological analysis of the microstructure of the hybrid 

composites with ENR acting as an interphase between biocarbon and nylon. However, the tensile 

and flexural strengths showed a relatively marginal decrease due to the inferior properties of 

ENR at the interface of nylon and biocarbon while also dispersed within the nylon phase. Results 

from the Fourier transform infrared spectroscopic (FTIR) analysis showed that ENR has some 

compatibility with biocarbon as well. The compatibility probably resulted from the interaction 

between the epoxide group on ENR and the carboxyl (COOH) and amine end groups on nylon as 

well as with the carboxyl groups on the surface of the biocarbon. As determined from the FTIR 

study, these covalent bonds are stronger than the hydrogen bonds between the biocarbon and 

nylon therefore driving the ENR to the interface between the biocarbon and nylon. Dynamic 

mechanic analysis revealed that ENR and nylon affected the each other’s glass transition 

temperature by shifting it to a high temperature. 
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5.1 Introduction 

Nylon and its composites are one of the most studied amongst engineering polymers in 

polymer composite science and engineering. Their applications span a very wide degree 

depending especially on their mechanical properties. However, they are very sensitive to notch 

as cracks start and easily propagate through those notches or stress concentration points during 

impact. Due to their sensitivity to notch and brittleness, they typically possess poor impact 

properties. The restriction of the polymer chain by the filler prevents it from plastically 

deforming and absorbing the impact energy subsequently causing brittle fracture. Several 

methods to improve the impact strength have been studied. The incorporation of spherical fillers 

to hinder crack propagation have been explored and observed to improve the impact strength. 

Another well-established method is the addition of a very low modulus material to the 

composite; typically the addition of elastomers. This method has been explored by many 

researchers using different types of elastomers. Modification of these elastomers to improve 

adhesion with the matrix has also been studied and shown to aid impact strength.  

In nylon composites, elastomers such as natural rubber (NR), ethylene propylene diene 

monomer (EPDM), ethylene propylene rubber (EPR) [1,2], styrene ethylene butylene styrene 

(SEBS) [1,3] just to mention a few have shown improvements in the impact strength but at the 

cost of a relatively high concentration of the elastomers. It has also been shown that modifying 

these elastomers with functionalities which can react with nylon end groups can further improve 

the impact strength by increasing the adhesion between the nylon and elastomer leading to better 

energy transfer and absorption. Maleic anhydride grafted elastomers (MAH-elastomers) have 

been used in nylons and shown to be a better impact modifier in comparison to their unmodified 

counterpart [4]. Epoxide groups are capable of reacting with the carboxyl, amine and amide 
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groups on the backbone of the nylon chains. Epoxidized natural rubber (ENR) is the derivative of 

the modification of natural rubber (NR) by the grafting of epoxide groups onto its backbone. 

Blends of ENR and nylon have been well studied but not as much when used in nylon 

composites. It was chosen based on the fact that it is a bio-based elastomer, highly reactive with 

nylon and also capable of interacting with the biocarbon used in this work. ENR has shown to 

form nylon grafted ENR copolymer due to their compatibility [5]. Several mechanisms have also 

been proposed for the interaction between nylon and ENR through the interaction of the epoxide 

group on the ENR with the COOH and amine groups in the nylon [6,7]. It has also been 

suggested that the bond created between these materials are stronger than the individual 

materials and can lead to increases in the melting temperature of the blends [8]. 

The addition of toughening agents such as elastomers to polymer composites materials 

have typically resulted in the separate dispersion of the filler and elastomer in the matrix. It has 

also resulted in the dispersion of both filler and elastomer within the matrix with interaction 

between the elastomer and filler as well leading to partial or complete encapsulation of the filler 

by the elastomer [9–11]. Nylon-ENR based composites using other filler types have also been 

studied. Nouparvar et al [12] characterized nanocomposites made from nylon 6, ENR and 

organo-modified clay. It was found that by increasing the clay content, the ENR phase within the 

composite became smaller and more dispersed suggesting that the clay was increasing the 

viscosity of the nylon phase which in turn caused further dispersion the ENR from increased 

shearing.  However, the maximum impact strength obtained was approximately 5.5 KJ/m
2
 at 10 

wt. % of ENR within the composite. Beyond that, a decrease was observed. In another study, 

holloysite nanotubes were used to reinforce nylon 6 with ENR used as toughening agent [13]. It 

was observed that the addition of ENR to an already optimized nylon-halloysite composite 
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resulted to a decrease in the tensile and flexural properties but a successive improvement in 

impact strength with increasing ENR content. At 5 and 20 wt. % ENR loading, the impact 

strengths were at approximately 5 and 10 KJ/m
2
 respectively in comparison to that of the 

composite of approximately 25 KJ/m
2
. It was suggested that the interactions between the ENR 

and nylon and ENR and nanofibers resulted in enhanced impact strengths. 

Considering the importance of nylon in various industrial applications, it is therefore 

necessary to explore new, alternative and bio-renewable resources to curb the use of already 

diminishing petroleum resources. To the best of our knowledge, the use of biocarbon in 

conjunction with elastomers and their interactions in nylon composites has never been reported. 

Biocarbon was chosen because of its advantages similar to those of natural fibers such as its low 

cost and density, sustainability, renewability and carbon sequestration [14]. However, it was 

chosen over natural fibers due to its greater thermal stability and capability of withstanding the 

high processing temperature of nylon without degradation [15]. Likewise, it is less hydrophilic 

than natural fibers; therefore, the concern of hydrolysis of the nylon chains during processing is 

reduced.  

Currently, there are no studies on biocarbon reinforced nylons except for our previously 

published works [16–18]. The first study investigated the effect of biocarbon loading on nylon 6 

[16]. It showed that the mechanical properties of the resulting composites were diminished 

stemming from the inherently defective nature of the biocarbons. In the second study, the effect 

particle size on the mechanical properties of nylon 6 was investigated [17]. It was found that by 

milling the biocarbon over increasing time periods, the particle size reduced. It was also shown 

that by reducing the particle size, the mechanical properties especially the impact strength was 

improved. The third study investigated the effect of biocarbon particle size and ranges on the 
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mechanical and thermomechanical properties of nylon 6, 10 [18]. It showed that the strengths 

and moduli of nylon were enhanced when pre-treatment of the biocarbon such as milling was 

performed. It also showed that by reducing the biocarbon particle size and using a lower particle 

size range, the impact strength of the bio-composite can be improved and is insignificantly 

different from the neat nylon. However, in this study, our objectives were to fabricate sustainable 

hybrid toughened bio-composites from biocarbon reinforced nylon 6. Knowledge obtained from 

our previous studies was applied in this study by utilizing the biocarbon particle size range which 

resulted in maximum strength and stiffness. The novelty in this work was aimed at achieving 

significantly enhanced impact strength of the bio-composites by utilizing a relatively low 

concentration of ENR unlike high amounts used in previous studies by encapsulating the 

biocarbons to reduce rigidity and improve toughness. Typically, to achieve toughening of 

polymer composites with elastomers, the concentrations have to be as much as 10-20 wt. % and 

with well dispersed small domains within the matrix. In order to achieve these, mechanical tests 

were performed such as tensile, flexural and impact analysis, morphological analysis using 

scanning electron microscopy to observe the composite structure, Fourier transform infrared 

spectroscopy to determine interactions between the components and differential scanning 

calorimetry to analyze their thermal properties. 

5.2 Materials and Methods 

5.2.1 Materials  

Nylon 6 (Ultramid B3K) manufactured by BASF was purchased from Entec Polymers, 

USA. Biocarbon used in this study was produced and supplied by Genesis Industries, CA, USA 

from Miscanthus fibers obtained from New Energy Farms, Leamington, ON, Canada. The 

pyrolysis conditions are known to be around 500 °C. The physical, chemical and mechanical 
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properties of this biocarbon have been well characterized in our previously published work and is 

denoted as “MB” [19]. The work characterized the elemental composition as well as the surface 

functional groups present on the biocarbon. Results from the analysis showed that it has a CHNO 

composition of 66.5 2.9, 1.59 and 22.9 wt. % content respectively. FTIR analysis revealed that 

carboxyl groups are present and significant from the vibration of the carbonyl group peak within 

the carboxyl group present at1700 cm-1. The biocarbon particles are heterogeneous in shape and 

size and therefore the aspect ratio could not be determined nor specified. The epoxidized natural 

rubber with 25 mol. % epoxidation, under the trade name of Epoxyprene is a product of Muang 

Mai Guthrie Public Company Limited of Thailand and supplied by Sanyo Corporation of 

America. Laboratory grade toluene was purchased and supplied by Sigma Aldrich and was used 

as a solvent for etching ENR from the fractured surface of the composites. 

5.2.2 Composite Fabrication Process 

The biocarbon was subjected to preprocessing conditions by placing 25 g of each in a 500 

mL stainless steel ball mill container and milled for 1 h at 300 rpm using a milling machine 

(Retsch PM100, Germany). A combination of 65 zirconium dioxide balls and 2 stainless steel 

balls were used as milling media. The zirconium dioxide balls were 10 mm in diameter and 

weighed 3.34 g each, while the stainless steel balls were 40 mm in diameter and weighed 256 g. 

The milled biocarbon was collected and dried at 105 °C until constant weight prior to further use.  

The ENR was cut into long strips and masticated at 120 °C and 4 rpm on a two roll mill 

(Prep-Mill, manufactured by C.W. Brabender Instruments Inc., NJ, USA) to help break down 

and flatten it into thin sheets of around 1 to 2 mm in thickness. The sheets were then cut into 

small pieces approximately 5 x 5 mm to be used in the composite fabrication. All three materials 

were simultaneously compounded in a one-step process. All composites were processed at 250 
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°C and at a screw speed of 100 rpm for 120 s using a HAAKE MiniLab II Micro Compounder 

(Thermo Scientific, MA, USA) and then injection molded with an injection pressure, injection 

time, injection back pressure, injection back pressure time and mold temperature of 400 bars, 10 

s, 150 bars, 5 s and 70 °C respectively using a HAAKE MiniJet Injection molding machine 

(Thermo Scientific, MA, USA). An illustration of the process is shown in Figure 5-1. For 

simplicity and ease of identification, acronyms have been given to the samples and are listed in 

Table 5-1. Preliminary results show that incorporation of ENR below 3 phr has no significant 

effect on the impact strength of the composite while above 7 phr, the strengths and modulus are 

significantly reduced in comparison to the biocarbon reinforced nylon bio-composite. Therefore, 

ENR loading between 3 to 7 phr was used. A 20 wt. % loading was chosen for two main reasons 

based on preliminary studies; above 20 wt. % loading, the wetting of the biocarbon by the nylon 

is significantly reduced and the viscosity of the composites make it difficult to be injection 

molded.  

Etching of the rubber phase was done by placing the impact fractured surfaces of the 

composite samples in a test tube with excess toluene. The rubber phase was left to dissolve for 

48 h at room temperature while periodically agitating it to dislodge any rubber from the 

composites. After dissolving the rubber, the samples were removed, washed with toluene and 

acetone and then dried in a vacuum oven at 80 °C for 24 h. 
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Table 5-1: Sample designation and formulation of nylon, biocarbon and ENR 

composites. 

Sample Designation 

Weight (%) 

ENR (phr) 
Nylon 6 Biocarbon 

Nylon 100 0 0 

NB 80 20 0 

NBE3 80 20 3 

NBE5 80 20 5 

NBE7 80 20 7 

N – Nylon 6, E – ENR, B – biocarbon 

5.2.3 Morphological Analysis 

The micrographs of the impact fractured surfaces of the composites were captured and 

analyzed using a scanning electron microscopy (SEM, FEI Inspect S50, OR, USA). All samples 

were first sputter gold coated under vacuum for 60 seconds using a Cressington Sputter Coater 

108 auto (Cressington Scientific Instruments, UK). 

5.2.4 Materials Interactions 

Possible interactions between the nylon, biocarbon and ENR were analyzed through a 

Fourier transform infrared spectroscopy (FTIR) Thermo Scientific, Nicolet 6700. A total of 32 

scans, between a transmittance range of 4000 and 400 cm
-1

 and at a resolution of 4 cm
-1

 were 

collected for each of the aforementioned samples. Samples were prepared by grinding the 

composites to particles less than 1 mm in size to expose and disperse the interfaces in the 

composites. 

5.2.5 Thermal Analysis 

Thermal behaviors and transitions of the neat and composite materials were examined by 

differential scanning calorimeter (DSC Q200), manufactured by TA Instruments, USA under 

nitrogen flow at a rate of 50 mL/ min. All tests were done according to ASTM standard D7426. 
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Flat pieces removed from the same parts of the molded samples ranging between 5 to 10 g in 

weight were placed in an aluminum pan and heated from 0 to 250 °C at a rate of 10 °C/min, held 

at 250 °C for 5 min, cooled to 0 °C at a rate of 5 °C/min, held at 0 °C for 5 min and then scanned 

again to 250 °C at the rate of 10 °C/min. The melting temperature (Tm), crystallization 

temperature (Tc), crystallization enthalpy (ΔHc) and melt enthalpy (ΔHm) were determined from 

these scans. The first heating cycle was discarded as it was used to remove the thermal history of 

the samples. 

The possible miscibility and interactions occurring within the composites were 

investigated by studying the viscoelastic behavior of the samples using a Dynamic Mechanical 

Analyzer (TA Instruments) in three point bend clamp mode with a frequency of 1 Hz and a strain 

amplitude of 25 µm. Testing was done within a temperature range of -80 to 150 °C with a ramp 

rate of 3 °C/min and a pre-load of 1 N. Samples with a width and thickness of 12.6 mm and 3.35 

mm were used. 

5.2.6 Water Absorption 

Water uptake of the samples was performed in accordance with ASTM D570 for water 

absorption of plastics. Injection molded disc shaped coupons with a diameter and thickness of 25 

mm and 15 mm respectively were used. Three replicates per sample were used and dried to 

constant weight prior to testing. Samples were placed in room temperature deionized water at the 

same depth with the water level kept constant to prevent pressure changes. Each sample was 

weighed every 24 h using a precision weigh balance with a precision of 0.0001 mg. The water 

uptake was calculated using equation 1: 

                   Water Uptake (%) = 
W1−W0

W0
 × 100 %                 (1) 
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with W1 and W0 as the wet and dry weight of the composites respectively. 

5.2.7 Mechanical Properties 

All samples were conditioned at 23±2 °C and 50±5 % relative humidity for a period of 40 

h before any test was done. Tensile properties were measured using samples prepared according 

to Type V specimen of ASTM standard D638. The tests were conducted on a Universal Testing 

Machine (Instron, Norwood, MA, USA). 

Flexural properties were measured using samples prepared according to procedure B of 

ASTM standard D790. The tests were conducted on a Universal Testing Machine (Instron, 

Norwood, MA, USA). 

Impact strengths of the samples were measured using samples prepared in accordance to 

ASTM standard D256 with sample notch depths of 2 mm made using a TMI Notching Cutter. 

The tests were conducted on a TMI Monitor Impact Tester (Testing Machines Inc., DE, USA). 

 

 

Figure 5-1: Preparation, processing and fabrication of hybrid nylon/bioarbon/ENR bio-

composite. 
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5.3 Results and Discussion 

5.3.1 Interactions between Components of Hybrid Composites 

5.3.1.1 Nylon-ENR Interactions 

The IR spectroscopy was used to determine interactions between nylon, biocarbon and 

ENR.  Spectra of nylon, NB and NBE7 were analyzed in Figure 5-2. To magnify the interactions 

between components, a separate blend of nylon and ENR and ENR and biocarbon were 

fabricated and analyzed as well in Figure 5-2. A blend of nylon with 15 phr of ENR was made 

using the same processing conditions as other samples. This blend was used to analyze the 

interactions between nylon and ENR because at the low concentrations of ENR. A peak at 930 

cm
-1

 is present in neat nylon and the nylon-ENR blends but absent in NB and NBE7 which both 

contain biocarbon. This peak is attributed to the CO-NH vibration within the chain of nylon 

found only in its crystalline phase. Its disappearance is a result of hydrogen bonding between the 

CO-NH group and the COOH groups in the biocarbon. Detailed analysis of this interaction has 

been reported in our previous work[20]. There is also a new peak at 1735 cm
-1

 in the nylon-ENR 

blend and barely observable in NBE7 (Figure 5-2). This peak corresponds to the C=O vibration 

from the formation of ester groups. Ester groups are formed in the blend from the esterification 

reaction between epoxide groups (1248 cm
-1

) in the ENR and COOH end groups (1650 cm
-1

) in 

nylon (carboxylic acid linkage) as shown in the schematic representation in Figure 5-5. The 

peak at 3300 cm
-1

 of the nylon-ENR blend is representative of the N-H vibration of the amide 

group in nylon. This peak widens and forms a huge shoulder when compared to that of neat 

nylon. Also, an increase in the intensity is observed but not dominant in NBE7. This is due to the 

formation of hydroxyl groups as a by-product from the formation of esters which vibrate around 



170 

 

3200 to 3400 cm
-1

, therefore overlapping with the N-H bonds. It could also be due to the increase 

in the number of N-H bonds formed from the interaction between the epoxide group in ENR and 

the amine end groups in nylon (amine linkage) as shown in Figure 5-2.  This would therefore 

imply an increase in the amount of nitros groups (N-O) in the nylon and should be observed 

through changes in the N-O peaks at 1370 and 1540 cm
-1

. It can be observed that the intensities 

are significantly increased as compared to that of neat nylon and NBE7. The peak at 1420 cm
-1

 

was elaborated in the nylon-ENR blend whereas not as much in neither nylon nor the 

composites. This peak corresponds to the vibration of C-H bonds and is exaggerated due to the 

vibration of the same bonds also present in the ENR structure. The presence of the C=0 peak, the 

increase in intensity of the N-O peaks and broadening of the amide group at 3300 cm
-1

 suggests 

the interaction of ENR with nylon through amine and carboxylic acid linkages. Xie et al[5] 

suggested that blends of ENR and nylon form a graft copolymer (ENR-g-nylon) due to the 

interactions between the epoxide groups in the ENR and functional groups in nylon. There is 

good agreement between results found in this study and those by Xie et al. However, there is no 

evidence of interaction between the epoxide group in the ENR and the amide group in the nylon 

(amide linkage) and therefore most likely improbable. The strong changes in the spectra of the 

nylon-ENR blend which are not observed in that of NBE7 when compared to nylon can be 

attributed to the very low concentrations of ENR and therefore fewer interactions between the 

epoxide groups in ENR with nylon. 
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Figure 5-2: Preparation, processing and fabrication of hybrid nylon/bioarbon/ENR bio-

composite. 

5.3.1.2 ENR-Biocarbon Interactions 

Interaction between the ENR and biocarbon is represented in the FTIR spectrum of ENR-

biocarbon composite in Figure 5-2. It can be observed around 3292 cm
-1

 that there is a wide but 

visible peak which is not present in either the ENR or biocarbon peaks. This peak can be 

attributed to the formation of hydroxyl groups from the plausible reaction between the COOH 

groups on the biocarbon surface and the epoxide groups on the ENR. The epoxide groups 

scission to substitute the hydrogen on the carboxylic groups to form an ester while creating a 

hydroxyl group as a product. The presence of the epoxide group (C-O-C) in the FTIR of the 

ENR-biocarbon composite indicates that not all epoxide groups were reacted during this 

reaction. It also suggests that the amount of COOH groups present on the biocarbon is limited 

and not sufficient enough to react with all epoxide groups. A study of the interactions of ENR 
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with carbon black was done by Manna et al[21]. Carbon black was oxidized to form oxygen 

containing groups such as COOH on its surface. Both un-oxidized and oxidized carbon black 

were compounded separately with ENR. It was found through infrared spectral studies that the 

composite with oxidized carbon black led to chemical bond formation; formation of ester and 

phenolic ether type bonds while that of the un-oxidized carbon black did not. This correlates well 

with the interaction found between the ENR and biocarbon. 

5.3.1 Morphological Analysis 

The micrograph of the impact fractured surfaces of all the composites are shown in 

Figure 5-3. It can be observed that the surface of NB is relatively flat which is indicative and 

typical of a brittle fracture. It can also be observed that the biocarbons are well embedded in the 

matrix and to some degree visible but have a layer of matrix covering them. No voids or gaps 

can be observed at the interface between the biocarbon and nylon. The absence of voids and 

presence of a layer of matrix on the biocarbon suggests that the fracture propagated through the 

matrix and therefore having good adhesion to the biocarbon[22]. This adhesion is possibly due to 

hydrogen bonding between the COOH group on the biocarbon and the amide, amine and COOH 

groups in the nylon[20]. With the addition of ENR (NBE3), the fracture surface is seen to be 

irregular with a rough topology. It is even more difficult to distinguish between the nylon, ENR 

and biocarbon. This is due the ENR acting as an interface between the nylon and biocarbon 

while completely encapsulating the biocarbon and in some cases. This results to a thicker layer 

on the biocarbon surface making it difficult to visually identify it. It also corroborates the results 

from the tensile and impact strengths. (Refer to mechanical properties).  
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Figure 5-3: Micrographs of impact fractured surfaces of neat nylon (A), NBE-3 (B), 

NBE-5 (C) and (D) NBE-7. 

Upon further addition of ENR (NBE5 and NBE7) the fractured surfaces become more 

uneven and the distinction between biocarbon particles and matrix even more difficult. This is 

due to the same effect as observed in NBE3 but with more biocarbons being encapsulated with 

thicker layers of ENR. Evidence of the encapsulation of biocarbon by ENR and fracture of the 

ENR containing composite through the ENR phase is given in Figure 5-5. 

In Figure 5-4, micrographs of the impact fractured surfaces of composites containing 

ENR after etching with toluene to remove the rubber phase are presented. In NBE3, it can be 

observed that well distributed and relatively uniform voids are present within the matrix. This 

suggests that the ENR is well dispersed in the matrix and not forming large island phases. It can 
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also be observed that the biocarbons are now visible and are lodged in some of the voids. The 

visibility of the biocarbons and presence of gaps around the biocarbons after etching out ENR 

show that the ENR encapsulated the biocarbon and acted as an interface between the biocarbon 

and nylon. A trend is observed with further increase in ENR concentration; encapsulation of the 

biocarbons and a well dispersed rubber phase within the matrix is observed. However, it is 

noticed that the voids in the nylon are larger in size while the gaps between the nylon and 

biocarbon is thicker. Wider gaps indicate that a thicker layer of ENR was encapsulating the 

biocarbon particles while larger and irregularly shaped voids could indicate the removal of 

biocarbon particles which have no adhesion to the nylon after etching out of the ENR. 
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Figure 5-4: Micrographs of etched impact fractured surfaces of NBE3 (A), NBE5 (B) and (C) NBE7.  
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In summary, the presence of epoxide groups on the rubber makes it reactive with both 

nylon and the biocarbons and therefore drives it to their interface. The epoxide group can react 

with the nylon through carboxylic acid, amide and amine end group linkages[12,23] while also 

reacting with the COOH groups on the biocarbons. Similar results were observed by Hornsby et 

al[11] where rubber encapsulated glass beads were seen in polypropylene/rubber/glass beads 

composites when maleic anhydride grafted ethylene propylene rubber (MA-EPR) was used. 

Complete separation of the phases, with no interaction was observed when un-functionalized 

ethylene propylene rubber was used. Encapsulation of the glass beads by the MA-EPR was due 

to the reaction between the OH groups and maleic anhydride therefore driving it to the interface 

between the polypropylene and glass beads. 

 

 

 

 

 

 

 

 



177 

 

 

Figure 5-5: Representation of interactions between nylon, biocarbon and ENR. 
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5.3.2 Thermal Analysis 

5.3.1.2 Effect of ENR on the Nylon Phase 

The melt behavior (Figure 5-6) reveal that neat nylon and its composites display two 

melting peaks; peaks with a low and high intensity at 215 °C and 220 °C respectively.  Studies of 

nylon 6/ clay composites have shown that the small melting peak corresponds to the formation of 

γ-form crystalline structures while the high peak corresponds to the α-form crystalline 

structure[24,25]. The γ-form crystalline phase is considered an imperfect crystal formation with 

hydrogen bonding formed between parallel chains while the α-form crystalline phase is more 

stable with hydrogen bonds formed in-between  anti-parallel chains which increases the packing 

of the chains (crystallinity)[26]. This double melting peak phenomenon has been described in 

literature as the perfection of crystals during melting where poor crystal formation improves 

during melting to a more perfect crystal formation[27].  

 

 Figure 5-6: DSC heating cycle of nylon and the composites. 
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It should also be noted that the smaller peak in NB is marginally more pronounced than 

that of the neat nylon. This is as a result of the biocarbon further preventing the formation more 

perfect crystallites in the nylon by restricting mobility. This causes the formation of more 

imperfect crystallites and translates to a more pronounced peak. With the addition of ENR to the 

composite (NBE3, NBE5 and NBE7), it can be noticed that the small peaks become less 

pronounced and broadened and looking more like a shoulder. This can be attributed to the 

encapsulation of the biocarbon which prevents them from restricting the mobility of the nylon 

chains thereby allowing them move or slide more freely. However, there is no change in the 

main peak which is the melting temperature unlike shifts to a higher temperature as reported by 

Nouparvar et al[8]. This difference could be as a result of the large difference in ENR 

concentration used in this study versus that used in the study by Nouparvar. The cooling cycle of 

nylon and its composites are shown in Figure 5-7. Table 5-2 summarizes the thermal attributes 

of all the samples. The cold crystallization curves of the composites compared to neat nylon is 

observed to shift to a lower temperature indicating that there is restriction of the nylon chains 

from crystallizing. The addition of biocarbon to nylon (NB) reduces the temperature from 192.7 

°C to 189.8 °C implying that biocarbon restricts the mobility and therefore hindering crystal 

formation. When NBE3, NBE5 and NBE7 are observed, it can be noticed that the crystallization 

temperatures remains mostly the same with no trend, indicating no effect on the α-phase. This 

could be as a result of the presence of randomly dispersed un-encapsulated biocarbons within the 

nylon still causing some restricting effects on the nylon. 
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Figure 5-7: DSC cooling cycle of nylon and the composites. 

The viscoelastic behavior of the composites compared to neat nylon is represented in 

Figure 5-8 and Table 5-2. The slight vibrations of the long molecular chains of the amorphous 

phase (γ-phase) in nylon as detected by DMA was used to determine the Tg of both the nylon and 

ENR phases and also  to observe any possible effect they have on each other. Two distinct sets of 

peaks can be observed; a set between -40 °C and -20 °C and another between 55 °C and 75 °C 

representing the Tg of ENR and nylon respectively. The nylon peak is at approximately 64 °C as 

determined from the tan delta curve apex. When biocarbon is added to nylon (NB), the intensity 

of the peak is reduced and a shift to a lower temperature of 60 °C is observed. Reduction in the 

intensity is due to the restricting effect of biocarbon on the nylon chains thereby increasing 

stiffness. Addition of ENR to the composite (NBE3) showed an increase in the peak intensity 

and a shift to a higher temperature of 70.58 °C when compared to NB. Further increase of ENR 



181 

 

shows no significant changes to the peak with the Tg to remaining mostly the same. This effect 

could be due to two mechanisms; encapsulation of the biocarbon and the formation nylon-g-ENR 

bonds at the ENR-nylon interface. Encapsulation reduces the restricting effect of the biocarbons 

on the nylon chains while the formation of nylon-g-ENR bonds causes an increase in the Tg. This 

means there is an effect of ENR on the amorphous phase which we can also observe from the 

broadening of the small melting peak. Also, it has been reported that nylon-g-ENR has a higher 

thermal stability[8]. As the ENR concentration is increased, more biocarbons are encapsulated 

while the ENR phase within the γ-phase of the nylon is also increased. It is postulated that the 

formation of nylon-g-ENR within the γ-phase of nylon led to the increased Tg as observed. 

Nouparvar et al[8] studied the thermal properties of nylon 6 and ENR blend composites with 

clay and found that the formation of nylon-g-ENR at the interface led to improved melting 

temperature of the nylon due to its higher thermal stability. A progressive shoulder shift away 

from NB to higher temperatures can also be observed in NBE3, NBE5 and NBE7. This shows 

that the chains require more energy or heat to cause vibration and motion possibly due to the 

nylon-g-ENR. 

Table 5-2:  DSC and DMA data of nylon and its Composites  

Samples Tc (°C) ΔHc (J/g) Tm (°C) Tg, DMA-Nylon (°C) Tg, DMA-Rubber (°C) ΔHm (J/g) 

Nylon 192.7 69.29 220.63 65.49 (2.41) - 55.66 

NB 189.77 48.99 220.44 60.24 (1.42) - 40.33 

NBE3 189.93 47.57 221.08 70.58 (0.61) -39.43 (0.24) 44.43 

NBE5 188.19 44.72 220.86 69.85 (2.93) -35.95 (0.59) 44.61 

NBE7 188.56 47.42 220.74 69.36 (1.23) -35.39 (0.45) 43.39 
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5.3.1.3 Effect of Nylon on the ENR Phase 

The Tg and peak intensities of the ENR phase can also be observed to increase with 

subsequent increase in ENR concentration. The presence of ENR dispersed within nylon and at 

the interface of nylon and biocarbon results to the formation of more nylon-g-ENR restricting the 

rubber chains at the local regions of the interfaces. These lead to the increase in Tg of the rubber. 

The shifts in the peaks of both nylon and ENR phases to higher temperatures indicates some 

miscibility[28]. The results from the thermal analysis suggest that at the ENR concentrations 

used herein, it causes some chain restriction in the nylon γ-phase but does not act as a nucleating 

agent in the α-phase as observed from the broadening of the smaller peaks of NBE3, 5 and 7. 

 

Figure 5-8: DMA graph showing the tan delta peaks of PA6 and its composites. 
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5.3.3 Mechanical Properties 

5.3.3.1 Tensile Properties 

The tensile strengths and moduli of the composites are represented in Figure 5-9. 

Addition of biocarbon to nylon 6 resulted in an increase in both strength and modulus. This 

increase can be attributed to the presence of good interaction between the biocarbon and nylon as 

seen from the wetting of the biocarbon with nylon (Figure 5-3). During tensile strain, stress 

transfer from the nylon to the biocarbon is efficient stemming from the good interface and 

therefore results to improvement in the tensile strength. In a previous work, the tensile strength 

was observed to increase when biocarbon was used to reinforce nylon 6, 10. It was shown that 

there was good wetting of the biocarbon with the nylon resulting to improvements in the tensile 

strength[18]. In a study, bamboo charcoal powder was used to reinforce polyethylene at various 

concentrations[29]. It was found that the tensile strength was more than double that of neat 

polyethylene at 60 wt. % filler loading. Further increases were observed at 70 and 80 % wt. 

loadings. These results were attributed to the good interface between the charcoal and 

polyethylene. The effect of bamboo charcoal on the mechanical properties of wood-polyethylene 

composites was also studied[30]. The subsequent addition of charcoal to the composites showed 

improvements in the tensile strengths of the composites. It was suggested that the presence of 

charcoal decreased the deformation of the polymer matrix in the elastic zone and therefore 

resulted to strength improvement. The addition of ENR to the composite system (NBE3) 

drastically decreases the strength even below that of neat nylon. This is as a result of the ENR 

acting as an interface and encapsulating the biocarbon particles. Though, there is good adhesion 

between the biocarbon-ENR and ENR-nylon as observed in Figure 5-3, the inferior strength of 

the ENR acts as the weakest link in a chain and therefore fracture occurs at the ENR phase. As a 
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result, there is a discontinuity in transfer of stress from the nylon to the biocarbon terminated at 

the ENR interface. With the further addition of ENR (NBE5 and NBE7), the tensile strength is 

observed to decrease further. This is due to the same mechanism occurring in NBE3 but with 

more ENR phases dispersed within the composite and the encapsulation of more biocarbon 

particles as observed in Figure 5-4.  Hornsby et al[11] studied the mechanical properties of 

polyethylene based ternary phase consisting of ethylene propylene rubber (EPR) and glass beads 

as reinforcements. They found a similar result when the glass beads were encapsulated with 

maleic anhydride grafted EPR within the polypropylene matrix. Reduction in tensile strength 

was as a result of the inferior EPR interface between the glass beads and polypropylene phase. 

 

Figure 5-9: DMA graph showing the tan delta peaks of PA6 and its composites. 

The tensile moduli of the composites also follow the same trend as the strength. There is 

an initial increase with the addition of biocarbon (NB) and then a decrease with the addition of 
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ENR and subsequent addition thereafter (NBE3, NBE5 and NBE7). Addition of stiff filler to a 

polymer typically causes the modulus to increase as the filler acts to restrict the polymer chains. 

In our previous study, addition of biocarbon to nylon 6, 10 resulted in improvements in the 

moduli of the composites[18]. Polycaprolactone filled with carbonized lignin particles also 

exhibited an increase in the composite modulus[31]. ENR has a very low modulus; inferior to 

that of nylon and biocarbon and therefore decrease the modulus of the composites with 

increasing concentration as it is dispersed in the nylon. The sharp decrease noticed from NB to 

NBE3 can be attributed to the encapsulation of the biocarbon with ENR. A change in the phase 

structure from biocarbon-nylon to ENR-nylon interfaces prevents the biocarbon from restricting 

the mobility of nylon chains but acting as an elastic particle with a hard core. In the same work 

by Hornsby et al, comparable results were observed in the modulus. There was a decrease 

resulting from the rubber encapsulation of the glass beads.  

5.3.3.2 Flexural Properties 

Just like the tensile properties, the flexural properties follow the same trend; an initial 

increase in the strength and modulus with the addition of biocarbon and then successive decrease 

thereafter with the addition of and increasing content of ENR as observed (Figure 5-10). 

Deformation mechanisms occurring during flexural test are through tensile and compressive 

forces. The flexural property is a combination of the stress in tension mode of one surface of the 

test specimen while stress in compression of the other surface in compression mode. In tension 

mode, the stress from the nylon phase can easily be transferred to the biocarbon from good 

wetting property while in compression mode, the biocarbon acts to restrict the nylon chains from 

deformation. This combination results to a significant increase of 31 and 39 % in flexural 

strength and modulus in NB when compared to neat nylon respectively. ENR incorporation 
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results to decrease in these properties. With ENR at the interface of biocarbon and nylon and also 

dispersed in the nylon, deformation is increased as the ENR plastically yields easily preventing 

the biocarbons from restricting chain mobility of the nylon in the compression mode. In the 

tension mode, the ENR acts the same way as in the tensile strength test. 

 

Figure 5-10: DMA graph showing the tan delta peaks of PA6 and its composites.  

5.3.3.3 Impact Properties 

Nylon has relatively good impact strength when compared to other polymers in the same 

category. However, addition of fillers to further improve its tensile and flexural properties 

usually results to a decrease in impact strength. A similar result is observed when biocarbon is 

added to the nylon (NB); a decrease is observed (Figure 5-11). This is due to the restriction of 

the polymer chains to plastically deform and absorb energy when impacted. As observed and 

stated from the morphological analysis, a layer of nylon is seen to cover the biocarbon therefore 
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showing good adhesion between both materials. Addition of ENR to NB with increasing 

concentrations subsequently results to increase in impact strength. In NBE3, it can be seen that 

the impact strength is improved when compared to NB and neat nylon. This improvement is as a 

result of the encapsulating effect of the ENR on the biocarbon and also being well dispersed in 

the nylon phase. The significantly lower modulus of ENR than nylon and biocarbon makes it an 

effective impact modifier through plastically deforming and absorb energy by concentrating the 

stress around the dispersed phases in the nylon[32,33]. Elongation of composites has always 

been problematic. Addition of fillers typically reduces this property by several folds depending 

on the concentration of the filler used.  

 

Figure 5-10: Impact strength and elongation of nylon 6 and its composites. 
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In this study, addition of biocarbon is also seen to reduce the elongation at break by 12 

folds. The biocarbons restrict the chains from moving and causes early and brittle fracture. The 

elasticity of ENR or ability to elongate several times its length is beneficial in these composites. 

It can be observed in all the composites containing ENR that the elongation is improved (Figure 

5-11). However, this increase is limited and not significant when compared to that of the neat 

nylon because of the presence of un-encapsulated biocarbons within the nylon matrix, acting to 

restrict chain mobility. 

5.3.3.4 Bench Marking against Natural Fiber Reinforced Nylon 6 and Commercially 

Available Mineral Filled Nylon 6 composites. 

In order to evaluate the potential of the bio-composites for applications especially requiring high 

strength to weight ratios, it has been bench marked against a commercially available mineral 

filled nylon 6 at the same weight concentrations. Table 5-3 lists the mechanical properties of 

NB, NBE3, APV3 and RTP 225 A. APV3 is a 20 wt. % short fiber curaua reinforced nylon 6 

bio-composite with the data extracted from Santos et al [34]. RTP 225 A is a commercially 

available 20 wt. % mineral filled nylon 6 used in the automotive industry and produced by RTP 

Co., USA. The mechanical properties of RTP 225 A were extracted from the company’s 

datasheet [35]. It can be observed that the tensile, flexural and impact strengths of NB and NBE3 

are significantly better than those of RTP 225 A and APV3 with the exception of the impact 

strength of APV3 which is significantly higher. Likewise, the elongation at break is comparable. 

However, the stiffness of RTP 225 A and APV3 are better than those of NB and NBE3 due to the 

greater stiffness of the mineral component and fiber aspect ratio of the curaua fibers. The density 

of the bio-composites is one of its greatest advantages. It is significantly lower than that of RTP 

225 A. Light weighting is a very important factor especially in the automotive industry. 
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Therefore, the specific tensile and flexural properties were calculated based on the data obtained 

for NB, NBE3 and RTP 225 A. The results of the specific strength and moduli show that the bio-

composites are superior to the RTP 225 A in terms of mechanical properties and have the 

potential to be utilized in automotive applications. Overall, the advantage of the bio-composites 

over mineral filled and natural fiber reinforced nylon composites is its tensile and flexural 

strengths and specific tensile and flexural properties as well. For automotive applications where 

moderate ratio of stiffness to toughness, high strengths and low density are required, the bio-

composites have the potential to compete with currently used and commercially available 

composites.  

Table 5-3:  Comparison between biocarbon reinforced nylon 6 bio-composites and 

commercially available mineral filled nylon 6 composite.  

Properties Unit 20 wt. % 

biocarbon 

filled nylon 6
a
 

20 wt. % 

biocarbon + 3 

phr ENR filled 

nylon 6
b
 

20 wt. % 

mineral 

filled 

nylon 6
c
 

20 wt. % 

natural fiber 

filled nylon 6
d
 

Tensile Strength (MPa) 97 76  69 67  

Tensile Modulus (GPa) 3.14  2.55  4.482 3.8  

Elongation at break (%) 7.75  11  3-4 2.9  

Flexural Strength (MPa) 139  118  110 109  

Flexural Modulus (GPa) 3.6  3.14  3.792 3.4  

Specific Tensile Strength [MPa/(g/cc)] 84 65  53.91 - 

Specific Tensile Modulus [GPa/(g/cc)] 2.7  2.19  3.5 - 

Specific Flexural Strength [MPa/(g/cc)] 119  101  85.94 - 

Specific Flexural Modulus [GPa/(g/cc)] 3.08  2.7  2.96 - 

Impact Strength (J/m) 32  50  43 100  

Density (g/cc) 1.165  1.165  1.28 - 

a and b:Data from this study. c: Datasheet from commercially available mineral filled nylon 6 

(RTP 225 A) d: Experimental data of APV3 from Santos et al.[34] 

5.3.4 Water Absorption 

The water absorption of the composites was tested and the results showed very 

interesting behaviors. There was little to no difference between the neat nylon and the 

composites at equilibrium. It was expected that the presence of a hydrophobic phase (ENR) 
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dispersed within the hydrophilic phase (nylon) and the encapsulation of the biocarbon by the 

ENR will drastically reduce the water uptake. However, the contrary is observed when the curves 

of the equilibrium water uptake region are magnified (Figure 5-12). We observe a trend; NBE7 

showed the highest water uptake and decreases with reduction in the ENR content followed by 

NB then neat nylon. This behavior can be attributed to the presence of hydroxyl groups which 

were formed from the formation of esters through the reaction of epoxide and carboxylic groups. 

With increase in the ENR content, there is an increase in the formation of esters which also 

produce hydroxyl groups as by products. It is well known that hydroxyl groups are highly 

hydrophilic and bond to water molecules very easily hence resulting in slightly higher water 

uptake than neat nylon and NB. 

 

Figure 5-12: Expanded equilibrium region of the water uptake of nylon 6 and its 

composites. 
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Conclusions 

The study of the reinforcing and impact modifying effects of biocarbon and ENR, 

respectively, on nylon showed behaviors which were directly related to the microstructure 

formations of the composites as observed from the morphological properties and ENR and nylon. 

It was shown that the chemical interactions between ENR and biocarbon resulted to the 

encapsulation of the biocarbon by the ENR while also being dispersed in the nylon. FTIR 

confirmed the interactions between ENR-biocarbon and ENR-nylon by the presence of new peaks which 

were attributed to the C=O vibration from the formation of ester groups from the interactions between 

epoxide groups on the ENR and carboxylic groups on the nylon and biocarbon. These resulted to 

drastic improvements in the impact strength of the composites when compared to that of NB at 

relatively low concentrations of ENR. The interactions between the biocarbon and nylon also 

resulted to good interfaces and increased tensile and flexural properties. The formation of an 

interface phase (nylon-g-ENR) was suggested to play an intrinsic role in the thermal properties 

such as the improvements in the glass transition temperatures of the ENR and nylon. The use of 

biocarbon and ENR to reinforce and modify the impact property of nylon respectively, showed a 

synergistic effect resulting to well-balanced properties. Based on the stiffness-strength-toughness 

balance in comparison to the other impact modified bio-composites and bench marking against 

commercially available mineral filled nylon 6  (RTP 225 A) used in the automotive industry, biocarbon 

reinforced nylon 6 using 3 phr of ENR provides the best or optimum balance of mechanical properties 

within the concentrations studied in this work. The properties are either superior or equal to those of the 

neat nylon 6 and RTP 225 A. It is believed that knowledge gained from this work can be used to 

further explore and engineer bio-composites derived from biocarbons geared towards automotive 

applications especially. 
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Chapter 6: Understanding the Interactions 

between Polyamides and Biocarbons 

 

This work demonstrates that the thermal treatment conditions affect the functionalities of 

biocarbons and in turn can be used to achieve toughness/strength balance of composites. It 

establishes a solution to the use of biomass in reinforcing engineering polymers through thermal 

pre-treatment. Miscanthus fibers pyrolyzed at 500 °C (B1) and 900 °C (B2) from the same 

source were used to reinforce nylon 6 at 20 wt. % loading. Results showed that the composite 

containing B1 exhibited increases in tensile and flexural strengths over nylon by 19.5 % and 31 

% respectively, while the composite containing B2 also showed increases but lower than those of 

B1-composites. However, the impact strength of composite containing B2 was unchanged 

relative to nylon while the composite containing B1 was observed to diminish by 32 %. The 

property variations of the composites were attributed to the inherent structural differences of the 

biocarbons as determined through systematic characterization. 
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6.1 Introduction 

Polyamide is a well-established and extensively studied engineering polymer. Due to its 

high performance under elevated temperatures and pressures, it is used mostly in high 

performance parts like in the automotive industry for under hood applications[1]. To extend its 

property limits or improve on its drawbacks, various types of fillers have been incorporated into 

polyamide individually or as a hybrid system. Mineral particulates, glass and carbon-based fillers 

have typically been used because of their high thermal stability; their ability to withstand the 

high processing temperatures of polyamides up to 290 °C. Nevertheless, these fillers are either 

expensive, dense or not sustainable. Fillers such as carbon fiber, carbon nanotubes, nano 

whiskers and graphene are dense and expensive due to their high-cost production processes. 

Fillers like talc, halloysites, nano clay and glass fiber are relatively inexpensive but have very 

high densities. The aforementioned fillers are also non-sustainable as they are produced from 

petroleum-based materials or depleting natural resources. In recent years, the shift from depleting 

petroleum resources to bio-renewable ones has sparked interest in the use of biomass as 

reinforcing fillers in polymers.  

An old and well researched material in the field of agriculture but new to polymer 

composites is biocarbon. Biocarbon, also commonly referred to as biochar, is a derivative of the 

pyrolysis of any biomass. It is a carbon rich material which is thermally stable enough to be used 

in composite fabrications with engineering polymers. It is cheaper than almost all carbon-based 

fillers available and typically also has a lower density ranging from 1.34 to 1.96 g/cm
3
 [2]. Other 

attractive points are that it is renewable and sustainable. It has also been shown to have 

functional groups which can possibly interact with polymers directly. These functional groups 
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can also be used as linkages for further functionalization to make them more compatible with 

different polymers[3].  

Few studies have been done using biocarbon directly or in combination with other fillers 

showing its reinforcing capabilities as well as improving other aspects of a polymer system. Das 

et al. studied a hybrid composite from wood biomass and biocarbon with polypropylene (PP) as 

the carrier matrix[4]. Increasing the biocarbon content resulted in increases in the tensile and 

flexural properties, thermal stability and ductility of the PP-wood composite. The high thermal 

stability, high surface area and hardness of the biocarbon were suggested to be the reason for the 

improvements observed in the composites. In a composite made with polylactic acid, thermal 

pre-treatment of the kudzu plant between 270 and 330 °C was used as reinforcement in 

polylactic acid[5]. Results from this study showed a significant increase in the tensile moduli of 

the composites. Post-modification of the biocarbon was also performed by transesterification to 

increase compatibility with PLA. The tensile strength of the composite with the modified 

biocarbon was improved in comparison to that of the unmodified biocarbon. In our previous 

study, bio-based nylon 6,10 composites were fabricated with biocarbon of different particle size 

ranges[6]. It was observed that as the particle size was reduced, the impact strength of the 

composite was improved while tensile and flexural properties were mostly unchanged while still 

exceeding that of the neat polymer. It was also observed that there was good wetting between the 

biocarbon and nylon which resulted in improved mechanical properties. It was suggested that the 

interaction was possibly due to hydrogen bonding between the groups on the nylon backbone and 

on biocarbon and also through polar-polar interactions. It can be drawn from these works that 

biocarbon has the ability to reinforce polymers and could be made compatible with polymers if 

not already. 
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Biocarbon is an extremely complex material. Its properties, especially its surface 

chemistry, can vary greatly depending on its parent chemical composition and processing 

condition[7–9]. Freshly produced biocarbon typically has low surface functionalities but begins 

to oxidize with predominantly oxygen containing functional groups like carbonyls, carboxyls and 

hydroxyls which are grafted onto its surface upon exposure to moisture[10–13]. The 

concentration and types of functionalities can also vary and is highly dependent on the pyrolysis 

temperature. Therefore, because biocarbon is a polar material, it can have good affinity towards 

polymers with similar polarity. This attraction can be due to  van der Waals forces and hydrogen 

bonds or strong covalent bonds [13].  Also, the presence of functional groups mean that the 

biocarbon can interact with polymer side chain and/or end groups during melt compounding or 

other forms of composite fabrication.  

Therefore, in this work, we investigate the reinforcing effects of biocarbons on nylon 6 

produced at different pyrolysis conditions but from the same source. We study how differences 

in physical and chemical properties of the biocarbons produced alter the mechanical, thermal and 

other physical behaviors of the nylon composites. We also investigate the difference in 

interactions between these biocarbons and nylon using Fourier Transform Infrared Spectroscopy 

and how they affect the final behavior of the composites.  To the best of our knowledge, such 

studies have not been carried out before to illustrate that biocarbons even from the same parent 

source can be engineered or tailored to obtain specific requirements from a nylon composite 

material, therefore making it a versatile material for a wide range of applications. 
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6.2 Materials and Methods 

6.2.1 Materials  

Nylon 6 used in this work is heat stabilized Ultramid B3K in pellet form with a density of 

1.13 g/cm
3
 and manufactured by BASF, USA. Miscanthus fibers from New Energy Farms 

Leamington, Ontario, Canada, were pyrolyzed by two different companies; Genesis Industries, 

CA, USA and Competitive Green Technologies (CGTech), Leamington, ON, Canada. The 

established conditions of pyrolysis of the miscanthus by both companies were slow pyrolysis, a 

continuous batch process and at 500 °C by Genesis Industries and 900 °C by CGTech 

respectively. However, for referencing purposes, biocarbons supplied from Genesis Industries 

and CGTech would be represented by B1 and B2 respectively. 

6.2.2 Sample Preparation and Compounding 

The biocarbons, B1 and B2 were subjected to similar   preprocessing conditions by 

placing 25 g of each in a 500 mL stainless steel ball mill container and milled for 1 h at 300 rpm 

using a milling machine (Retsch PM100, Germany). A combination of 65 zirconium oxide balls 

and 2 stainless steel balls were used as milling media. The zirconium oxide balls were 10 mm in 

diameter and weighed 3.34 g each, while the stainless steel balls were 40 mm in diameter and 

weighed 256 g. The milled biocarbon was collected and dried at 105 °C until constant weight 

prior to further use. Composites of nylon and biocarbon were made with a of 20 wt. % biocarbon 

loading; for two main reasons based on preliminary studies. Above 20 wt. % loading, the wetting 

of the biocarbon by the nylon is significantly reduced and the increase in viscosity of the 

composites melt makes it difficult to be injection molded. All materials were dried and 

composites made using similar processes as described in our previous paper[6]. For simplicity 

and ease of identification, acronyms have been given to the samples in Table 6.1. 
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Table 6-1: Formulations of nylon and its composites. 

Sample Designation 

Weight (%) 

Nylon 6 
Biocarbons 

B1 B2 

Nylon 100 0 0 

NB1 80 20 0 

NB2 80 0 20 

NB1B2 80 10 10 

N – Nylon 6, B1 – Biocarbon produced by Genesis, B2 – Biocarbon produced by CGTech 

6.2.3 Morphological Analysis  

The morphology of the milled biocarbons and the impact fractured surfaces of the 

composites were examined using a scanning electron microscopy (SEM, FEI Inspect S50, OR, 

USA). All samples were sputter-coated twice with gold under vacuum for 60 seconds using a 

Cressington Sputter Coater 108 auto (Cressington Scientific Instruments, UK). The biocarbon 

particles were analyzed by placing the powder on a sticky carbon tap, air blown to remove loose 

particles and then examined with an SEM. 

6.2.4 Elemental Composition, Surface Functionalities and Structural Analysis 

The nylon and its composites were pulverized into power using a high speed grinder. The 

milled biocarbons, powdered nylon and composites were then pressed flat against the scan 

surface of a Fourier transform infrared spectroscopy (FTIR) Thermo Scientific, Nicolet 6700. A 

total of 64 scans, between a transmittance range of 4000 cm
-1

 and 500 cm
-1

 and at a resolution of 

4 cm
-1

 were collected for each of the aforementioned samples. 

Energy Dispersive Spectroscopy (EDS) was used to analyze the elemental composition of 

the biocarbons. Milled biocarbons were placed on a sticky carbon tape to completely cover it and 

then placed on a viewing stage. Characteristic x-ray spectra given off by the samples were 



201 

 

collected and used in the analysis. The analysis was done in spot-mode where the beam was 

confined to a spot within the sample at a penetration depth of 3 to 4 nm. The EDS measurement 

was taken at 3 spots within the vicinity of the area captured and the average reported.  

6.2.5 Elastic Modulus by Quantitative Nanomechanical Analysis  

Composites from injection molded samples were microtomed to a very flat surface using 

a Leica EM UC7 Ultramicrotome system (Leica Microsystems, Germany) with a Diatome 3 mm 

diamond knife, Diatome AG, Switzerland. The surfaces were scanned in peak force QNM mode 

with a Bruker TAP525A tip using a Bruker Multimode 8 Atomic Force Microscope, Bruker, US, 

calibrated in reference to the modulus of nylon 6. 

6.2.6 Thermomechanical Analysis 

Thermal behaviors and transitions of the neat and composite materials were examined by 

differential scanning calorimeter (DSC Q200), manufactured by TA Instruments, USA under 

nitrogen flow at a rate of 50 mL/ min. All tests were done according to ASTM standard D7426. 

Flat pieces removed from the same parts of the molded samples ranging between 5 to 10 g in 

weight were placed in an aluminum pan and heated from 0 to 250 °C at a rate of 10 °C/min, held 

at 250 °C for 5 min, cooled to 0 °C at a rate of 5 °C/min, held at 0 °C for 5 min and then scanned 

again to 250 °C at the rate of 10 °C/min. The melting temperature (Tm), crystallization 

temperature (Tc), crystallization enthalpy (ΔHc) and melt enthalpy (ΔHm) were determined from 

these scans. The first heating cycle was discarded as it was used to remove the thermal history of 

the samples. 

The possible interactions occurring within the composites were investigated by studying 

the viscoelastic behavior of the samples using Dynamic Mechanical Analysis (TA Instruments) 
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in three point bend clamp mode with a frequency of 1 Hz and a strain amplitude of 25 µm. 

Testing was done within a temperature range of -10 to 150 °C at a ramp rate of 3 °C/min and a 

pre-load of 1 N. Samples with an average width and thickness of 12.6 mm and 3.35 mm were 

used respectively.  

6.2.7 Water Absorption  

Water uptake of the samples was performed in accordance with ASTM D570. Injection 

molded disc samples with a diameter and thickness of 25 mm and 15 mm respectively were used. 

Replicates of 3 samples were used and dried to constant weight prior to testing. Samples were 

placed in deionized water at room temperature at the same depth with the water level kept 

constant to prevent pressure changes. Each sample was weighed every 24 h using a precision 

weigh balance with a precision of 0.0001 g. The water uptake was calculated using equation 1: 

                   Water Uptake (%) = 
W1−W0

W0
 × 100 %                 (1) 

where W1 and W0 are the wet and dry weight of the composites respectively. 

6.2.8 Mechanical Properties 

All samples were conditioned at 23 ± 2 °C and 50 ± 5 % relative humidity for a period of 

40 h before testing. Tensile properties were measured using samples prepared according to Type 

V specimen of ASTM standard D638. The tests were conducted on a Universal Testing Machine 

(Instron, Norwood, MA, USA) under room temperature at a speed of 100 mm/min for both neat 

nylon and its composites for purpose of direct comparison to the neat nylon but do not confirm to 

ASTM standard. Flexural properties were measured using samples prepared according to 

procedure B of ASTM standard D790. The tests were conducted on a Universal Testing Machine 

(Instron, Norwood, MA, USA) under room temperature at a crosshead speed of 9.6 mm/min and 
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23 °C. The impact strength of the samples was measured using samples prepared in accordance 

with ASTM standard D256 with notched depths of 2 mm made using a TMI Notching Cutter. 

The tests were conducted on a TMI Monitor Impact Tester (Testing Machines Inc., DE, USA) at 

room temperature. 

6.2.9 Rheological Analysis 

Anton Paar Modular Compact Rheometer MCR-302 was used to measure the viscosity of 

nylon and its composites. Injection molded disks samples were placed between 25 mm parallel 

plates and measured at 240 °C and at a thickness of 1 mm. Stability tests were performed for the 

neat nylon and 40 wt. % filled nylon at 240 °C for 600 s at a constant shear rate. These tests 

showed that the samples were thermally stable and did not show any reduction in viscosity 

within the time range. 

6.3 Results and Discussions 

6.3.1 Elemental Composition 

The EDS analysis revealed the presence of mostly carbon and oxygen within both 

biocarbon structures. The presence of oxygen can be attributed to the existence of some surface 

oxygen groups like carboxyl, hydroxyl and carbonyl groups as observed from the FTIR spectra. 

EDS also showed that B1 and B2 had very clear and distinct differences in their elemental 

composition concentrations. The oxygen content in B1 was significantly greater than that in B2 

by 148 % while the carbon content was lower by 15.5 % as seen in Table 6-2. A similar value 

for the oxygen concentration of Miscanthus biocarbon (9.7 %) was found by Budai et al[14] at a 

pyrolysis temperature of 503 °C which is approximately at the same temperature B1 was 

pyrolyzed. The differences in elemental concentration between B1 and B2 are most likely 
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attributed to the pyrolysis temperatures of the biocarbons since the biomass was the same. 

During pyrolysis, volatiles are given off representing mostly oxygen, nitrogen and hydrogen 

species. At much higher temperatures, the biocarbon undergoes more volatization and the 

carbonization of its structure. This results in an increase in carbon concentrations and lower 

concentrations of oxygen as observed in B2. Other elements in minute concentrations like silicon 

and potassium were also observed in both B1 and B2. Silicon can be found in plant tissue as a 

polymer of amorphous silica and can vary from 0.1 to 10 % depending on the plant species[15]. 

Potassium is taken up by plants from the soil and used as nutrients and can be as much as 6 % of 

the plant structure of which both fall within the range obtained[16]. 

Table 6-2: Elemental composition and elastic modulus of B1 and B2.  

Samples 
Elemental composition by EDX 

DMT 
C O Si K 

B1 76.3 (2.3) 23.3 (2.4) 0.2 (0) 0.1 (0) 4.61 (1.11) 

B2 90.3 (3.2) 9.4 (3.2) 0.2 (0) 0.1 (0) 15.78 (3.59) 

B1 – Biocarbon produced by Genesis, B2 – Biocarbon produced by CGTech, C – Carbon, O – Oxygen, Si – Silicon, K - potassium 

6.3.2 Surface Functionalities 

Fourier Transform Infrared Spectroscopy (FTIR) was performed on the biocarbons (B1 

and B2) (Figure 6-1). It was observed that B1 showed characteristic peaks while in B2, the lack 

of peaks with a relatively flat or straight line was observed. This indicates the absence or limited 

presence of functional groups on its surface and high concentrations of carbon. This is an 

indication of the carbonization of the heterogeneous structure in B2 when compared to B1. A 

detailed study of the surface functionalities of B1 has been reported elsewhere by Behazin et 

al[17] and denoted as “Miscanthus biochar (MB)”. The presence of carboxyl groups (COOH) on 

the biocarbons is designated at the 1700 cm
-1

 peak which is significant to the interactions with 
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nylon. It can be seen that there is a very small peak on B2 also indicating the presence but 

limited amount of COOH. 

 

Figure 6-1: FTIR spectrum of biocarbons (B1 and B2). 

6.3.2.1 Nylon-Biocarbon Interactions 

The interaction between nylon and biocarbon can be attributed to the presence of 

hydrogen bonding. Nylon 6 is known to have inter- and intra-hydrogen bonding through its 

amide II and IV groups , sometimes leading to an increase in crystallinity[18]. However, it can 

also lead to the disruption of the bonds[19]. Nylon has also been reported to form hydrogen 

bonds with other polymers containing carboxylic acid groups to form miscible blends. Both 

amide and carboxylic acids can act to donate or accept protons and therefore can form dimeric 

association through two hydrogen bonds between them[20]. The FTIR spectra of nylon, NB1 and 

NB2 are presented in Figure 6-2. It can be observed that there are distinct peaks of nylon present 
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in all spectra: N-H deformation of amide II at 1535 cm
-1

, C=O and N-H stretching vibration of 

amide I at 1635 cm
-1

 and N-H stretching at 3300 cm
-1

. The presence of a weak peak at 930 cm
-1

 

can also be noticed in nylon but absent in NB1 and partially visible in NB2 as a bump (Figure 6-

2 and 6-3B). This peak corresponds to the vibrational deformation of the CO-NH of the amide 

IV bands found only in the α-phase of nylon which constitutes the crystalline phase within the 

nylon[19,21,22]. The change in this peak indicates that there is some disruption of the crystalline 

phase in the hydrogen bonding between nylon chains due to the presence of the biocarbons. The 

absence of this peak in NB1 suggests disruption of hydrogen bonding between the antiparallel 

chains of the nylon in the α-phase due to the presence of COOH groups on the biocarbons 

surfaces which also form hydrogen bonding with the nylon chains[23]. It is therefore expected 

that this will cause some level of decline in the crystallinity within the nylon as its chains no 

longer only interact directly with corresponding anti-parallel chains but also with the biocarbon 

as well. It is also expected to have a similar effect on the amorphous phase or γ-phase. Due to the 

presence of functionalities on B1 in comparison to B2, it is anticipated that the effect on the γ-

phase will be greater in NB2 versus NB1 as B1 has more affinity towards the amorphous chains 

of the nylon than in B2 and can cause greater chain restriction to some extent. Rahbar et al[24] 

studied the structural characterization of hot drawn nylon 6 fibers using FTIR. Nylon fibers were 

drawn at different draw ratios and it was found that the γ and α-phases within the nylon 

decreased and increased respectively after drawing in comparison to the undrawn fibers due to 

the alignment of the chains. This was deduced from one of the representative peaks at 930 cm
-1

 

of the α-phase which was observed to increase in intensity after drawing. Likewise, the peaks at 

914 and 919 cm
-1

 became weaker while completely disappearing for 974 cm
-1

 which are 

representative of the γ-phase of nylon 6 after drawing. 
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Figure 6-2: FTIR spectrum of nylon, NB1 and NB1B2. 

The zoomed-in spectrum (1400-1600 cm
-1

) of the amide II peak (1535 cm
-1

) is 

represented in Figure 6-3A. This peak is of interest as it is very prevalent and sensitive to 

interactions via hydrogen bonding due to self and/or inter-association[23,25]. It can be observed 

that the peak shows a peak split into two components (1535 and 1541 cm
-1

) in NB1 while it 

broadens and is on the verge of splitting in NB2 when compared to that of the neat nylon. This is 

stemming from hydrogen bonding between the nylon and biocarbon and nylon and nylon chains 

which vibrate at similar but different wave numbers and therefore overlap to form a splitting 

peak. In NB2, the broadening of the peak is also an indication some level of hydrogen bonding 

still occurring between the biocarbon and nylon chains but not as strong as in NB1. This results 

also to some nylon-nylon hydrogen bond disruption with weaker peaks[26]. Studies on hydrogen 

bonding in nylon and nylon composites have been investigated, reported in literature and shown 

to have similar behaviors. Navarro-Pardo et al[23] studied the effect of oxidized graphene and 
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carbons nanotubes on electrospun nylon nanofiber composites. It was found that hydrogen 

bonding was occurring between amide II groups in the nylon and the carboxyl groups attached to 

the carbons after oxidation. Characterization of the amide II peak of composites containing 

oxidized carbons exhibited the exact same behavior; the peak was observed to split while 

becoming increasingly distinct or separate with increase in the carbon concentration. As 

observed by the authors, increasing the concentration of oxidized carbon resulted in the splitting 

of the peak due to more hydrogen bonds between the carbon and nylon. Another study showed 

the interaction between ethylene-vinyl alcohol (EVA) and nylon when melt blended together at 

different ratios. The formation of a split peak of the amide band was also observed due to 

disruption of hydrogen bonding between the nylon chains caused by hydrogen bond interactions 

between the nylon  and EVA copolymer[25]. The decoration of nylon 6 nanofibers with silver 

nanoparticles was achieved by first anchoring grafted COOH groups on the surface of silver 

nanoparticles to the nylon. It was found that the adsorption of the particles onto the nylon fibers 

occurred due to hydrogen bonding through the carboxyl grafted on the silver particles and the 

nylon 6 amide groups[27]. These studies correlate with results found in this work and confirm 

the presence of hydrogen bonding occurring between the nylon chains and biocarbon particles.  
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Figure 6-3: Expanded spectra of nylon, NB1 and NB1B2 of the (A) amide II and (B) α-

phase amide peaks. 

The effect of hydrogen bonding between the nylon and biocarbon on the crystallinity of 

the nylon phase was measured by DSC (Table 6-3). The crystallinity of the nylon was affect 

with a decrease observed upon the addition of biocarbon. This decrease was more significant in 

NB1 than in NB2. The decreases in crystallinity as well as the difference between NB1 and NB2 

are indicative of the effects of both B1 and B2 on the nylon phase. This change in crystallinity 

confirms results obtained from the FTIR and can be attributed to the disorder of the nylon chains 

by the biocarbon. It is especially reduced in NB1 when compared to NB2 due to more nylon-

biocarbon interactions through hydrogen bonds as demonstrated earlier. Nylons, especially nylon 

6, are made up of two phases: an amorphous phase and crystalline phase. The ordered formation 

of hydrogen bonds between anti-parallel chains is less strained, resulting in a well packed chain 

structure and therefore forming the crystalline phase. Hydrogen bonds between parallel chains 

are more strained, resulting in the amorphous phase (randomly ordered).  The presence of more 

hydrogen bonding between B1 and the nylon chains of the crystalline phase in NB1 reduced the 
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crystallinity by disrupting the interactions between anti-parallel chains more than with B2 in 

NB2. B2 has little formation of hydrogen bonding, and therefore the disruption of hydrogen 

bonding between the nylon chains is minimal, allowing for a higher packing and subsequently a 

higher crystallinity. Wu et al[19] also found similar results when nanocomposites were made 

from nylon 6 and clay. They found that the clay silicate layers tended to favor the formation of 

amorphous phase and therefore reduced the crystallinity of the nylon phase. To date, no reasons 

for this have been established and more work is needed to understand the dynamics of favorable 

phase formation in nylon composites. However, it has been suggested that fillers can force the 

amide groups of nylons into out of plane formation which then results in conformational 

changes, subsequently resulting in the limitation of hydrogen bonded sheets[28,29]. 

Table 6-3: DSC data of nylon and its Composites.  

Sample Tc (°C) ΔHm (J/g) Tm (°C) ΔHc (J/g) Χc (%) 

Nylon 196.4 60.3 (2.27) 217.9 62.7(0.27) 32.67(0.35) 

NB1 193.3 42.45 (0.93) 217.2 47.8(0.28) 27.7(0.61) 

NB2 194.9 45.66 (0.54) 217.2 46.67(0.39) 30.04(0.35) 

NB1B2 194.4 41.51 (1.4) 217.1 50.89(6.55) 27.31(0.92) 

6.3.3 DMT Modulus of the Biocarbons 

The DMT modulus analysis revealed a clear difference in the elastic moduli of the 

biocarbons (Figure 6-4). It was found that the modulus of B1 was in the range of ~4-5 GPa 

which is in agreement with that found by Behazin et al[17], while that of B2 was ~13-19 GPa. 

Fluctuations in the intensities of the moduli peaks of the biocarbons were also noticed. The 

difference in modulus between B1 and B2 can be directly related to the temperatures at which 



211 

 

they were pyrolyzed. At higher temperatures, packing and alignment of the graphitic sheets 

within the biocarbon is increased, resulting in a denser and harder material. This ultimately leads 

to biocarbon with a higher modulus. Fluctuations in the peak intensity of the modulus within a 

biocarbon particle were attributed to the turbostratic structure of the biocarbons; again, the 

packing and alignment of the sheets. Biocarbon has a structure which is comprised of crystalline 

and amorphous graphitic sheets; this means domains exist within the biocarbon consisting of 

well oriented and packed sheets in a sea of randomly aligned and misaligned sheets. It is to be 

noted that during the microtoming of the composite samples, the inner structure of the biocarbon 

particles are exposed. Therefore, when probing over regions with crystalline domains, an 

increase in the peak intensity is recorded, translating to a higher modulus and vice versa for 

domains with highly disordered structures. The variation in the peaks is more pronounced in B1 

because there are a high number of small crystalline phases are formed at the lower pyrolysis 

temperature. In B2, there are fewer and more pronounced peaks seen because crystalline phases 

are larger and well developed, stemming from the higher pyrolysis temperature[30].  



212 

 

 

Figure 6-4: DMT modulus of (A) B1 and (B) B2 by AFM in tapping mode. 

6.3.4 Effect of Nylon-Biocarbon Interactions on the γ-phase 

The tan delta of nylon and its composites exhibit interesting results and are shown in 

Figure 6-5A. Dynamic mechanical analysis is known to be very sensitive to polymer side chain 

vibrations and therefore can reveal interesting behaviors which can be correlated to interactions 

or compatibility between matrices and fillers. It can be noticed that upon the inclusion of B1 in 

nylon (NB1), the intensity of the peak decreases (a dampening effect) when compared to that of 

neat nylon. The reduction in the peak intensity can be attributed to the stiffening effects of the 

biocarbon by restricting the bulk of the nylon chains. The peak intensity of NB2 is further 

reduced, indicating that there is an increase in the stiffening effect, while that of NB1B2 falls 

between that of NB1 and NB2. Another important behavior that can be observed is the shift of 

the peaks to lower temperatures in the following order: Nylon ~ 63 °C > NB1 ~ 58 °C > NB1B2 
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~ 57 °C > NB2 ~48 °C (Figure 6-5A).  Though NB2 shows greater dampening than NB1, the 

lower tan delta value and broadening of the peak when compared to that of NB1 suggests that the 

chains in the amorphous phase is further relaxed, allowed to vibrate and slide more at the same 

temperature. As anticipated earlier, the presence of B2 is further disrupting the amorphous phase 

more than B1 is. This allows for the vibration, rotation and sliding motions of the nylon chains at 

the local region and around the interface of the nylon and biocarbon at a lower temperature, 

therefore leading to a lower tan delta (glass transition temperature - Tg). 

 

Figure 6-5: DMT modulus of (A) B1 and (B) B2 by AFM in tapping mode. 

It is atypical of fillers to reduce the Tg of polymers. However they do, especially in nylon 

and have been reported in literature. Aydemir et al[31] found that with the increasing 

concentration of thermally treated wood flour in nylon 6 composites, the tan delta peak 

progressively shifted to a lower temperature and increased the ductility of the composite. It was 

suggested that the heat-treated wood flour changed the microstructure and the formation of 

network structures in the composites. A study on the dynamic mechanical properties of nylon 11 

filled with powdered polyaniline (PANI) showed a reduction in the Tg of the nylon. It was 



214 

 

suggested that the filler acted as a plasticizer in the nylon by increasing the free volume[32]. It 

was also suggested that the powder interfered with the crystalline region of the nylon to disrupt 

its crystallinity and ultimately reducing the order of crystallinity. Wang et al[33] studied the 

rheological behavior of multiwalled carbon nano-composites and also found reduction in the tan 

delta peaks with increasing filler concentrations. It was postulated that the presence of the filler 

also changed the microstructure at the interface with nylon.  

6.3.4.1 Determination of Adhesion Factor 

The adhesion factor is a means of determining the interaction/adhesion between phases in 

a composite system. This methodology has been described by Kubat et al[34]. The presence of 

strong interfacial interactions between phases in a polymer composite results in reduced 

macromolecular mobility in the immediate vicinity of the reinforcing surfaces. Therefore, the 

value of the adhesion factor (A) reduces. Hence, lower values of adhesion factor are 

confirmation of strong interactions between the biocarbon particulates and nylon matrix and vice 

versa. The adhesion factor can be determined using the following equation[34]. 

                               A =  
1

1−Vf

tan δc

tan δm
− 1                                                                           (2) 

where tan δc and tan δm are the relative damping values of the nylon and composite at a specific 

temperature, respectively and Vf is the volume fraction of the filler. 

As shown in Figure 6-5B, the adhesion factors of NB1, NB2 and NB1B2 are plotted 

against temperature. It can be observed clearly, that the adhesion factor of NB1 is significantly 

lower than that of NB2 and NB1B2. This is due to the high degree of adhesion present between 

B1 and nylon. NB1B2 falls in-between those of NB1 and NB2 because of the presence of a 
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mixture of particles having both strong and weak adhesions with nylon while NB2 is highest due 

to weak interfaces and interactions. 

6.3.5 Morphological Analysis of Biocarbon and Nylon Composites 

The morphology of the milled biocarbons is shown in Figure 6-6A and 6B for B1 and 

B2 respectively. After milling, the biocarbons were collected and observed through SEM on a 

conductive carbon tape. It can be seen that the biocarbon particles are heterogeneous in shape 

and have particles less than 5 microns in size even considering agglomerates as individual 

particles. Particles of nanometric dimensions can also be observed. The presence of these 

nanometric particles are indicative of its ability to act not only as filler but as a reinforcing filler 

material for polymer composites. Also, these micron and nano-sized particles tend to form 

clusters or agglomerates as observed from the image after milling due to intermolecular van der 

Waals attractions. It is more noticeable in B1than in B2 because of the presence or lack of 

functional moieties on the biocarbon surfaces which act to attract them. The reduction of the 

biocarbon particles to such sizes is attributed to the conditions during milling where stress 

exerted by the milling balls on the biocarbons at the local regions of impact can get as high as 5 

GPa and increase in temperature by as high as a few hundred degrees[35,36]. 

The micrographs of the impact fractured surfaces of the composites (Figure 6-6C and 

6D) were observed to show the wetting of the biocarbon by the nylon. However, the wetting was 

distinctively different for NB1 and NB2. NB1 showed good wetting between both filler and 

matrix with a layer of matrix covering the biocarbon. In NB2, voids or gaps are clearly seen at 

the nylon-biocarbon interfaces. The shapes of the biocarbon particles are also more visible as a 

result of the poor nylon wetting. The difference in wetting can be ascribed to the presence of 

oxygen-containing functional groups on the surface of B1 of which the carboxyls are most 
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prominent, as determined from the FTIR spectra of the biocarbons. These functionalities interact 

to form hydrogen bonds with the amide groups in the nylon as demonstrated earlier. In NB2, 

there are trace amounts of these functionalities, and therefore still show some wetting but with 

voids and gaps as a result. The presence of the matrix layer on the biocarbon surfaces shows that 

the crack propagates through the matrix and not the biocarbon, indicating good adhesion in NB1. 

Some adhesion in NB2 is observed; a layer is also deposited on the biocarbon with some areas of 

adhesion between the matrix and biocarbon. It can also be seen that there are voids indicating 

poor interfaces or wetting through which the crack propagates.  

 

Figure 6-6: Micrographs of milled biocarbons (A) B1, (B) B2 and impact fractured 

surfaces of (C) NB1 and (D) NB2. 
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6.3.6 Mechanical Properties 

6.3.6.1 Tensile and Flexural Properties 

A 20 % increase in the tensile strength for NB1 was observed, while in NB2, the tensile 

strength remained unchanged compared to neat nylon but with a very large standard deviation 

(Figure 6-7). The hybrid composite (NB1B2) shows a strength which falls in-between that of 

NB1 and NB2. This behavior can be attributed to the difference in wetting of the biocarbons by 

the nylon resulting from the surface chemistry of the biocarbons. This difference in wetting is 

observed from the micrographs of the composites. NB1 shows significantly better wetting than 

NB2 and therefore results in a better adhesion, which makes stress transfer from the nylon to the 

biocarbon more efficient, resulting in an improvement in strength. The high standard deviation in 

NB2 comes from the poor wetting, which causes transfer of stress irregular from one sample to 

another. In the case of the hybrid composite (NB1B2), stress transfer is mostly dependent on the 

content of B1, which was 50 % of the filler content. Also, the presence of B2 created weak 

regions or points with poor stress transfers, and therefore translated to a 12.6 % increase. Similar 

results have been found in literature. Our previous study on biocarbon reinforced nylon 6,10 also 

revealed good wetting of the biocarbon by the nylon[6]. Improvement in the strength was also 

observed when the biocarbon was milled to reduce the particle defects. Sahoo et al[37] studied 

the effect of functionalized carbon nanotubes (CNTs) on the mechanical properties of CNT 

reinforced nylon 6. When the carboxyl acid treated CNT (CNT-COOH) was used to reinforce 

nylon 6, it was found to show superior mechanical properties, especially the tensile strength in 

comparison to that of the composite containing unmodified CNTs at the same concentration. 

This observation was attributed to the increase in polarity of the CNT because of the presence of 

COOH on its surface and due to strong interaction with the amide group of the nylon 6.  



218 

 

 

Figure 6-7: Tensile strength and modulus of PA6 and its composites. 

Similar to the tensile properties, the flexural strengths follow the same trends (Figure 6-

8). An increase of 30 and 26 % is noticed with the addition of biocarbon in both NB1 and NB2 

respectively when compared to neat nylon. However, NB2 exhibits lower strength than NB1 

while NB1B2 shows an intermediate value. Again, the difference in interactions between the 

nylon and biocarbons leads to variations in the adhesion results in their strength behaviors. A 

better transfer of stress in the region of compression and tension during flexural testing translates 

to better flexural strength in NB1 compared to NB2. 

The moduli of NB1 and NB2 are also seen to increase when compared to that of the neat 

nylon. However, despite the huge difference in the elastic modulus of the biocarbons, only a 

slight difference is observed between NB1 and NB2 when the standard deviations are not 

considered; NB2 being slightly higher. Since B2 has a higher modulus, it was expected that 
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when used in composite fabrication, it will result to a composite with higher modulus than B1. 

The difference in wetting (matrix-filler adhesion) between NB1 and NB2 in relation to the 

modulus is insignificant since this factor has little to no effect[38]. Therefore, this behavior can 

be ascribed to the other properties of NB2; the shifting of the tan delta to a lower temperature 

which decreases its stiffness and also the poor interactions with the nylon both counteract the 

effect of the higher modulus of the biocarbon therefore resulting to only a slightly higher value 

which could be considered not too significant. Likewise, the flexural moduli of the composite 

follow the same trend as those of the tensile moduli stemming from the same mechanism and 

properties of the biocarbons and composites. 

 

Figure 6-8: Flexural strength and modulus of PA6 and its composites. 
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6.3.6.2 Impact Properties 

The impact strength of the composites showed very interesting results (Figure 6-9). 

Upon the addition of biocarbon to nylon (NB1), it was observed to decrease drastically by 

approximately 32 %. However, in NB2, it remained mostly unchanged. With the hybrid 

composite (NB1B2), the strength is also decreased and similar to that of NB1 but with a higher 

standard deviation. These behaviors can be attributed primarily to the adhesion of the biocarbons 

to the nylon matrix. When there is good adhesion between a matrix and hard filler, the impact 

property typically is inferior to that of fillers loosely bound to the matrix or those with voids 

present at some interfaces. As it can be observed from the micrograph of NB2, voids around the 

interface act as weak points where the crack has propagated through and thereby exposing them. 

By propagating through the voids, the crack energy is dissipated by the bow-out of the crack tip. 

In NB1, the crack propagates through the matrix, leaving no exposed particle but a layer of 

polymer completely covering the particles which can be observed in the micrographs of the 

composites. There are no gaps or voids which act as weak points through which the crack energy 

can be dissipated. In addition to this mechanism, the reduction of the Tg of NB2 increases its 

ability to plastically form which also plays a role in the absorption of the impact energy. Both of 

these have a synergistic effect on the impact strength, thereby showing improvements when 

compared to NB1 and remaining mostly unchanged when compared to neat nylon despite the 

high content of biocarbon. The hybrid composite (NB1B2) on the other hand shows a similar 

result to NB1. However, the impact strength is slightly higher. This implies that regardless of the 

B2 content, the dominating factor in the impact fracture behavior of this composite is the 

adhesion of the biocarbon (B1).  
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Figure 6-9: Impact strength and elongation at break of PA6 and its composites. 

In the case of the elongation at break, we observe a reduction with the addition of 

biocarbon. This is due to the restricting effect of the biocarbon on the nylon chains. However, we 

notice an increase in NB2 when compared to NB1. This is expected as the adhesion between the 

nylon and biocarbon in NB2 is not as strong as that in NB1. This allows for the easier flow of the 

nylon chains due to reduced restrictions of the nylon chains in the immediate vicinity of the 

biocarbon surfaces. Also, the decrease in Tg as observed in Figure 6-5A, allows for greater 

plastic deformation of the matrix when compared to NB1. 

6.3.7 Influence of Interfacial Adhesion on the Rheological Bahavior of Nylon 

It is known that the interfacial adhesion between structures significantly impact the 

rheological performance in polymer composites[33]. In the presence of good interfacial 
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adhesion, it has been shown to restrict the polymer chains in the localized regions surrounding 

the filler particles as it is likewise in its absence, there is little to no restriction occurring at these 

localized surroundings[39]. Therefore, to further illustrate the difference in the interfacial 

adhesion between NB1 and NB2, the viscosity, complex viscosity, storage modulus and damping 

factor were characterized.  

 

Figure 6-10: Shear viscosity for nylon and its composites at 240 °C. 

Figure 6-10 shows the shear viscosity of nylon and its composites. It can be observed 

that the shear viscosity of the nylon reduced after 0.1 s
-1

. This could be due to the 

disentanglement of the nylon chains, therefore leading to reduced restriction to flow. The 

corporation of biocarbon to nylon (NB2) increased the shear viscosity as expected since the 

presence of rigid particles restricts chain mobility and therefore increasing viscosity. However, 

when NB1 and NB2 are compared, it is clear that there is a difference in their shear viscosities. 
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The difference in the affinities between B1 and B2 with nylon is reflected in the viscosities as 

stronger localized nylon chain restriction at the surrounding of B1 and around B2 still occurs 

during shearing. The viscosity of NB1B2 falls between those of NB1 and NB2 due to the 

presence but reduced amount of B1 in the sample.  

 

Figure 6-11: Complex viscosity for nylon and its composites at 240 °C 

The complex viscosity test can be used to estimate the level of interaction occurring 

between a filler and matrix in the molten state. The complex viscosity of nylon and its 

composites are presented in Figure 6-11. It can be observed at increasing amplitude, the 

complex viscosity of the nylon is reduced indicating a shear thinning behavior as the nylon 

chains are being disentanglement. With the addition of biocarbon to the nylon, we observe an 

increase in the complex viscosity. The presence of biocarbon in the nylon requires higher shear 

stress and a longer relaxation time for it to flow. However, when NB1 and NB2 are compared, it 
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can be observed clearly that NB1 has higher. This reveals the difference in interactions between 

the biocarbons and nylon. The stronger interactions between B1 and nylon than with B2 and 

nylon results to a slower shear thinning behavior as the presence of B1 further prevents the 

disentanglement of the nylon chains by restricting flow[33,40]. It can also be noticed that 

NB1B2 exhibits very similar behavior to that of NB2, indicating that the presence of the 

interaction between B1 and nylon was not significant enough to prevent shear thinning. 

 

Figure 6-12: Storage modulus for nylon and its composites at 240 °C 

The storage moduli of polymer composites typically are higher than the neat 

counterparts. This is due to the presence of the intrinsic rigidity of the fillers. Likewise as seen in 

Figure 6-12, addition of biocarbon increased the storage modulus of the neat nylon. However, 

comparing NB1 to NB2, the storage modulus is higher for NB1 while NB1B2 follow the same 

trend but fall in between NB1 and NB2. Typically, increasing the filler content of polymer 
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composites result to increased storage moduli as well. This is due to further restrictions of the 

polymer chains by the increased amount of fillers[40]. Therefore, it can be postulated that the 

greater storage modulus in NB1 versus NB2 is also due to further chain restriction of the nylon. 

This increased chain restriction stems from the better interactions between B1 and nylon than in 

B2 and nylon. 

 

Figure 6-13: Damping factor for nylon and its composites at 240 °C 

The damping factor of polymer composites reveals the effect of restriction or prevention 

towards oscillation. Therefore, the presence of interfacial adhesion between a filler and matrix 

will result to a lower damping factor. As observed in Figure 6-13, the damping factors of 

samples are in the following order: nylon > NB2 > NB1. This behavior results from greater 

interfacial adhesion between the biocarbon and nylon in NB1 than in NB2. NB1B2 shows a 

similar damping factor to that of NB1. However, at amplitudes below 10 rad/s, the damping 
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factor is lower than that of NB1. Above 10 rad/s, it is mostly the same as that of NB1. It is 

difficult to ascertain the mechanism of interaction occurring in NB1B2 resulting to the damping 

factor behavior. 

6.3.8 Water Absorption 

The water uptake behavior was similar in each of the composites. Upon careful 

observation of the equilibrium curve of the water uptake, it can be seen that nylon exhibits the 

lowest uptake. However, the difference in the water uptake of nylon when compared to the 

composites can be considered negligible. The expansion of the equilibrium region in the water 

absorption graph (Figure 6-14) reveals that NB1 has the lowest water absorption, followed by 

NB1B2 then NB2. As observed from the micrographs of the impact fracture surface, it can be 

seen that there are gaps and voids at the interface which can act to pull water through capillary 

forces[41]. This results in NB2 having the highest water uptake while NB1 having the lowest 

when comparing to the other composites.  
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Figure 6-14: Water absorption of PA 6 and its composites. 

With nylon 6, the addition of biocarbon does not significantly change the water uptake as 

much due to its similar hydrophilic nature. Studies on the water uptake of polylactic acid 

composites filled with pyrolyzed kudzu biomass showed a reduction in the water uptake 

significantly within the first 40 h of testing[5]. Torrefied biomass-reinforced nylon 6 was 

characterized in another study and it was found that the moisture uptake was also reduced when 

torrefied biomass was added[42]. It was postulated in both cases that the hydroxyl groups on the 

surface of the pyrolyzed biomasses had been removed, resulting in a more hydrophilic filler. 

However, the difference in the equilibrium water uptake between NB2 and neat nylon is 

approximately 0.55 %. These results show relatively minimal changes in water uptake despite 

the addition of filler, and therefore do not limit possible uses of the composites which may 

involve humid or wet environments. 
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6.4 Conclusion 

Characterization of the composites made with the different biocarbons showed intrinsic 

differences between them. It was observed that the elastic modulus was higher for biocarbon 

treated at a higher temperature, while functional groups were absent in this biocarbon. The 

composite containing biocarbon treated at a lower temperature revealed affinity between the 

matrix and filler through hydrogen bonding. As a result, the mechanical properties, such as 

tensile and flexural strengths were improved by 20 and 30 % while the impact strength was 

reduced by 32 %. The composite containing biocarbon treated at higher temperature showed 

lesser compatibility due to the absence of sufficient functionalities on its surface for interactions 

with the matrix. From this study, we observed and can conclude that biocarbons can significantly 

improve the physical properties of nylon and that the properties of the nylon composite are 

dependent on the properties of the biocarbon. It also shows that the biocarbons can be designed 

to fit specific composite needs by adjusting some of the pyrolysis conditions during production. 

Further studies are needed to determine optimum pyrolysis conditions required to yield 

biocarbons that have properties which can produce nylon-based composites with even better 

balanced properties. 
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Chapter 7: Characterization of Biocarbon 

Filled Nylon 6 Bio-composites 

 

Polyamide bio-composites are limited to the use of bio-based polyamides in bio-composites. 

This paper presents for the first time, an approach to the use of bio-based filler in high processing 

temperature engineering polymer as a sustainable and renewable alternative. Biocarbon from 

Miscanthus fibers was used to reinforce polyamide 6 up to 40 wt. %. The effects of filler loading 

on the mechanical, thermal and morphological properties were examined and characterized.  At 

40 wt. % filler content, the tensile and flexural strengths increased by 19.6 and 47 % respectively 

in comparison to the neat polyamide. The moduli were also increased by 31.5 and 63.7 % 

respectively. The impact strength was at maximum with an increase of 43.7 % when 20 wt. % 

biocarbon loading was used. The heat deflection temperatures of the composites increased with 

increasing filler content. Likewise, the glass transition temperature increased. The biocarbon 

showed a reinforcing effect regardless of filler loading with a balance between stiffness and 

toughness. This composites show great potential to substitute in part or whole, some particulate 

filled composites currently used in the automotive industry. 
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7.1 Introduction 

The search for and use of sustainable and renewable bio-based fillers as alternatives 

polymer reinforcement has recently been of great importance due to concerns about the 

environment and diminishing petroleum resources. Natural fibers, wood flour and cellulose are 

some of such fillers which have been well explored, engineered and commercialized in different 

applications[1–4]. However, most of these have been used as reinforcement in commodity 

plastics such as polypropylene (PP), polyethylene (PE), polystyrene (PS) and poly lactic acid 

(PLA). The use of these fillers in engineering plastics has been problematic because of their low 

thermal stability and hygroscopicity. Natural fibers begin to degrade around 180 - 200 °C and 

cannot be successfully incorporated into engineering plastics without thermal degradation. They 

easily absorb moisture from the surrounding environment and can be detrimental to moisture 

sensitive plastics like nylon and PET during melting compounding at higher temperatures. 

Nylon, with a processing temperature range of 250 – 290 °C, is one of the most commonly and 

widely used engineering plastic with various applications in automotive, electronics, construction 

and textile. Therefore, research is being done on how to successfully incorporate natural fibers 

into nylon without degrading it. 

One way has been to introduce additives to lower the processing temperature of nylon 

enough to incorporate natural fibers[5]. This involved a two-step process where the nylon was 

first melt compounded with the additive and then melt compounded with the natural fibers. The 

results were composites with superior mechanical properties in comparison to the neat nylon. 

However, the added processing step and non-environmentally friendly and expensive additive 

increases the production cost of the composites, therefore making it economically and 

environmentally not feasible. Another method that was used to tackle this problem was to 
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incorporate the filler at a later stage of the melt compounding process towards the end of the 

extruder. By doing this, the fillers can be used without significant degradation occurring. The 

disadvantage to this process is that the short processing time doesn’t allow for proper dispersion 

of the filler in the matrix and therefore results to a composite with inconsistent dispersion of 

filler. Consequently, this leads to localized stress concentrations within the composite and 

premature failure. Solution blending of fibers with nylon is another method that has been used to 

avoid the degradation of the fibers[6]. In this method, the nylon was made into a solution while 

cellulose was dispersed in another liquid which is miscible with the nylon solution. These two 

were then mixed to together. Composite fibers were then made from the mixture using injection 

spinning device. The merit to this process is that the filler is better dispersed within the nylon 

with the added effect of no degradation. However, the process of fabrication involves the use of 

harsh and non-environmentally friendly chemicals, multi-step processes which incur costs and 

most importantly, not industrially feasible. 

Recently, biocarbon, a thermally treated biomass under limited or complete absence of 

oxygen has come under scrutiny as potential reinforcing filler in plastics especially engineering 

plastics. It is the by-product of the bio-refinery industry and has mainly found uses as solid fuel 

in the same industry and soil amendment in agriculture. However, due to its renewability, 

sustainability, low cost and environmental friendliness through carbon sequestration, it has 

gained the attention of material scientists to be used for alternative purposes. Biocarbon is 

thermally stable enough to be used in engineering plastics without the addition of additives or 

limiting the exposure time to high processing temperatures. It has a thermally stable structure 

because of its pyrolysis temperature which is typically above 350 °C[7]. Below this temperature, 

it is called torrefied biomass and less thermally stable than biocarbons. Biocarbon also has 
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functional groups on its surfaces which can act as anchor points for polymer side and end groups. 

Before now, torrefied biomass was added to nylon[8]. It was found to be more thermally stable 

than using the parent biomass directly as the filler. No odor during melt compound and 

improvement in mechanical properties in comparison to the untreated biomass composite 

suggested that its increased thermal stability led to better structural integrity of the composites. 

However, the presence of unevenly torrefied biomass led to some degradation during composite 

fabrication and ultimately reduced the mechanical properties with increasing filler loading. It is 

therefore of great importance to achieve an even thermally stable filler. Being a relatively new 

filler to the field of polymer science and composites and nylon composites in particular, it is of 

great importance, as a first step, to study the effects of biocarbon at various concentrations in 

nylon. 

Within the last year, we have seen a surge in the investigation of biocarbon as reinforcing 

fillers in other thermoplastics such as PLA[9,10], PP[11] and even in thermosets[12–15]. These 

works all studied the effect of biocarbon loading on the various properties of the plastics. 

However, no work to date has investigated the effect of biocarbon concentration on nylon. 

Previous works have investigated the effect of particle size of biocarbon on nylon[16]. In this 

study, knowledge from the previous chapters such as optimum particle size range and biocarbon 

obtained from specific pyrolysis temperature range were used. The results from the study in 

chapter 6 demonstrate that biocarbon reinforced nylon 6 can be tailored to yield targeted 

properties. For example, it was shown that the use of biocarbon produced at a high temperature 

results in a nylon bio-composite with impact strength equivalent to or greater than that of the 

neat nylon while having no effect on strength. Whereas, using biocarbon produced at low 

temperature yields a bio-composite with diminished impact strength but significantly improved 
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strength. The former was due to the absence of functional groups which resulted in poor affinity 

with the nylon while the latter was due to the presence of functional groups which had good 

affinity with the nylon. Therefore, it was postulated that the use of biocarbon produced at 

temperatures between 500 and 900 °C will give rise to a balance between tensile and impact 

properties when used as a reinforcing filler in nylon. Addition of more than 20 wt. % of bio-

based fillers to reinforce nylon during compounding typically results to excessive degradation of 

the bio-composites[17,18]. In this study, hypothesize that high biocarbon loading in nylon will 

not result in thermal degradation of the biocarbon and therefore enhance its properties. We 

investigate and compared the effect of biocarbon produced at approximately 650 °C on nylon at 

different loading up to 40 wt. %. In order to achieve this, the mechanical, morphological and 

thermal and thermomechanical properties were studied. For the mechanical properties, 

unidirectional tensile tests, three point bend test and impact testing were performed. Dynamic 

mechanical, differential scanning calorimetric and thermogravimetric analysis as well as burn 

rate test were done to determine the thermal properties. Scanning electron microscopy was used 

to characterize the morphology of the impact fractured surface. The results from this study act as 

a strong and vital background to future and further studies on biocarbon reinforced nylon 

composites. 

7.2. Materials and Methods 

7.2.1 Materials 

Nylon 6 used in this work is heat stabilized Ultramid B3K in pellet form with a density of 

1.13 g/cm
3
 and manufactured by BASF, USA. Miscanthus fibers were obtained from New 

Energy Farms Leamington, Ontario, Canada and pyrolyzed at 500 °C by Competitive Green 
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Technologies (CGTech), Leamington, ON, Canada, after which it was hammer milled to a 

particle size of ≤ 397 μm. 

7.2.2 Sample preparation and compounding 

The biocarbon was milled using procedures described in chapter 6. Prior to processing, it 

was dried at 105 °C in a conventional oven until constant weight while the nylon was dried at 80 

°C overnight. Biocarbon reinforced nylon composites were made using biocarbon loading at 5, 

10, 20, 30 and 40 wt. % in a micro compounder (DSM Xplore, Netherlands) equipped with a co-

rotating twin screw and barrel volume of 15cc. A processing time and temperature of 120 s and 

250 °C, and screw speed of 100 rpm were used for all composite fabrications respectively. The 

molten composites were collected and injected molded into tests samples using a transfer device 

and a micro-injection molder (DSM Xplore) kept at 245 °C and a mold temperature of 70 °C. 

7.2.3 Morphological analysis 

The morphology of the impact fractured surfaces of the composites was examined using a 

scanning electron microscopy (SEM, FEI Inspect S50, OR, USA). All samples were sputter-

coated twice with gold under vacuum for 60 s using a Cressington Sputter Coater 108 auto 

(Cressington Scientific Instruments, UK).  

7.2.4 Thermal and thermomechanical analysis 

The thermal properties such as the melting temperature (Tm), crystallization temperature 

(Tc) and crystallinity were studied using differential scanning calorimeter (DSC Q200), 

manufactured by TA Instruments, USA under nitrogen flow at a rate of 50 mL/ min. All tests 

were done according to ASTM standard D7426. Flat pieces removed from the same parts of the 

molded samples ranging between 5 to 10 g in weight were placed in an aluminum pan and heated 
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from 23 to 250 °C at a rate of 10 °C/min, held at 250 °C for 5 min, cooled to 23 °C at a rate of 5 

°C/min, held at 23 °C for 5 min and then scanned again to 250 °C at the rate of 10 °C/min. The 

possible interactions occurring within the composites were investigated by studying the 

viscoelastic behavior of the samples using Dynamic Mechanical Analysis (TA Instruments) in 

three point bend clamp mode with a frequency of 1 Hz and a strain amplitude of 25 µm. Testing 

was done within a temperature range of -10 to 150 °C at a ramp rate of 3 °C/min and a pre-load 

of 1 N. Samples with an average width and thickness of 12.6 mm and 3.35 mm were used 

respectively.  

The thermal stability of nylon and its composites was measured by means of a Thermo 

Gravimetric Analyzer (TGA) (Q500, TA Instruments). For each test, 15-20 mg of material was 

used. All tests were done within a temperature range of 23 to 800 °C, ramp rate of 20 °C/min and 

in a nitrogen environment with a flow of 40 mL/min. 

HDT measurement was performed based on the ASTM D648 standard at a constant load 

0.455 MPa in the same DMA instrument. The analysis was performed at a heating rate of 2 °C 

min
-1

 from ambient temperature to 100 C in a three point bending mode. 

7.2.5 Mechanical properties 

All samples were conditioned at 23 ± 2 °C and 50 ± 5 % relative humidity for a period of 

40 h before testing. Tensile properties were measured using samples prepared according to Type 

IV specimen of ASTM standard D638. The tests were conducted on a Universal Testing 

Machine (Instron, Norwood, MA, USA) under room temperature at a speed of 50 mm/min for 

both neat nylon and its composites for purpose of direct comparison to the neat nylon but do not 

confirm to ASTM standard. Flexural properties were measured using samples prepared 
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according to procedure B of ASTM standard D790. The tests were conducted on a Universal 

Testing Machine (Instron, Norwood, MA, USA) under room temperature at a crosshead speed of 

14 mm/min and 23 °C. The impact strength of the samples was measured using samples prepared 

in accordance with ASTM standard D256 with notched depths of 2 mm made using a TMI 

Notching Cutter. The tests were conducted on a TMI Monitor Impact Tester (Testing Machines 

Inc., DE, USA) at room temperature. 

7.2.6 Melt flow index analysis 

Melt flow index of the neat polyamide and its composites was measured according to the 

ASTM D1238 standard using a Melt Flow Indexer (Qualitest model 2000A) at 235 °C with a 

standard weight of 2.16 kg. For each measurement, approximately 6 g of the material was used 

and the first cut during measurement taken. The measurement of each sample was repeated five 

times and the average was reported. 

7.2.7 Rheological analysis 

An Anton Paar Modular Compact Rheometer MCR-302 was used to measure the shear 

and complex viscosities, storage modulus and tan delta of nylon and its composites. Injection 

molded disks samples were placed between 25 mm parallel plates and measured at 240 °C and at 

a thickness of 1 mm. 
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7.3 Results and Discussion 
 

7.3.1. Justification for change of biocarbon and compounding equipment used 

In this chapter, the effect of biocarbon loading is investigated; therefore, biocarbon up to 

40 wt. % is added to nylon. In the previous chapters, a minilab micro-compounder was used to 

fabricate the nylon bio-composites at 20 wt. % biocarbon loading. However, above 20 wt. % 

biocarbon loading, it is unable to efficiently compound the nylon and biocarbon without resulting 

to biocarbon ejection through the orifice where the screws connect to the motor. Figure 7-1 

shows the ejected biocarbon powder through the orifice of the minilab compounder during an 

attempt to produce nylon bio-composite at 30 wt. % biocarbon loading. The resulting bio-

composite did not contain the exact concentration of biocarbon as a result. Therefore to fabricate 

nylon bio-composites with more than 20 wt. % biocarbon loading, the equipment had to be 

changed to a DSM micro-compounder with a bigger barrel volume capable of accommodating 

large biocarbon volumes and preventing ejection.  

In order to justify the biocarbon used and reproducibility of results obtained from the bio-

composites fabricated using different compounding equipment and ASTM testing standards in 

this chapter, a preliminary comparison and screening of the mechanical properties of the nylon 

bio-composites with different biocarbons at 20 wt. % loading were done and are shown in Table 

7-1. One of the most important and critical mechanical properties for biocarbon reinforced nylon 

is the impact strength. The impact strength of nylon is reduced when biocarbon is incorporated 

and therefore impact strength is chosen as the benchmark for material choice. Therefore, the 

mechanical properties of three nylon bio-composites containing three different biocarbons 

preprocessed and compounded the same way were compared. 
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Figure 7-1: Pictures showing the ejected of biocarbon through the orifice of the minilab 

compounder. 
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From Table 7-1, it can be observed that Sample C has the highest impact strength with 

tensile and flexural properties comparable to those of Sample B. Sample A has superior tensile 

and flexural properties, however, the impact strength is inferior to those of Samples B and C. 

Therefore, the biocarbon used to fabricate Sample C was chosen to be used for further studies in 

this chapter. To justify reproducibility of results on different compounding equipment, the same 

biocarbon used in Sample C was used to fabricate nylon bio-composites at 20 wt. % biocarbon 

loading with a DSM micro-compounder and represented as Sample D in Table 7-1.  

It can be observed that the results from the mechanical properties of Samples C and D are 

comparatively the same. It can therefore be concluded that using different compounding 

equipment and ASTM testing standards does not change the outcome of the results of the bio-

composite materials as long as compounding is performed properly. Based on the above 

observations, the experimental design and investigations in this chapter were carried out.     
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Table 7-1: Comparison between mechanical properties of nylon bio-composites at 20 wt. % biocarbon produced at 

different pyrolyzed temperatures.  

Samples 

Pyrolysis 

temperature 

(°C) 

Processing 

Equipment 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Impact 

Strength 

(J/m) 

(A) 

Nylon/biocarbon 
500 

Minilab 

Micro-

Compounder 

97.4 (1.76) 3.14 (0.04) 7.75 (2.24) 138.94 (2.15) 3.56 (0.03) 32.16 (2.44) 

(B) 

Nylon/biocarbon 
900 

Minilab 

Micro-

Compounder 

81.1 (5.05) 3.27 (0.05) 18.3 (4.31) 127 (1.18) 3.69 (0.04) 48.38 (4.31) 

(C) 

Nylon/biocarbon 
650 

Minilab 

Micro-

Compounder 

80.1 (0.66) 2.7 (0.09) 16.8 (4.07) 119.98 (0.83) 3.21 (0.02) 53.68 (2.48) 

(D) 

Nylon/biocarbon 
650 

DSM Micro-

Compounder 
81.6 (0.44) 2.76 (0.02) 17.2 (1.82) 123.21 (0.83) 3.45 (0.04) 51.76 (4.2) 

Data extracted from chapter 6 (A – NB1 and B – NB2), (C) chapter 7 and (D)  
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7.3.2. Differential scanning calorimetric analysis 

The thermal properties from the DSC analysis are given in Table 7-2. The results show 

that the crystallization temperature (Tc) of nylon decreased slightly with the addition of 

biocarbon. At 40 wt. % biocarbon loading, the Tc was reduced by approximately 3 °C. This 

suggests that the biocarbon acts to prevent nucleation of crystals in the nylon, therefore shifting 

the temperature to a lower value. Interestingly, the crystallinity of the nylon was observed to 

reduce as well by approximately 31.5 % when 40 wt. % biocarbon was used. The reduction in 

the crystallinity of the composites is expected to have a significant effect on the moduli as the 

moduli of polymers are related and dependent on the amount of crystallinity. 

Table 7-2: Data from the DSC analysis  

Nylon/Biocarbon (wt. /wt.) % Tc    (°C) ΔHm (J/g) Tm   (°C) χc    (%) 

100/0 192.8 (0.15) 62.95 (1.15) 220.54 (0.16) 33.13 (0.61) 

95/5 192.3 (0.23) 57.04 (1) 220.36 (0.11) 28.52 (0.5) 

90/10 191.6 (0.12) 54.18 (0.94) 220.56 (0.42) 25.66 (0.45) 

80/20 191.4 (0.16) 44.2 (1.6) 220.95 (0.43) 18.61 (0.67) 

70/30 190.1 (0.12) 38.79 (1.89) 220.21 (0.08) 14.29 (0.7) 

60/40 189.6 (0.13) 32.98 (0.72) 220.39 (0.16) 10.41 (0.23) 

 

7.3.3 Thermogravimetric analysis 

7.3.3.1 Thermal stability analysis 

The thermal stability of nylon and its composites were analyzed by TGA. Figure 7-2A 

shows the percentage weight loss as a function of temperature. It can be observed that the 

thermal stability of nylon is increased with the addition of biocarbon. It is postulated that the 

biocarbon act as a shield or barrier to the heat source and therefore increases it stability. It can 
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also be seen that at biocarbon loadings lower than 20 wt. %, the biocarbon does not improve the 

thermal stability of the nylon. This could be due to the concentration of biocarbon which is not 

enough to cause a shielding effect. At 20 wt. % and above, we observe an increase the thermal 

stability with increasing biocarbon content. The TGA curves also help us estimate the biocarbon 

content of the composite. The 500 °C, it is clear that the nylon has completely degraded leaving 

nothing but 0.39 % residual weight. Therefore, the residual weights of all the composites were 

determined at 500 °C. It was determined that the 5, 10, 20, 30 and 40 wt. % biocarbon filled 

composites had 5.95, 8.9, 19.11, 29.17 and 39.08 wt. % residual weights respectively. Some 

biocarbon degradation is expected at such temperatures and therefore reducing the actual weight 

of the biocarbon contents. This result shows the precision of the biocarbon content within the 

nylon matrix. 

When we observe the derivative thermogravimetric (DTG) curves of the samples in 

Figure 7-2B, we can see that the peak intensities are reducing with increases in biocarbon 

concentration. Likewise, the starting degradation temperature is increasing with biocarbon 

content. From the shifts to higher starting degradation temperatures, it can be said that the 

biocarbon is hindering the degradation of the nylon possibly by acting as a shield. The reduction 

in the peak intensities suggests that the biocarbon is also slowing the degradation rate. However, 

the shifting of the peaks to lower temperatures suggests that the biocarbon is slightly reducing 

the maximum degradation temperature of the nylon. To understand this behavior better, a series 

of experiments were performed to calculate and analyze the activation energy of the samples and 

are discussed in the following section. 
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Figure 7-2: Thermogravimetric analysis of nylon and its composites at different 

biocarbon loading: (A) TGA and (B) DTG 

7.3.3.2 Activation energy of thermal degradation kinetics 

The effect of biocarbon loading on the degradation of nylon as observed from the DTG 

graphs in Figure 7-2B was further analyzed by calculating the activation energy of the samples 
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at different non-isothermal heating rates of 5, 10 and 20 °C/min in both nitrogen and air. The 

following simplified equation for the kinetic reaction representing the relationship between 

process rates and parameters such as temperature (T) and extent of conversion (α) was used in 

the analysis. 

                                                
d𝛼

𝑓(𝛼)
 = 

A

q
 exp(

−E

RT
)dT                                                                (1) 

where α and f(α) are the conversion degree and reaction model respectively. q, E, R and A are 

the heating rate, activation energy, universal gas constant and pre-exponential factor 

respectively. The conversion degree at a given temperature is obtained from equation 2. 

                                                            𝛼 =  (
𝑚𝑖− 𝑚T

𝑚𝑖− 𝑚𝑓
)                                                                    (2) 

where mi and mf are the initial and final masses while mT is the mass at a specific 

temperature T. Equation 1 can further be approximated using Doyle’s approximation to derive 

equation 3 which plots the log(q) versus inverse of temperature for a given α. This produces a 

straight fitted line which can then be used to estimate the activation energy at different α from 

the regression of the line. 

                                        log (𝑞) = constant – 0.4567(
E

RT
)                                                  (3) 

From equation 2, the plots of log(q) versus inverse of temperature for different given α of the 

samples is given in Figure 7-3A and 3B. It can be observed that the iso-conversion of all the 

samples at different α fit well to a straight line especially for those performed under a nitrogen 

environment.  
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Figure 7-3A: iso-conversional plots of biocarbon filled nylon composites performed under nitrogen environment.  
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Figure 7-3B: iso-conversional plots of biocarbon filled nylon composites performed under air environment.  
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From Figure 7-4A of the plot of activation energy versus α for kinetic degradation in 

nitrogen atmosphere, it can be observed that the activation energy clearly decreases with the 

addition of biocarbon to nylon. The activation energy for the nylon can be observed to be stable 

and slightly increase with increasing conversions with a range from 180.9 to 191.2 KJ/mol. 

Similar values were observed for nylon 6 to be at 180±10 and 201 KJ/mol in a nitrogen 

atmosphere[18,19]. The differences observed in this study as opposed to those found in the 

literature could be ascribed to the attributes of the nylons, one of which could be the molecular 

weight. Thermal history such as processing temperature and time could affect the molecular 

structure and hence the thermal stability.  With the addition of biocarbon (5 wt. %), we observe a 

significant decrease with reducing trend with increasing conversions of the activation energy. At 

high biocarbon loadings, we observe some increase in the activation energy; however, it is lower 

than that of the neat nylon. This result confirms the results from the DTG curves of the samples 

which show that the incorporation of biocarbon shifts the peaks to a lower temperature. The 

results show that biocarbon acts also as a catalyst to aid molecular break down of the nylon 

chains. During the thermal decomposition of the biocarbon, volatiles are released which can act 

catalyze the decomposition of the nylon chains. Biocarbon has been investigated previously as a 

potential catalyst in the decomposition of toluene and tar[20,21]. Therefore, it is not surprising 

that biocarbon can also catalyst the decomposition of polymer chains. Amintowlieh et al[18] 

found that addition of wheat straw to nylon 6 significantly reduced the thermal stability and 

activation energy of the bio-composites. However, biocarbon is more thermally stable with a lot 

less surface functional groups than in natural fibers which decompose. Hence, resulting to better 

thermal stability of the bio-composites when compared to natural fiber reinforced nylon. 
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Figure 7-4: Activation energy of biocarbon reinforced nylon at different loadings and at 

different conversions in (A) nitrogen and (B) air environments. 
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From the activation energy of the samples in air as seen in Figure 7-4B, it is clear that air 

has a significant effect on the degradation kinetics of the samples. The activation energy shows a 

completely different trend in comparison to that of samples tested in a nitrogen environment 

especially for the bio-composites. They are increased and especially for the bio-composites 

having higher values across the different conversions with the exception of 5 wt. % biocarbon 

reinforced nylon when compared to that of the neat nylon. This result for the most part shows 

that in the presence of an oxidizing environment, biocarbon is able to increase the activation 

energy of nylon. This can further been observed from the 10 wt. % biocarbon reinforced nylon 

sample which is the most significantly improved of all the samples. Likewise, at conversions 

higher than 0.5, samples of 10, 20, 30 and 40 wt. % biocarbon reinforced nylon exhibit 

maximum activation energies indicated with red arrows in Figure 7-4B and drastically reduce 

thereafter. It should also be noted that the conversions at which these maximums occur decrease 

with increasing biocarbon concentration. Therefore, it suggests that the kinetics of thermal 

degradation of nylon reinforced with biocarbon is dependent on the biocarbon content. It is 

impossible to ascertain what occurs during the degradation of nylon in the presence of biocarbon 

and air. This is because of the multiple reactions occurring and the presence of multiple gases 

which can influence the reactions. However, it is clear that from the addition of biocarbon to 

nylon in the presence of an oxidizing environment, greater energy is required to degrade the 

molecular interactions occurring in the samples indicating the possible formation of stronger and 

more stable bonds with the biocarbon or crosslinking of the nylon chains. Similar results have 

been found for polyamide 6/clay nanocomposites[19]. The activation energy of the nylon was 

improved in the presence of clay and air.  
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7.3.4 Mechanical properties 

7.3.4.1 Tensile and flexural behaviors 

The tensile and flexural strengths of polymer composites are highly dependent on the 

efficiency of stress transfer from matrix to filler. The presence of poor adhesion typically result 

in poor stress transfer and ultimately decrease, in strength. The reverse is the case when there is 

good adhesion; there is good and efficient transfer of stress from matrix to filler. It can be 

observed from Figure 7-5 that the tensile and flexural strengths follow similar trends; they 

increase with increasing biocarbon content. They also show different transitions regions: 1, 2 and 

3 as labelled on the graph. The transition regions are more significant and distinct with the 

tensile strength than with the flexural strength. The flexural strength is considerably higher than 

the tensile strength because of the added region of resistance to compression during bending. The 

biocarbons restrict the nylon chains from deformation. In region 1, we observe an insignificant 

increase in the strength with the addition of 5 wt. % biocarbon. Likewise, in region 2, there is 

little to no significant increase as well despite the addition of 10 and 20 wt. % biocarbon. 

However, in region 3 we observe a sudden and significant increase in strength. The change in 

slope in region 3 after 20 wt. % is most likely due to a sudden increase in stress transfer. One 

reason for efficient stress transfer could be as a result of the reduction in the inter-particle 

distance. As particles come closer to each other, stress transfer efficiency is increased as stress 

can easily and rapidly be transferred from particle to particle. The is as a result of the percolation 

effect where particles come close to or begin to come in contact with one another. At 40 wt. % 

biocarbon loading, the tensile and flexural strengths are enhanced over the neat nylon by 19.5 

and 47 % respectively. 
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Figure 7-5: Effect of biocarbon loading on the tensile and flexural strengths of nylon 6 .  

To further understand the behavior of the tensile strength of the bio-composites, the 

tensile fractured surfaces of the bio-composites were analyzed and are shown in Figure 7-6. In 

From Figure 7-6, the neat nylon shows a flat and brittle mode of fracture with ridge-like grooves 

after work hardening of the sample. However, upon adding 5 wt. % of biocarbon, the fracture 

mode is changed to the elongation of the matrix ligaments and fibril fracture. It can be seen from 

the zoomed-in morphology that some of the biocarbon particles are surrounded by the fibrils 

while still connected by nylon ligaments as indicated by circles. Similar structure is observed in 

the morphology of 10 wt. % biocarbon filled nylon. This indicates that the biocarbon and nylon 

have good affinity and therefore bound to one another. However, there are also particles which 
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show voids around the interfaces with the nylon. This difference in wetting could stem from the 

pyrolysis and milling process of the biocarbon prior to composite fabrication. When the fibers 

are pyrolyzed, the surfaces exposed to the heat and limited oxygen environment oxidize to form 

surface functionalities while the core remains inert. During milling, the pyrolyzed fibers are 

crushed, exposing new and un-oxidized surfaces with no surface functionalities. This results in 

particles with both functionalized and un-functionalized surfaces, therefore leading to good and 

poor adhesion with the nylon. Upon observing the morphology of the 20 wt. % filled nylon, the 

fracture mode changes with reduction in fibrillation of the nylon ligaments while also showing 

more particles well bonded to the nylon. At 30 wt. % biocarbon filled nylon, similar fracture 

mode is observed but with smaller ligament thickness due to the presence of more particles. We 

also observe even more particles that are well adhered to and embedded in the nylon. The 

morphology of the 40 wt. % filled nylon shows a completely different fracture mode with no 

fibrillation occurring; a rough surface with well wetted and embedded biocarbon particles is 

observed.  
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Figure 7-6: Tensile fractured surfaces of (A) 0 wt. %, (B) 5 wt. %, (C) 10 wt. %, (D) 20 wt. 

%, (E) 30 wt. % and (D) 40 wt. % biocarbon content in nylon. 
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The morphological analysis from Figure 7-6 revealed that below 20 wt. % biocarbon 

loading, stress is mostly carried by the matrix because of the presence of few well bonded 

biocarbon particles with surface functionalities. Beyond that, we observe considerably more 

bonded particles to the nylon due to increase in particles with more surface functionalities. This 

leads to increased stress bearing by the biocarbon particles, therefore translating to considerable 

increases in strength. 

Like the tensile and flexural strengths, the moduli also follow similar trends; an increase 

with the addition of biocarbon and a positive transition in slope at 20 wt. % (Figure 7-7). It is 

very typical for a filler to increase the stiffness of a polymer and increase with increasing filler 

content. This happens when the filler restricts the chain mobility of the matrix and therefore 

prevents it from easily deforming. The increase observed at and after 20 wt. % could be related 

to the percolation of particles which cause further restrictions and therefore increase the stiffness 

of the composite. Another interesting aspect to the tensile moduli of the composites is that the 

increase observed is not as drastic as those of the flexural strength. This can be attributed to the 

decrease in the crystallinity of the composites. Though the biocarbons are stiffer than the nylon 

and restrict the mobility of its chains, the reduction in the crystallinity of the nylon affects its 

stiffness and therefore has a counteracting effect of the biocarbons. This leads to a gradual 

increase in the moduli. On the other hand, the flexural strength shows a more considerable 

increase because of the resistance to deformation of the nylon chains in two ways (i.e. tension 

and compression) when the samples are subjected to the bend. 
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Figure 7-7: Effect of biocarbon loading on the tensile and flexural strengths of nylon 6 .  

7.3.4.2 Impact and elongation behaviors 

Impact strength and elongation typically depend on the plasticity of the polymeric 

material; its ability to plastically deform and absorb energy when some sort of stress is applied to 

it. When there is an increase in elongation, the impact strength generally increases as well due to 

the ability of the matrix to plastically deform. However, in these bio-composites, the contrary is 

observed. The elongation at break is significantly hindered by the addition of 5 wt. % biocarbon 

with a decrease of 73.6 % (Figure 7-8). Further addition of biocarbon up to 40 wt. % showed 

further decreasing trend with a decrease of 88 %. It was expected, as the biocarbon will restrict 

the nylon chains from moving or sliding during deformation. Likewise, the restricting effect of 
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the nylon chains was enhanced by the affinity between the nylon chains and biocarbon 

particles[22]. However, the impact strength showed an increase with increasing biocarbon 

content with a maximum at 20 wt. % biocarbon content of 32.8 % increase. Beyond that we 

observed a decrease, and at 40 wt. % biocarbon content, the strength was comparable to that of 

the neat nylon.  

 

Figure 7-8: Effect of biocarbon loading on the impact strength and elongation at break of 

nylon 6. 

Though the biocarbons restrict nylon chain mobility, other mechanisms of impact 

toughening take place and make crack propagation more difficult to occur. It has been shown 

that the addition of fillers to polymers can enhance the impact strength of a matrix up to certain 

filler concentrations[23] through mechanisms such as crack pinning[16] and bowing by stopping 
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or diverting the crack[24]. The fracture transitions from ductile to a brittle behavior in relation to 

filler concentration has been described in literature as the optimum toughening filler value above 

which there is no toughening observed[25]. This is probably as a result of the percolation effect 

taking over with a transition from polymer-filler to filler-filler interactions leading to poor crack 

deflection and sudden failure[23]. 

 

Figure 7-9: Micrographs of the impact fractured surfaces of (A) neat nylon and nylon 

with biocarbon loadings of (B) 5 wt. %, (C) 10 wt. %, (D) 20 wt. %, (E) 30 wt. % and (F) 

40 wt. % 

Figure 7-9 shows the fractured surfaces of nylon and its composites with biocarbon at 

different loadings. No clear difference could be observed from the surface topology except that 

biocarbon particles were exposed starting at samples containing 30 wt. % biocarbon loading. 

This could be due to the crack propagating through particles which are percolating, thereby 

exposing them. It is expected that the impact strength of the bio-composite will be diminished 
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since these points act as weak and easy points at which cracks can propagate through. To verify 

the percolation of the biocarbon particles at higher loadings, the bio-composites were 

microtomed and a cross-section of each of the samples was obtained and is shown in Figure 7-

10.  

 

Figure 7-10: Micrographs of the microtomed surfaces of (A) 0 wt. %, (B) 5 wt. %, (C) 10 

wt. %, (D) 20 wt. %, (E) 30 wt. % and (D) 40 wt. % biocarbon content in nylon.  

As observed from Figure 7-10, it can be seen that with increasing biocarbon 

concentration, the inter-particle distance is reduced. Above 20 wt. % biocarbon loading, we 

begin to observe particle-particle contact or percolation effect. At this stage, the stress imparted 

to the surrounding nylon is high and causes considerable restriction to deformation, therefore 

resulting in poor impact strength. In contrast, the same affect the results of improved tensile and 

flexural strengths as describe previously. 
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7.3.5 Heat Deflection Temperature (HDT) 

The results from the HDT measurements of the samples are given in Table 7-3. It can be 

seen that upon the addition of 5 wt. % biocarbon to the nylon, the HDT is increased. With 

addition of higher amounts of biocarbon to the nylon up to 40 wt. %, we observed subsequent 

increases in the HDT value. This was due to the effect of the biocarbon on the nylon which acted 

to restrict chain mobility. With a constant load being applied coupled with a rise in temperature, 

the presence of biocarbon in the nylon prevented deformation of the nylon chains even as the 

chains became more and more mobile, therefore, leading to a higher deflection temperature. 

7.3.6 Melt Flow Index (MFI) 

The MFI of the neat nylon and its composites at various biocarbon loading were 

measured and the results are given in Table 7-3. It can be observed that with the incorporation of 

5 wt. % of biocarbon to the nylon, there was a 33 % reduction in flow index. Further addition of 

biocarbon up to 40 wt. % reduced the MFI by 88 %. This is as a result of the inclusion of the 

biocarbons which restrict the flow of the nylon chains, therefore increasing the viscosity of the 

samples. It is important for the composite to flow in melt state in order to easily fill molds during 

part production. Therefore, an MFI value of about 10 g/ 10 min is typically good enough to fill 

molds with thick walls. It should be noted that this measurements were done at 235 °C with a 

load of 2.16 kg. Therefore, during extrusion and injection molding, the flow index will be much 

higher than the values obtain here as injection molding of nylon and nylon composites are 

typically done at higher pressures and temperatures.  
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Table 7-3: Results of HDT and MFI measurements of nylon and its composites 

with biocarbons at different loadings. 

Nylon/Biocarbon 

(wt./wt.) % 
HDT (°C) MFI (g/10 min) 

Zero Shear 

Viscosity (Pa.s) 

R-Squared 

(R
2
) 

100/0 164.6 (3.1) 30 (0.26) 117.07 100 

95/5 168.81 (0.19) 20.4 (1.2) 152.5 100 

90/10 172.14 (0.99) 17.1 (0.6) 213.53 100 

80/20 184.21 (3.3) 10.08 (0.08) 394 84 

70/30 194.88 (0.08) 5.76 (0.53) 1015.4 100 

60/40 196.9 (4.4) 3.6 (0) 1907.1 13.4 

7.3.7 Rheological Measurements 

Similar to the MFI, the viscosity is a measure of the polymers response by flow under 

applied stress or force and provides important information about processing and performance. 

The average of three viscosity tests per sample of the neat nylon and its composites were 

measured and reported in Table 7-3 and Figure 7-11. From Figure 7-11A, it can be observed 

that there are 2 regions of somewhat stable viscosities in the nylon. These regions are in the 

ranges of 0.001-0.1 s
-1

 and 0.1-10 s
-1

. This indicates that at higher shear rates (around 0.1-1 s
-1

), 

there is some disentanglement of the nylon chains leading to increased flow. This behavior can 

also be noticed for the composite samples as well. However, there is a slight but progressive shift 

of the transition between the regions to lower shear rates with increased biocarbon loading. This 

implies that the biocarbon is obstructing chain entanglement and therefore making the transition 

from higher to lower viscosity at lower shear rates. Also, it can be seen that across the span of 

shear rates, the viscosity is increased with increasing biocarbon loading. Similarly, as observed 

earlier, the increase in moduli and reduction in crystallinity show the strong effect biocarbons 

have on the nylon. Tim et al[26] found similar results when biocarbon was added to nylon; the 

viscosity was increased.  
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Figure 7-11: (A) Viscosity versus shear rate and (B) Carreau-Yasuda model of neat nylon 

and its composites  

The viscosity of any polymer is always measured at specific shear rates. However, to get 

the viscosity of a polymer when the chains are at rest and not slipping past each other due to the 

applied shear, the Carreau-Yasuda model can used to extrapolate the zero shear viscosity (ZSV) 
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by modelling the experimental viscosity data of polymers. The ZSV can be calculated from the 

Carreau-Yasuda model using equation 2: 

                          η(γ̇) = η∞ + (η0 −  η∞)(1 + (λγ̇)a)
n−1

a                                                 (2) 

where η, η0, η∞ and γ̇ are the viscosity, ZSV, viscosity at infinity and shear rate respectively. a, 

n and λ are empirically determined constant parameters having no units except for λ which is in 

seconds. The curves in Figure 7-11A were used to generate the Carreau-Yasuda model through 

the software and are represented in Figure 7-11B. The ZSV for the samples are given in Table 

7-3 as generated by inbuilt Rheoplus software from the rheometer. It can be seen that the ZSVs 

are higher with the addition of biocarbon. At 30 wt. % loading, the ZSV is greatly increased in 

comparison to that of 20 wt. % by 2.6 times. It could suggest that at 30 wt. %, nylon chains 

mobility is highly restricted because of the increase in biocarbon particles, therefore having 

closer inter-particle distances. The R-squared (Table 7-3) tells how well the model fits the 

experimental data. As can be seen, a high percentage indicates that the model fits the data well. 

The 20 and 40 wt. % filled nylon composite samples showed a lower R-squared value than other 

samples. Regardless, it is still high and therefore indicative of a strong fit. However, it could be 

that at these concentrations, there are slightly different behaviors due to the specific 

concentrations of biocarbons. It has been shown in the previous properties that 20 wt. % filled 

nylon had the highest impact strength and was the concentration at which a transition to a steeper 

moduli and strength occurred. 

7.4 Conclusion 

This study examines and reports the use of biocarbon as reinforcement at different 

concentrations up to 40 wt. % in nylon 6. It was observed that the biocarbon had very strong 
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interactions with the nylon chains resulting in great chain restrictions. Subsequently, the moduli 

were observed to increase as a result. The HDTs of the composites were also observed to 

increase with increasing biocarbon content. Biocarbon unlike natural fibers do not diminish the 

thermal stability of the resulting bio-composites as much. However, in a nitrogen environment, 

the presence of volatiles stemming from the surface functionalities still cause some reduction in 

the thermal stability of the nylon 6. However, in an oxidizing environment such as air, the 

biocarbon is observed to promote thermal stability by increasing the activation energy of the 

nylon. Therefore, it can be said that depending on the environment, biocarbons can either act as 

an anti-oxidizing agent of catalyst for degradation. The tensile and flexural strengths were 

greatly improved as a result of good adhesion between the biocarbon and nylon matrix which 

was observed from the morphology of the impact fractured surfaces of the composites. The 

impact strengths of all the composites were comparable to that of the neat nylon despite the 

incorporation of biocarbon. However, at 20 wt. % biocarbon loading, it was observed to increase 

above that of the neat nylon. The MFI and viscosity of the nylon was decreased and increased 

respectively with the addition of biocarbon. The rheological analysis suggests that the presence 

of biocarbon in the nylon increases chain disentanglement. This is increased with increasing 

biocarbon content as well. The fabrication of biocarbon reinforced nylon composites show 

promise to be used in automotive applications where mineral filled nylon composites are applied. 

Such parts are under hood of automotive like air intake manifolds and electric circuit casing. 
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Chapter 8: Durability of Biocarbon 

Reinforced Polyamide 6 Bio-composites 

Nylon/biocarbon bio-composites show great potential due to their enhanced mechanical and 

physical properties. However, the long term durability of these bio-composites has never been 

studied before. The durability of the bio-composite was compared to that of talc reinforced nylon 

composite at 20 wt. % for both composites. They were subjected to accelerated and aggressive 

conditioning by complete immersion in water at 85 °C for prolonged periods of time up to 28 

days. The water uptake of the nylon/biocarbon bio-composite was reduced in comparison to that 

of the nylon suggesting that biocarbon particles act as a barrier while also concentrating the 

absorbed moisture within its pores and around the interface with nylon. Thermal properties 

revealed little to no changes in the crystallinity of the nylon/biocarbon composites. However, the 

glass transition temperature was observed to decrease significantly after conditioning due to the 

presence of bound water molecules within the amorphous phase of nylon. The impact strength 

remained mostly unchanged even after conditioning, suggesting interaction between biocarbon 

and nylon to restrict the chain mobility and thereby annulling the effect of moisture on the nylon. 

The morphology of the impact fractured surface of the conditioned sample revealed two distinct 

phases. One was significantly affected by moisture revealed swelling and then debonding of 

biocarbon particles from the nylon matrix while the other remained unchanged when compared 

to that of the unconditioned sample.  
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8.1 Introduction 

High performance parts, whether for machinery, construction or electronics, require 

materials with enhanced properties. In the automotive industry especially, where light weighting 

and mechanical performance go hand in hand, the use of materials such as engineering polymer 

blends and composites have become increasingly sort after. Engineering polymer composites 

especially, has seen increased use as replacements for heavier and more expensive metallic parts 

such as fuel caps and lines, brake lines, air intake manifolds and fan blades. These composites 

are typically made from nylon 6 and 6, 6 because of their high strength and stiffness as well as 

their resistance to corrosion and high temperatures. Therefore, nylons have become the dominant 

engineering polymer used in the automotive industry today. However, these polymers come with 

drawbacks; one of which is the inferior durability compared to those of metals in aggressive 

environments. Consequently, despite the outstanding and improved properties that these 

composites might possess, the long term effect of the surroundings is crucial in determining their 

application scope. Examples of nylon composites designed for specific applications are nylon/ 

talc composites with improved moisture barrier and stiffness[1], nylon/ glass fiber composites 

with improved strength, stiffness and heat deflection temperature[2] and hybrid composites 

consisting of nylon/ secondary matrix/ rubber for balanced strength, stiffness and impact 

properties while providing reduced moisture absorption as well[3]. These composites may have 

excellent tailored properties but may also have poor long term durability. 

Nylons are well known for their hygroscopicity; they absorb moisture from the 

surrounding environment[4]. They are also vulnerable to degradation in the presence of moisture 

at elevated temperatures through the hydrolysis of the amide linkages in its backbone. The 

dissociation of the amide bonds lead to shorter chains and subsequently to a lower molecular 
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weight. This results to a reduction in both mechanical and thermal properties. Figure 8-1 

illustrates the hydrolysis of nylon in the presence of moisture and heat. The water molecules 

break up into hydrogen (H+) and hydroxide (OH−) ions, which then react with and break the 

amide bond in the presence of heat[5]. For this reason, it is of utmost importance that nylon be 

dried prior to processing to prevent the hydrolysis of its chains. As a result, nylon and its 

composites are mostly tailored for dry under hood parts where their high resistance to distortion 

is required. However, they still get exposed to humid conditions and undergo long term 

hydrolysis as a result. It has been established that the durability of nylon composites in presence 

of moisture are diminished resulting from the plasticization of the chains and through debonding 

of the filler-matrix interface by swelling and weakening of the phase boundary[6,7]. 

 

Figure 8-1: Hydrolysis mechanism of nylon in the presence of moisture and heat 

In recent years, the goal to reduce the use of petroleum based nylons and high density 

fillers in nylon composites has resulted to the use of lower density and more thermally stable 

fillers. Thermally pretreated biomass is one example. These fillers, known as biocarbons, show 

potential to be utilized as reinforcement in nylon and yet stable enough to withstand the high 
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processing temperatures of nylons up to 290 °C. Several investigations into the use of biocarbon 

as reinforcement have been done[8–18]. So far, none till date has studied the effect biocarbons 

have on the durability of nylons. 

In this study, we investigate for the first time, the influence of biocarbon on the durability 

of nylon under the complete immersion of water and at an elevated temperature. Consequently, 

the goal was to investigate and compare the mechanical, thermal and morphological property 

changes of biocarbon reinforced nylon to that of nylon and talc reinforced nylon by subjecting 

them to accelerated simulated environments similar to those found in the under hood of 

automobiles. Talc reinforced nylon was chosen for comparison and possible replacement due to 

their wide spread use in the automotive industry in applications where enhanced stiffness, impact 

strength and moisture barrier properties are required. Evaluation of the aforementioned 

properties were done by Fourier transform infrared spectroscopy, differential scanning 

calorimetry, dynamic mechanical analysis, tensile and flexural tests and scanning electron 

microscopy. 

8.2 Materials and Methods 

8.2.1 Materials 

In this study, heat stabilized nylon 6 (Ultramid B3K) was purchased from Entec 

Polymers, FL, USA. Chopped miscanthus plant fibers were obtained from New Energy Farms 

(Leamington, Ontario, Canada), then pyrolyzed and hammer milled to ≤ 397 μm thereafter by 

Competitive Green Technologies (Leamington, Ontario, Canada). Talcum powder was purchased 

from Imerys Talc, USA under the trade name of Artic Mist with a platelet median diameter of 

2.2 µm.   
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8.2.2 Sample Preparation and Hydrothermal Conditioning 

Prior to processing, nylon and talc were dried in a conventional oven over night at 80 °C 

while the biocarbon was dried until constant weight at 105 °C. Three sets of samples were 

fabricated; neat nylon, nylon/biocarbon and nylon/talc composites. Both composites were 

fabricated at 20 wt. % filler loading. The talc was used as received while the biocarbon was 

milled again by placing 25 g of biocarbon in a 500 mL stainless steel ball mill container and 

milled for 1 h at 300 rpm using a milling machine (Retsch PM100, Germany). A combination of 

65 zirconium oxide balls and 2 stainless steel balls were used as milling media. The zirconium 

oxide balls were 10 mm in diameter and weighed 3.34 g each, while the stainless steel balls were 

40 mm in diameter and weighed 256 g. The milled biocarbon was collected and dried at 105 °C 

for 24 h prior to further use. Composites were extruded in a twin-screw extruder (Labtech 

Engineering Company LTD, Thailand) with L/D ratio of 48, processing temperature of 250 °C 

and at a screw speed of 250 rpm. The extrudate was cooled through a water bath, pelletized and 

dried at 80 °C in a conventional oven over night. For comparison purposes and elimination of the 

effects of processing conditions, neat nylon was also processed in a similar manner. The dried 

pellets were made into test samples using an injection molding machine (ARBURG allrounder 

370C with model number 370 S 700-290/70, Germany) with a 35 mm screw diameter. Injection 

molding was carried out at 250 °C and with a mold temperature of 70 °C. 

Conditioning of the samples was performed by complete immersion in water at 85 °C for 

durations of up to 28 days. A hot water dispenser manufactured by SUNPENTOWN INT’L INC 

with model number SP-5020 was used to condition the samples. At different time intervals of 1, 

3, 7, 14, 21 and 28 days, the samples were removed, wiped dry and placed in a conventional 
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oven at 80 °C for 12 h to dry. After drying, they were placed in a desiccator under vacuum to 

cool.  All tests were conducted thereafter except for those of the water absorption and density.  

8.2.3 Water Absorption  

The weights of dry-as-molded (DAM) samples were measured immediately after cooling. 

Thereafter, the weights of the samples were measured at the various time intervals using a 

precision weigh balance with a precision of 0.0001 mg. They were wiped dry with a paper towel 

prior to weighing. Five replicates of each sample were measured and the average taken and 

reported. The water uptake was calculated using equation 1: 

                        Water Absorption (%) = 
W1−W0

W0
 × 100 %                (1) 

where W1 and W0 are the weights of the conditioned and DAM samples respectively. 

8.2.4 Density Measurement 

The densities of the samples were measured experimentally using five replicates for each 

sample. After conditioning, the samples were dried in a conventional oven at 80 °C for 48 h to 

completely remove moisture and then kept under vacuum in a desiccator to cool. The test was 

performed using an Electronic Densimeter (MD-300S, ALFAMIRCONDITION) with a 

precision balance of 0.001 g/cm3 with a capacity of 300g.  

8.2.5 Spectroscopy Analysis 

Analysis of the samples before and after conditioning was done through a Fourier 

transform infrared spectroscopy (FTIR), Thermo Scientific, Nicolet 6700. A total of 32 scans, 

between a transmittance range of 4000 - 400 cm
-1

 and at a resolution of 4 cm
-1

 were collected for 

each of the samples. 
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8.2.6 Thermal Analysis 

Thermal behaviors and transitions as well as the crystallinity of the nylon and 

nylon/biocarbon samples were examined by differential scanning calorimeter (DSC Q200, 

manufactured by TA Instruments, USA) under nitrogen flow at a rate of 50 mL/ min. All tests 

were done according to ASTM standard D7426. A heating and cooling rate of 10 °C/min were 

used respectively from 23 to 260 °C. The melting temperature (Tm), crystallization temperature 

(Tc), crystallization enthalpy (ΔHc) and melt enthalpy (ΔHm) were determined from these scans. 

The first heating cycle was used in all measurement as it pertained directly to the effect of the 

conditioning of the samples. The percentage crystallinity of the nylon was calculated using 

equation 2: 

                % Crystallinity (χc) = 
ΔHm

ΔHm100

 × 100 %                             (2) 

where ΔHm and ΔHm100 (190 J/g)[19] are the measured and theoretical enthalpies of melt for 

nylon 6 respectively. For the nylon/biocarbon samples, the crystallinity was determined using 

equation 3: 

                  % Crystallinity (χc) = 
ΔHm

(1−wf)ΔHm100 

 × 100 %                 (3) 

where wf is the weight fraction of the biocarbon in the nylon/biocarbon samples. 

Effect of water and temperature on the interactions occurring within the samples were 

also investigated by studying the viscoelastic behavior of the samples using a Dynamic 

Mechanical Analysis (TA Instruments) in three point bend clamp mode at a frequency of 1 Hz 

and a strain amplitude of 25 µm. Testing was done within a temperature range of 20 to 150 °C 
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with a ramp rate of 3 °C/min and a pre-load of 1 N. Samples with an approximate width and 

thickness of 12.6mm and 3.35mm were used.  

Thermogravimetric analysis (TGA) of the nylon and its composites was used to 

determine the presence of moisture and the effect of conditioning on their thermal stability. A 

Thermo Gravimetric Analyzer (TGA) (Q500, TA Instruments) was used for this measurement 

and analysis. For each test, 15-20 mg of material was used. All tests were done within a 

temperature range of 23 to 800 °C, ramp rate of 20 °C/min and in a nitrogen environment with a 

flow of 40 mL/min. 

8.2.7 Mechanical Properties 

Tensile properties were measured using samples prepared according to Type IV specimen 

of ASTM standard D638. The tests were conducted on a Universal Testing Machine (Instron, 

Norwood, MA, USA) at a crosshead speed of 50 mm/min. It should be noted that none of the 

composite materials conformed to ASTM standard but was tested at 50 mm/min for reasons of 

direct comparison to the neat nylon. 

Flexural properties were measured using samples prepared according to ASTM standard 

D790. The tests were also conducted on a Universal Testing Machine (Instron, Norwood, MA, 

USA) at a crosshead speed of 14 mm/min. 

Impact strength of the samples were measured using samples prepared in accordance to 

ASTM standard D256 with notched depths of 2 mm made using a TMI Notching Cutter. The 

tests were conducted on a TMI Monitor Impact Tester (Testing Machines Inc., DE, USA). All 

mechanical tests were conducted at room temperature and relative humility of 50 %. 
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8.2.8 Morphological Analysis 

The morphology of the impact fractured surfaces of the samples was examined using a 

scanning electron microscopy (Phenom ProX), manufactured by Nanoscience Instruments, USA. 

All samples were sputter-coated with gold under argon gas for 15 s using a Cressington Sputter 

Coater 108 auto (Cressington Scientific Instruments, UK). The images were taken at 10 kV at 

8000 times magnification. 

8.3 Results and Discussion 

8.3.1. Justification for change of compounding equipment used 

In this chapter, the durability of biocarbon reinforced nylon bio-composite at 20 wt. % 

biocarbon loading is investigated. In order to achieve this multiple sets of tensile, flexural and 

impact test samples have to be fabricated at the same time. This is impossible using the 

compounding equipment used in prior chapters. Therefore, semi-pilot scale extrusion and 

injection molding was employed to achieve this. Therefore, a set of test samples were produced 

using the biocarbon from Chapters 7 and compared to results from Samples C and D in Table 7-

1. The comparison of the results of Samples C and D represented as Samples 1 and 2 in Table 8-

1 respectively to Sample 3 which is that made with semi-pilot scale extrusion and injection 

molding. It can be observed that the results from the mechanical properties are comparable 

despite the change in processing equipment. Therefore, use of semi-pilot scale extrusion and 

injection molding for the production of multiple samples within a short time period is justified.  
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Table 8-1: Comparison between mechanical properties of nylon bio -composites at 20 wt. % biocarbon produced 

using different compounding equipment. 

Samples 

Pyrolysis 

temperature 

(°C) 

Processing 

Equipment 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Impact 

Strength 

(J/m) 

(1) 

Nylon/biocarbon 
650 

Minilab Micro-

Compounder 

80.1 

(0.66) 
2.7 (0.09) 16.8 (4.07) 

119.98 

(0.83) 
3.21 (0.02) 53.68 (2.48) 

(2) 

Nylon/biocarbon 
650 

DSM Micro-

Compounder 

81.6 

(0.44) 

2.76 

(0.02) 
17.2 (1.82) 

123.21 

(0.83) 
3.45 (0.04) 51.76 (4.2) 

(3) 

Nylon/biocarbon 
650 

Semi-Pilot Scale 

Extrusion and 

Injection Molding 

81.4 

(1.21) 

2.66 

(0.03) 
17.1 (1.12) 

125.01 

(0.55) 
3.54 (0.02) 46.64 (4.65) 

Data extracted from Table 7-1 (1 – Sample C and 2 – Sample D)  
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8.3.2 Water Uptake 

Nylon is a polar material with very polar functional groups such as amines, carbonyls and 

amides. These groups attract water molecules through hydrogen bonding and as a result leads to 

a significant water uptake of the nylon as observed in Figure 8-2A. Hydrogen bonding between 

nylon and water molecules is highly favored mostly due to the amide bonds on the nylon 

chains[20] which readily accept or donate protons forming dimeric associations[21]. As a result, 

the chains are pushed apart causing the nylon to swell. It can be observed that all samples 

showed the highest water uptake within the first 24 h. Beyond that, there was little to no further 

uptake leading to an equilibrium state. Similar observations were found for glass fiber reinforced 

nylon[22]. It was observed that the uptake of artificial saliva by the composites regardless of 

temperature was highest within the first 24 h. This behavior is probably due to the saturation of 

the samples within the first 24 h leading to equilibrium state thereafter. However, it can also be 

observed that the incorporation of both talc and biocarbon to nylon reduce the water uptake of 

nylon after 28 days of conditioning by approximately 22.5 and 7.7 % respectively. It is well 

known and established that talc acts as a barrier to moisture uptake due to its plate-like structure 

and hydrophobic nature. Despite the porosity and polar nature of biocarbon[23], it also acts as a 

barrier to water uptake in the nylon. This difference in the water uptake by the composites may 

be due to the difference in filler polarity of the fillers. Biocarbon in comparison to talc is  

hydrophilic in nature because of the presence of polar surface groups such as hydroxyls and 

carboxyls and therefore will tend to attract moisture to its surfaces[23]. Likewise, the porosity of 

the biocarbon created during pyrolysis could allow for water molecules to easily penetrate into 

its structure. To buttress this point, the densities of the samples were determined as well as the 
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percentage change over the period of 28 days of conditioning after drying the samples for 48 hrs 

to remove all moisture. 

The densities of the conditioned samples after drying for 48 h are represented in Figure 

8-2B. The changes in the densities are due to the presence of bound water molecules in the 

samples resulting to an increased mass. It can be observed that the densities of the samples 

plateau around the third day of conditioning, indicating the point at which bound water 

molecules are at the highest saturation within the samples. This can be assumed because after 

drying for 48 h, loose clusters of water molecules are removed by evaporation leaving only 

bound water molecules within the samples. When the changes in densities of the samples over 

the period of 28 days compared are compared (Figure 8-2C), it is clear that there is more bound 

moisture in the nylon and nylon/biocarbon samples than in those of the nylon/talc composite 

samples from the greater change in density after 24 h to 3 days. Likewise, the presence of the 

biocarbon slightly increases the retention of bound water molecules. However, it could be 

concluded that the slight difference is insignificant. The presence of bound water molecules 

within the samples would imply that the nylon chains will be plasticized therefore leading to 

reduced modulus, crystallinity and possibly hydrolysis over a long period of time. The results 

obtained from both tensile and flexural tests and thermal test confirm the effect of the presence 

of moisture within the samples leading to reduction in the modulus and crystallinity as stated 

earlier. 
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Figure 8-2: Water uptake (A) and density (B) and percentage change in density (C) of 

samples up to 28 days of conditioning. 

 



282 

 

8.3.2 Mechanism and effect of water diffusion in the samples during and after conditioning 

Water diffuses into nylon to form hydrogen bonds with its amide groups and as a result, 

form distinct types of bound water molecules[24]. These are firmly and loosely bound water 

molecules[25–27]. Firmly bound molecules are those attached to the amide group of the nylon 

while loosely bound molecules are those which form clusters around the firmly bound molecules 

and can be easily removed by drying. These clusters of molecules are the main cause of the 

spacing of the polymer chains and subsequently the swelling of the nylon. A representation of 

the interaction between nylon chains and water molecules can be seen in Figure 8-3. The effects 

of water in nylon are greatly enhanced at elevated temperatures. Some of these are reduction in 

the glass transition temperature (Tg), structural transition of the α-phase and most noticeable in 

mechanical properties is the drop in young’s modulus[28]. Likewise, hydrolysis is also a factor; 

however, scissoring of the amide bonds is highly unlikely or limited at 85 °C except for 

prolonged periods of conditioning. Therefore, to understand and correlate the effects water 

before and after conditioning of the samples, we studied the structural changes before and after 

conditioning using FTIR. 
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Figure 8-3: Interaction between water, nylon and biocarbon of (A) Dry as molded nylon, 

(B) Water absorbed nylon, (C) Dry as molded nylon/biocarbon composite and (D) Water 

absorbed nylon/biocarbon composite. 

Changes to the peak intensities, shifts and appearances or disappearances reveal the 

effects of moisture on the samples after conditioning. The spectra of nylon before and after 

conditioning are shown in Figure 8-4A. The peaks at 1473, 1461 and 1419 cm
-1

 can be assigned 

to the CH2 scissor bending vibrations of the α, γ, α-phases respectively[29]. The peak at 1237 

cm
-1

 can also be assigned to the CH2 vibrations along with the amide III bond[30]. In the α-

phase, the nylon chains are well packed and resulting to restricted vibrations of the CH2 groups 

while those in the γ-phase have fewer restrictions and can vibrate more. The presence of water 

molecules between the nylon chains push them apart and create free volumes which then allow 

for even greater bending vibrations of the CH2 groups[31]. As a result, an increase and shift in 

the intensities of this group is noticed. The peak at 1209 cm
-1

 which can also be ascribed to the 

mesomorphous bending vibration of the CH2 group showed a shoulder formation is observed as 
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well. As stated earlier, the formation of free volume allows for increased vibration, leading to 

intensity increase. The increase in intensities of the peaks at 1028 and 959 cm
-1

 can be assigned 

to the CONH groups of the α-phase in nylon. The disruption in the bonding between some of the 

tightly packed antiparallel chains by the creation of free volume from the penetration of water 

has led to less restriction and increased ability to vibrate as well. From the structural changes, it 

is expected that there will also be changes to both the crystallinity and glass transition 

temperature of the conditioned nylon when compared to those of the unconditioned nylon since 

the α-phase is shown to be slightly affected by the moisture. 

 

Figure 8-4: FTIR spectra of nylon before and after conditioning for 28 days from (A) 

(1500 – 930) cm
-1

 and (B) (1750 – 1480) cm
-1
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Figure 8-4B shows the spectra of the amide I and II groups of the nylon before and after 

conditioning. The effects of conditioning on the amide bonds of nylon can be seen through 

changes in the intensities and shifting of the peaks. The intensities of the peaks are observed to 

increase, again suggesting that they are less restricted and allowed to vibrate. Due to the presence 

of water molecules interfering with hydrogen bonding between amide groups, they vibrate at a 

slightly different wavenumber as observed in Figure 8-4B. The absence of reduction in the 

intensities of the amide peaks but rather, the increase suggests that they are not dissociated. This 

could be as a result of the temperature at which the sample was conditioned. At this temperature, 

it is possible that hydrolysis is not taking place but only causing some water molecules 

permeation into the crystalline phase of the nylon. Another reason for this could be due to the 

presence of antioxidants added by the manufacturer which helps to prevent the degradation of the 

nylon chains. A study on the hydrolysis of nylon 11 in the presence of water and at different 

temperatures from 90 - 140 °C was investigated[32]. It was revealed that hydrolysis is highly 

temperature dependent and increased with increase in temperature. The inherent viscosity was 

observed to show the greatest plateau value at 120 °C. They also studied the changes in 

molecular weight of the nylon and found that after conditioning for 200 days at 80 °C, an 

increase in the molecular weight was noticed rather than observing hydrolysis of the chains 

indicating the predominance of polycondensation over hydrolysis of the nylon at that 

temperature. 
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Figure 8-5: FTIR spectra of composite samples before and after conditioning for 28 days: 

(A and B) nylon/biocarbon bio-composites and (C and D) nylon/talc composites 

The spectra of the nylon/biocarbon bio-composites before and after conditioning are 

presented in Figure 8-5. It can be noticed from Figure 8-5A that that the intensities of the CH2 

peaks of both α and γ-phases after conditioning are increased in comparison to the sample before 

conditioning. The formation of hydrogen bonds occurring between the amide linkages of the 

nylon and the COOH groups of the biocarbon (Figure 8-5A) restrict chain mobility. This results 

to changes in the vibration of this group. For this same reason, we observe differences in the 

wavenumbers before conditioning. However, after conditioning, some interactions between the 

biocarbon and nylon chains are broken by the water molecule through hydrogen bonding with 

both materials (Figure 8-3D). After drying, free volume within the nylon chains and gaps 

between the nylon and biocarbon particles are formed resulting in debonding and reduced chain 

restriction. 
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Figure 8-5B shows the interactions between biocarbon and the amide groups before and 

after conditioning. It can be observed that the amide bonds at 1633 and 1537 cm
-1

 have shifted 

from their original position at 1637 and 1535 cm
-1

 in the unconditioned nylon in Figure 8-4B 

respectively. However, when these peaks are compared to those of the conditioned 

nylon/biocarbon sample, we again observe shifts but towards those of the conditioned nylon 

sample. This is an indication that the interaction of the biocarbon with the amide bonds of nylon 

is being partially counteracted by the water molecules during and after conditioning. 

The FTIR spectra of the nylon/talc composites in Figure 8-5C show very similar 

behaviors to those of the nylon/biocarbon bio-composites in Figure 8-5A. However, the major 

differences are the shifting of the CH2 peaks at 1417 and 1236 cm
-1

 to 1420 and 1241 cm
-1

 

respectively. The greater shifts observed in the nylon/talc composites versus those in the 

nylon/biocarbon bio-composites could hint to the stronger interactions between the biocarbon 

particles and nylon than with talc and nylon. As moisture is introduced, the nylon chains are 

more readily spaced in the nylon/talc composites than in the nylon/biocarbon bio-composites 

because of lesser interactions with the talc platelets. It can be observed that the shift is 

approximately the same as those in the neat nylon in Figure 8-5A. The characteristic peaks of 

nylon at 1030 and 960 cm
-1

 in Figure 8-5C are masked by the large peak approximately at 1000 

cm
-1

 representing Si-O linkage in the talc[33]. 

The spectra of the amide groups of the nylon/talc composites in Figure 8-5D give us 

information on interactions which might be occurring between the talc and nylon. As stated 

earlier, the amide groups are sensitive to interactions. When we observe the peaks and compare 

them to those of the neat nylon, we can see that they are very similar. The presence of talc does 

not seem to affect the vibrations of the amide groups, therefore indicating that there is not 
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interaction between them. The spectrum of the nylon/talc composite after conditioning for 28 

days exhibits shifts similar to that of the neat nylon. The FTIR spectra of the samples before and 

after condition suggest that biocarbon has some molecular interactions with the nylon whereas 

talc does not.  

8.3.3 Morphological Analysis 

The SEM micrographs of the samples before and after conditioning are presented in 

Figure 8-6. Before conditioning, neat nylon showed a ridge-like topology with somewhat 

aligned grooves. When the morphology of the conditioned nylon is observed, an increase in the 

ridge-like structure and grooves with a lot of cracks is noticed, indicating a more ductile type of 

fracture when compared to that of the unconditioned sample. This is most likely stemming from 

swelling and the plasticizing effect after conditioning. These cracks can act to absorb energy 

while preventing further crack propagation. The presence of small white particles can also be 

noticed within the conditioned nylon which is not present or visible in the unconditioned nylon. 

These could be the exposure of additives such as the heat stabilizer added to the nylon by the 

manufacturer. It is disclosed by the manufacturer that additives such as heat stabilizers have been 

added to the nylon during manufacture. 

More interesting is the biocarbon/nylon bio-composites. As observed from the 

unconditioned sample, most of the biocarbon particles are shown to be wetted by the nylon 

matrix due to good interactions. However, from the morphology of the conditioned 

biocarbon/nylon bio-composite sample, two distinct phases were observed. Phase 1, in which the 

biocarbons are clearly seen and distinguishable from the nylon and phase 2, in which the 

biocarbons are very well wetted by the nylon and less distinguishable. In phase 1, it can be 

observed that there are voids between the nylon and biocarbon and in some cases encapsulating 
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the particles entirely. There are also large empty voids within the nylon matrix indicating 

complete debonding and pullout of the biocarbon particles from the nylon during impact fracture. 

It can also be noticed for the biocarbon particles which are still embedded within the matrix, 

there are hallow regions around them which look etched out. The debonding of the biocarbon 

particles from the matrix and the hallow regions around the embedded particles is most likely 

caused by the penetration of the water molecules during conditioning of the sample[34]. As 

earlier explained, water molecules form hydrogen bonding with the nylon chains and cause them 

to swell. Likewise, it is expected to have the same effect at the interface between nylon and 

biocarbon since they both interact through hydrogen bonding as well[23]. Water molecules can 

have double hydrogen bonds with the COOH groups on the biocarbon and the amide bonds on 

the nylon chains and thereby cause debonding and expand the interfaces. After drying the 

samples, loosely bound water molecules are evaporated leaving the voids and hollow regions 

which are observed from the morphology. The process of water molecule accumulating at the 

fiber-matrix interface leading to degradation and loss of microstructural integrity has been 

described in literature as moisture wicking along the fiber-matrix interface[35].  Due to the 

debonded particles, fracture propagates along the matrix and exposes the biocarbon particles. 

Figure 8-3 shows the plausible mechanism of interaction between water, nylon and biocarbon. 

As seen in Figure 8-6, phase 2 showed very little effect of conditioning on the sample and is 

similar to the morphology of the unconditioned nylon/biocarbon sample. Some cracks can be 

observed within the nylon matrix and few voids at the biocarbon-matrix interface. Besides that, 

there is little to no change after conditioning with most of the biocarbon particles still very well 

embedded in the nylon matrix. These cracks, like those observed in the conditioned nylon sample 

are possibly also due to swelling of the matrix. The voids at the interface between the nylon and 
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biocarbon particles are caused by water molecules penetrating the interfaces. The presence of 

two different phases within a nylon composite sample after conditioning has never been reported 

before. Typically, the effect of conditioning is homogeneous throughout the sample. The 

nylon/talc samples after 28 days of conditioning shows some more visible plate-like structure on 

the impact fractured surface. This indicates the debonding and exposure of more talc particles 

due to conditioning. 
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Figure 8-6: Morphology of the impact fractured surfaces of nylon and nylon/biocarbon 

before and after conditioning for 28 days. 
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8.3.4 Thermal Analysis 

At room temperature, water molecules are absorbed by nylon mainly through its 

amorphous phase where it is concentrated, while diffusion into its crystalline phase is 

difficult[36]. However, at elevated temperatures, diffusion into its crystalline phase becomes 

more likely because it becomes energized and intermolecular hydrogen bonds within the chains 

are affected due to the presence of heat[4]. To determine the effect of moisture at elevated 

temperature on the crystalline phase of nylon, we calculated the crystallinity from the enthalpy of 

melting of the first heating cycle and determined that the effect on the structural transition of the 

crystalline phase was minimal even at elevated temperature and prolonged time. It can be 

observed from Figure 8-7 that the crystallinity of the nylon shows a slight decreasing trend. 

However, the difference in the crystallinity between unconditioned and conditioned nylon is 

approximately 4.15 %. This suggests that conditioning of the nylon does not significantly affect 

the crystalline phase. Findings by other researchers revealed that there were no obvious impact 

of moisture on the melting temperature and shape of the melting peaks of carbon sheet and clay 

reinforced nylon 6[35,37]. Russel et al[38] also observed a similar finding when nylon 6 was 

exposed to boiling water; there was no significant influence on the structure and morphology of 

the spherulites of nylon 6. However, a slight reduction in the crystallinity of short carbon fiber 

reinforced nylon 66 was observed by Ishak et al[6] after conditioning of the composite at 100 % 

relative humidity and 100 °C. This reduction was attributed to small-scale reorganization of the 

molecules resulting in minute disruption of the ordered structure as a consequence of the 

moisture absorption. Another author described this reduction as the influence of water molecules 

through hydrogen bonding that can interfere with the hydrogen-bonding in the adjacent nylon 

chains and thereby destroying a small proportion of the nylon crystallinity[39]. This reveals that 
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at elevated temperatures and/or prolonged periods of time, moisture is capable of penetrating the 

crystalline phase of nylon and causing restructuring. When biocarbon is added to nylon, the 

crystallinity is observed to decrease significantly by 9.11 % indicating that the biocarbon 

particles act to depress crystal nucleation and growth. A decreasing trend is also noticed in the 

nylon/biocarbon samples. Similarly, the crystallinity of the nylon/talc composite samples showed 

a decrease in comparison to those of the neat nylon and nylon/biocarbon bio-composite samples. 

This result is in correlation with those found in a study of the effect of clay on the crystallinity of 

nylon 6[40].  

 

Figure 8-7:  Crystallinity of nylon, nylon/biocarbon and nylon/talc composite samples 

before and after conditioning in water at 85 °C.  

The viscoelastic behavior of the nylon/biocarbon bio-composite sample compared to 

nylon is represented in Table 8-2. The slight vibrations of the long molecular chains of the 

amorphous phase in nylon as detected by DMA were used to determine the glass transition 

temperature (Tg) of the samples. Since the amorphous phase of nylon is highly sensitive to 

moisture diffusion, it is expected that there will be significant changes as a result. A marker of 
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the presence or effect of water molecules in this phase is the decline in the Tg. Table 8-2 shows 

the measured values of nylon and nylon/biocarbon samples before and after conditioning as 

determined from the tan delta peak of DMA. It can be observed that there is a huge shift of the 

Tg to lower temperatures by 13.7 and 10.35 °C for nylon and nylon/biocarbon samples 

respectively after conditioning. From the analysis of the thermal properties of the samples, it can 

be concluded that the effect of water is mostly within the amorphous phase of nylon which 

induced a reduction in the Tg while biocarbon affects the crystalline phase by reducing the 

crystallinity of the nylon. Also, the presence of biocarbon in the nylon matrix does not seem to 

have any hindering effect of the water on the Tg but shows a slight reduction in the crystallinity 

decline of the nylon. The results in Table 1from the nylon/talc composites show that the presence 

of talc in nylon increases the Tg of the nylon by about 5 °C. This increase in Tg means that at 

room temperature, the nylon is stiffer than it normally will be since the chains in the amorphous 

region have been further restricted from vibrations. This will ultimately improve the overall 

modulus of the composite. However, when the sample is conditioned, the Tg is reduced by ~13 

°C due to the presence of water molecules plasticizing the nylon chains, therefore allowing them 

vibrate at an even lower temperature. 

The heat deflection temperatures (HDT) of the samples are shown in Table 8-2. It can be 

seen that the addition of biocarbon to the nylon matrix is improved by 15 %. This is due to the 

restricting effect of the biocarbon and therefore causes the nylon matrix to resist flow at high 

temperatures[41]. However, when compared to that of the conditioned nylon/biocarbon sample, a 

decrease of 8.3 % is observed. This decrease can be attributed to some of the debonding 

occurring at the interface between the biocarbon particles and the nylon resulting in lesser 

restriction and allowing deformation of the matrix at a lower temperature than 187.99 °C. 



295 

 

Table 8-2:  DSC and DMA measurements of nylon, nylon/biocarbon and 

nylon/talc before and after conditioning.  

Samples Tc (°C) ΔHm (J/g) Tm (°C) Tg (°C)
 a
 HDT (°C) 

Nylon 0 day 196.4 69.15 222.38 65.44 166.14 (0.75) 

Nylon 28 days 193.29 61.91 222.72 51.74 167.86 (0.92) 

Nylon/biocarbon 0 day 190.78 50.28 222.64 66.99 187.99 (0.91) 

Nylon/biocarbon 28 day 191.53 44.53 221.18 56.64 172.33 (0.16) 

Nylon/Talc 0 day 196.3 49.7 220.83 70.76 199.57 (0.78) 

Nylon/Talc 28 day 191.53 42.32 221.02 56.92 183.12 (0.93) 

a - Tg obtained from tan delta peaks, Standard deviation in paranthesis. 

The thermal stability of the samples showed interesting results. Figure 8-8 shows the 

percentage derivative weight change of nylon and its composites. It was observed from that the 

nylon showed two degradation peaks around 200-250 °C and 350-500 °C. The latter is the 

degradation of the nylon. There is little to no changes in the peaks before and after conditioning 

except for the nylon conditioned after three days. It shows a slightly higher peak shifted to a 

lower temperature suggesting that it is less thermally stable than the other samples. The peak 

around 200-250 °C is related to the presence of moisture in the samples. Upon closer observation 

in Figure 8-8B, we can observe that there is no degradation peak for the unconditioned nylon 

labelled as “dry”. All conditioned samples show peaks due to the presence of moisture. It is also 

important to notice that there are two regions of degradation so to speak. These regions are 
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between 60-200 °C and 200-250 °C which are subsequently labelled as primary and secondary 

degradation respectively. The primary degradation region is the dehydration of mostly loosely 

bound water molecules. With increase in temperature, more moisture is removed and therefore 

shows an increasing inclination in the peak. At approximately 200 °C, we observed a sudden 

increase in peak intensities for all conditioned samples. 

 
Figure 8-8:  DTGA curves of unconditioned and conditioned samples of (A and B) nylon, 

(C and D) nylon/biocarbon and (E and F) nylon/talc. 
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There are two possible reasons for this behavior. Firstly, it could be due to the removal of 

bound water molecules which degrade at higher temperatures in comparison to loosely bound 

water because these molecules are difficult to remove and decompose depending on the type of 

bonds made with different materials[42]. Secondly, it could also be due to loosely bound water 

molecules trapped within the crystalline phase as determined from Figure 8-7. The degradation 

temperature ranges of these peaks fall within the melting temperature of the nylon. Therefore, it 

is possible that moisture trapped in the crystalline phase is suddenly removed when the nylon 

melts. It is rather difficult to ascertain specifically, which of the two or if both are happening 

simultaneously. Making a completely amorphous nylon and exerting the same experimental 

conditions in order to rule out the effect of the crystallinity on the degradation of moisture 

around the melting temperature of nylon is difficult, as nylon is a fast crystallizing polymer. 

Similar trends are observed for the nylon/biocarbon (Figure 8-8C and 8-8D) and nylon/talc 

(Figure 8-8E and 8-8F) composites. A primary and secondary degradation peak can also be 

observed for all conditioned samples.  

In Figure 8-8A, 8-8C and 8-8E, at around 300 °C, we can observe that the curves of all 

samples are overlaid, indicating the removal of the moisture. Therefore, the weight loss at that 

temperature is representative of the amount of moisture remaining after drying. Figure 8-9 

shows the plot of weight loss at 300 °C versus temperature for samples of the neat nylon and its 

composites obtained from the TGA. Interestingly, nylon/biocarbon bio-composites have the 

highest retention of moisture. Though the water uptake curves in Figure 8-2A shows that 

biocarbon helps to reduce water uptake in nylon, it appears to retain moisture more than the neat 

nylon and nylon/talc composites. It could be due to the presence of the surface functionalities 

which have affinity towards the water molecules. With debonding at some of the biocarbon-
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nylon interfaces as observed in Figure 8-6, these biocarbons are free to interact with the water 

molecules. Similarly, the micro and nano-pores in the biocarbon can act to retain moisture as 

well. 

Finally, DTGA curves of the composites in Figure 8-8C and 8-8E show shoulders 

starting around 400 °C which are not present in that of the neat nylon in Figure 8-8A. This can 

be attributed to the decomposition of less stable components of the biocarbon and talc present in 

the samples. Removal of volatiles such as surface groups on the biocarbon and talc while trace 

amounts of leftover cellulose contents on the biocarbon are most likely removed.  

 

 

Figure 8-9:  Moisture content in nylon and its composites obtained from TGA curves at 

300 °C. 



299 

 

8.3.5 Mechanical Properties 

The mechanical properties of nylon and nylon/biocarbon samples were compared to those 

of nylon/talc composites. The mechanical properties of nylons are greatly affected by moisture 

due to their hydrogen bonding capabilities[36]. Before conditioning, it can be observed that the 

tensile strengths of both biocarbon and talc filled nylon composites are at ~ 81 MPa while that of 

nylon is at 79 MPa (Figure 8-10). After 24 h of conditioning, all samples showed drastic 

reductions in their strengths especially that of the nylon/talc composite. Nylon/biocarbon 

composite showed similar results to that of neat nylon. Nylon/talc composite showed the highest 

reduction in the strength due to its nonpolar nature and debonding from the nylon matrix. 

However, nylon/biocarbon exhibited better strengths at the various conditioning time intervals 

possibly due to the polar nature and presence of interactions with the nylon matrix. As observed 

from the micrograph (Figure 8-6), despite the debonding between the biocarbon and nylon 

occurring after conditioning, the presence of well bonded biocarbon can still be observed. The 

reduction in the strengths of the nylon and nylon/biocarbon composite samples can be attributed 

to the plasticization of the nylon matrix and debonding of some of the biocarbon particles 

respectively. Beyond 24 h of conditioning, the strengths are mostly unchanged when considering 

the standard deviations. This suggests that maximum deterioration of the samples occur within 

the first 24 h and can be seen from the moisture absorption curves (Figure 8-2A) which showed 

an equilibrium plateau after the 24 h mark. Studies on the effect of hydrothermal conditioning of 

carbon fiber reinforced nylon showed similar results; a reduction in the strength of the 

composites after conditioning at 100 °C with fiber pull out and debonding occurring[6]. Nylon 

glass fiber composites were also subjected to conditioning in water at 25 °C for periods of 2 and 

20 days[7]. It was found that the shear stress transferability from matrix to fiber was drastically 
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reduced due mostly to decoupling of the matrix-fiber interface and plasticization of the matrix by 

water molecules. It was suggested that decoupling of the matrix-fiber interface was due to 

swelling stresses from the accumulation of water molecules at the interface leading to weakening 

or complete debonding. 

    

Figure 8-10: Tensile strength of nylon, nylon/talc and nylon/biocarbon as a function of 

time during conditioning. 

The modulus also showed a similar trend to that of the strengths of the samples (Figure 

8-11). A reduction after the first 24 h of conditioning while remaining mostly unchanged 

thereafter was noticed. Plasticization of the nylon matrix can be assigned as the cause of drop in 

modulus. However, the presence of stiffer biocarbon particles within the nylon matrix is still able 

to provide some chain restriction and therefore results in a higher modulus than that of the nylon 

sample. Nylon/talc composite samples also showed reduction but were superior to that of the 

nylon/biocarbon composite samples because of its inherent hardness and platelet-shaped 
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structure compared to that of the biocarbon particles which are heterogeneous in shape and act 

more like a globular filler[43]. 

 

Figure 8-11: Tensile modulus of nylon, nylon/talc and nylon/biocarbon as a function of 

time during conditioning. 

The flexural strengths of the samples before and after conditioning are shown in Figure 

8-12. It can be observed that all samples exhibit drastic reduction in strength after 24 h of 

conditioning and show little to no changes beyond that. However, it can be noticed that the 

strength of nylon/biocarbon bio-composite samples is significantly better after conditioning 

when compared to that of the nylon/talc samples. Again, this can be attributed to the interactions 

between biocarbon and nylon due to similar polarities and functional groups present on the 

biocarbon surface which still provide some wetting between both materials. Unlike the 

nylon/biocarbon composite, the nylon/talc bio-composite is reduced further from further 

difference in polarity. 
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Figure 8-12: Flexural strength of nylon, nylon/talc and nylon/biocarbon as a function of 

time during conditioning. 

When the moduli of the nylon, nylon/talc and nylon/biocarbon samples are observed 

(Figure 8-13), they also show a reducing trend after 24 h of conditioning while remaining mostly 

unchanged thereafter. However, due to the stiffer nature and shape of the talc filler, we observe 

an overall better modulus compared to that of the nylon/biocarbon bio-composite samples. 

Overall, we observed superior tensile and flexural strengths of nylon/biocarbon over neat nylon 

and nylon/talc samples. Likewise, the differences in moduli after conditioning were significantly 

reduced when compared to the unconditioned samples. These showed that the nylon/biocarbon 

bio-composite has better strength retention and similar moduli and therefore better overall 

durability. 
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Figure 8-13: Flexural Modulus of nylon, nylon/talc and nylon/biocarbon as a function of 

time during conditioning. 

Table 8-3 provides the values of the impact strengths and elongations at break of the 

nylon, nylon/talc and nylon/biocarbon samples. It can be observed that the impact strength of 

nylon after 24 h of conditioning doubled. This can be attributed to the plasticization of the nylon 

by the bound residual moisture in the structure which allows for energy absorption through easier 

deformation. After 3 days, there is a change in the mechanism of fracture; a transition from 

complete to partial break. This continues and eventually transitions solely to partial break after 

28 days of conditioning. This transition can be due to more bound water molecules present in the 

nylon which allows for more plasticization and absorption of the impact energy leading to a 

partial fracture or break. As observed from the densities of the conditioned samples (Figure 8-

2B), there is a plateau at around the third day of conditioning indicating the presence of the most 

bound water molecules in the sample. Then again, when observing that of the nylon/biocarbon 

samples, they do not show any significant changes after conditioning despite the presence of 
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water molecules and pullouts of biocarbon particles as observed from the density measurements 

and morphology of the impact fractured surfaces respectively. It is expected that the impact 

strength of the bio-composite samples will significantly increase because of the plasticizing 

effect of moisture and energy absorbed through filler pullouts; however they remain mostly the 

same. It is postulated that this is as a result of three events occurring in the composite system: (1) 

the biocarbon particles act as a barrier to water absorption to reduce the amount of water 

molecules absorbed by the nylon phase, (2) the biocarbon particles also act as absorbents by 

concentrating most of the water molecules absorbed into its pores and surrounding interface with 

nylon and (3) the biocarbon particles which are still bound to the nylon exert some chain 

restriction thereby counteract the effect of plasticization. These three postulations are based on 

the results of water absorption, morphological analysis of phase 1 and phase 2 of the composite 

respectively. The first two limit plasticization of the nylon while the third restricts chain 

mobility. As expected, the impact strength of the nylon/talc after conditioning showed a two-fold 

increase in impact strength as debonding increased plastic deformation. 

Table 8-3:  Notched Izod impact strength and heat deflection temperature before 

and after conditioning.  

Test Samples 
Conditioning Time (Day) 

0 1 3 7 14 21 28 

Notched Izod 

Impact 

Strength 

(J/m) 

Nylon
a
 

41.56 

(4.85) 

100.66 

(7.04) 

109.9 

(6.59) 

104.5 

(8.19) 

103.1 

(9.79) 

117.31 

(18.86) 
- 

Nylon
b
 - - 

60.85 

(5.45) 

68.87 

(5.34) 

62.72 

(12.3) 
71.71 (0) 

65.94 

(6.66) 

Nylon/Talc
b
 

51.52 

(10.06) 

104.87 

(11.32) 

98.96 

(13.95) 

87.77 

(8.7) 

92.38 

(9.87) 

84.39 

(13.2) 

87.9 

(11.29) 

Nylon/Biocarbon
a
 

39.98 

(5.76) 

37.99 

(2.85) 

35.24 

(9.08) 

30.51 

(3.37) 

30.71 

(3.89) 

32.83 

(5.27) 

35.39 

(4.85) 

Elongation at 

Break (%) 

Nylon 
43.7 

(3.92) 

214.6 

(57.4) 

269 

(57.7) 

249 

(43.82) 

242.5 

(50.63) 

226.67 

(35.28) 

268 

(40.82) 

Nylon/Talc 
5.91 

(0.34) 

158 

(20.98) 

83.6 

(14.34) 

62.4 

(12.51) 

76.2 

(21.85) 

56.5 

(3.01) 

47.4 

(9.4) 

Nylon/Biocarbon 
17.1 

(1.12) 

20.6 

(0.55) 

29.9 

(3.95) 

29.4 

(2.51) 

22.7 

(1.72) 

30.1 

(2.02) 

31.6 

(3.4) 

a – Complete break and b – Partial break, Standard deviation in paranthesis. 
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It can be observed from Figure 8-14 and Table 8-3 that the elongation of the nylon 

increased after conditioning. This can be attributed once again to the presence of moisture within 

the samples causing plasticization and therefore increased elongation. It should also be noted that 

after 3 days of conditioning, the elongation is at the highest or rather plateaus.  Again, this can be 

attributed to the presence of the most bound water molecules within the chains of the nylon 

giving it maximum elongation before fracture. Nylon/biocarbon bio-composite samples showed 

a very little increase in elongation after conditioning. Once again, after 3 days of conditioning, 

the elongation is observed to have come to a plateau possibly resulting from the maximum bound 

water molecules in the samples. This again suggests the effect of the interaction between 

biocarbon particles and nylon still creating some chain restrictions despite the presence of water 

molecules which would typically plasticize the nylon. Nylon/talc composite samples show 

drastic elongation of the chains after conditioning as the platelet shape particles allow for easy 

sliding of the chains in conjunction with its apolar nature. It can be observed from Figure 8-13 

that the nylon samples after conditioning have a yellowish discoloration. This discoloration of 

nylon samples are time and temperature dependent during conditioning[44]. Ito and Nagai[44] 

found that with increase in both  conditioning temperature and time, discoloration of the nylon 

samples also increase. This was determined by measuring the yellowness index of the samples. It 

was suggested that this was as a result of changes to the structure of the nylon possible scissoring 

and/or hydrolysis of the chains. No changes to the coloration can be detected in the 

nylon/biocarbon bio-composite samples after conditioning due to the color of the biocarbon 

masking any possible changes. 
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Figure 8-14: Fracture of test samples of nylon, nylon/biocarbon and nylon/talc before 

and after 28 days of conditioning. 

8.4 Conclusion 

The mechanical properties of nylon and nylon based composite were observed to reduce 

after undergoing accelerated conditioning in 85 °C water. However, nylon/biocarbon composites 

showed better tensile and flexural strength in comparison to nylon and nylon/talc composite 

samples. The impact strength and fracture mode of the nylon samples was doubled and showed a 

transition from complete to partial break respectively after day 3 of conditioning. However, the 

impact strength and failure mode of the nylon/biocarbon composite samples remained mostly 

unchanged. It was shown that water molecules mostly penetrated and affected the amorphous 

phase of nylon while slightly reducing the crystallinity. Moisture uptake analysis showed that 

addition of biocarbon to nylon was able to reduce the water uptake during the conditioning 

process when compared to nylon. The morphological analysis of the samples revealed debonding 
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of some of the biocarbon particles from the nylon while still maintaining strong bonds in some. It 

also suggested the presence of clusters of water molecules around the particles due to hydrogen 

bonding. The densities of the samples after drying were higher for those that were conditioned 

and plateaued after day 3 indicating the presence of bound water molecules within the samples. 

The study of the durability of biocarbon reinforced nylon has shown potential to replace or 

substitute in part, automotive parts made of nylon. It also shows in some aspects better properties 

like the tensile and flexural strengths before and after conditioning, comparable moduli after 

conditioning and lower density in comparison to nylon/talc samples. It can therefore be used as a 

light weighting substitute material for applications where talc reinforced nylon composites are 

currently used. 
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Chapter 9: Conclusions and Future Works 

9.1 Conclusion 

The limitations in successfully fabricating bio-composites from high processing 

temperature polyamides have seriously hindered their production and use in various applications. 

Even with adjustments to the production process or materials to allow for its successful 

production, there are still some major limitations. Limitations such as added processing steps and 

cost make it not commercially viable when compared to fabrication processes of other 

composites. With the growing need for more bio-based thermoplastic composites, this project 

was conducted to attempt a new plausible way forward to commercial realization of bio-

composites fabrication using natural reinforcing fillers with high temperature thermoplastics. 

The first and foremost aim of this work was to investigate the use of biocarbon as 

filler/reinforcement in polyamide 6 since this had never before been done. Therefore, neither 

prior knowledge nor understanding of its behavior in polyamides could be referred to. The 

second phase was to improve the impact properties of the resulting bio-composites by means of 

impact modifiers. It is well known that polymer composites have a common drawback which is 

the reduction in their ductility. In the final phase, the durability of the bio-composite was studied 

to understand its long term mechanical property retention under simulated and accelerated 

environmental conditions. 

The results from the first phase suggested that biocarbon and polyamides have some level 

of compatibility with one another possibly stemming from polar-polar interactions and hydrogen 

bonding. This resulted in bio-composites with well wetted and embedded biocarbons within the 

polyamide. Subsequently, the tensile, flexural, impact and HDT properties were enhanced as a 

result. Biocarbon was observed to reduce the crystallinity of polyamides by obstruction crystal 



312 

 

growth. It was also found that pretreatment of the biocarbons through ball milling was able to 

improve the structural integrity of the biocarbons by eradicating structural defects such as macro 

to nana pores and cracks. Likewise, it improved the homogeneity of the biocarbon particle shape. 

By applying this pretreated biocarbon as filler in polyamide at different size fractions, the impact 

strength of the bio-composites were improved further with further reduction in particle size 

ranges. This was as a result of the biocarbon acting to stop and deflect crack propagation after 

crack initiation. It was also found out that the pyrolysis conditions such as pyrolysis temperature 

greatly affected the surface functionalities of the biocarbons. Biocarbons produced at low 

temperatures such as 650 °C and below exhibited surface functional groups while those produced 

at higher temperatures showed little to no surface functionalities. This characteristic was 

important in determining the final properties of the bio-composites as it greatly affected the 

wetting of the biocarbon by the polyamide. Fabrication of bio-composites by incorporating up to 

40 wt. % of biocarbon showed that the negative effect of thermal degradation of natural fibers 

during fabrication was not a concern. As a result, the interfaces between the biocarbons and 

nylon were better, subsequently resulting in improved mechanical properties of the nylon.  

Results from the second phase showed that using reactive impact modifiers such as ENR 

can greatly influence the microstructure of the bio-composite, resulting to double the impact 

strength with a relatively low concentration of ENR. This was made possible because of the 

reaction of ENR with both the polyamide and biocarbon. Due to this, the ENR was dispersed 

finely within the polyamide while also encapsulating some of the biocarbon particles. This 

resulted in reduced restrictions of the polyamide chains and increased impact strength.  

The final phase of the project was to examine the durability of the bio-composite. It is 

well known that long term effect of the environment on polymers and its composites can 
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drastically alter their mechanical properties. Therefore, the durability of the bio-composite was 

studied by subjecting it to an aggressive and accelerated simulated environment which consisted 

of elevated temperature and at 100 % relative humidity. As a bench mark for commercially 

available and comparable composite, talc reinforced polyamide was subject to the same 

conditioning at the same time. Results showed that the overall mechanical properties’ retention 

of biocarbon reinforced polyamide was better than those of talc reinforced polyamide 

composites. Unlike natural fiber filled polymers which have high water absorption, biocarbon 

reinforced polyamide showed a slight reduction in the moisture uptake of the bio-composites. 

The hypotheses outlined in Chapter 1 were tested and conclusions based on experimental 

findings are summarized for chapters 4-9 below. 

Chapter 4: Effect of Biocarbon Particle Size on the Properties of Bio-based Polyamide 6, 

10. 

Abstract: Biocarbons of varying particle size and ranges investigated as a potential 

reinforcement for polyamide 6, 10.  

Hypothesis: Reduction in the biocarbon particle size while maintaining the concentration will 

improve the impact strength of the composites. 

Conclusion: Biocarbon is capable of improving the impact strength of polyamides by reducing 

its particle size. There is an increasing trend in impact strength with decreasing biocarbon 

particle size. 

Chapter 5: Toughened Biocarbon Reinforced Polyamide 6 with Impact Modifier. 

Abstract: ENR was used to modify the impact strength of biocarbon reinforced polyamide 6. 
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Hypothesis: A low concentration of ENR can significantly improve the impact strength of 

biocarbon reinforced polyamide 6 bio-composites beyond that of the neat nylon. 

Conclusion: As hypothesized, ENR was successfully and effectively used to modify the impact 

strength of biocarbon reinforced polyamide 6 at relatively low concentrations through the partial 

and complete encapsulation of some biocarbon particles within the bio-composites. 

Chapter 6: Understanding the interactions between biocarbons and polyamides. 

Abstract: Miscanthus fibers from the same source, pyrolyzed at different temperatures produced 

biocarbons with distinct surface functionalization. These biocarbons were used to reinforce 

polyamide 6 separately. 

Hypothesis: Difference in surface functionalities of biocarbons from the same source can alter 

the mechanical properties of polyamide bio-composites. 

Conclusion: Biocarbon with functional groups present on its surface showed better compatibility 

with polyamide 6 than that with no functional groups present leading to different mechanical 

behaviors. Therefore, biocarbon reinforced polyamides can be developed to target specific 

properties by engineering the pyrolysis process of the biocarbon. 

Chapter 7: Study the effect of biocarbon concentration on the mechanical and thermal 

properties of polyamide 6. 

Abstract: The effect of biocarbon at various concentrations from 5-40 wt. % on the mechanical, 

thermal and rheological properties of polyamide 6 was studied. 

Hypothesis: Biocarbon concentrations have an effect on the resulting mechanical, rheological 

and thermal properties of the polyamide bio-composites. 
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Conclusion: The reinforcement effect of biocarbon on polyamide 6 was observed to increase 

with increasing biocarbon concentrations. The thermal properties of the bio-composites showed 

that biocarbon has a negative effect on the crystallinity of polyamide 6. However, it also showed 

that the thermal stability of polyamide 6 was improved with consecutive addition of biocarbon. 

Chapter 8: Durability of Biocarbon Reinforced Polyamide 6 Bio-composites. 

Abstract: Biocarbon has been shown to enhance the mechanical properties of polyamides. 

However, knowledge on its ability to retain such reinforcement over a prolong time under 

different conditions is unknown. Therefore, biocarbon reinforced polyamide 6 bio-composites 

were subjected to simulated environmental conditions to evaluate its durability. For comparison 

purposes, talc reinforced polyamide 6 was also subjected to the same conditions. 

Hypothesis: Biocarbon reinforced polyamide 6 has better durability than talc reinforced 

polyamide 6. 

Conclusion: Results from the durability study showed that biocarbon reinforced polyamide 6 has 

an overall better property retention than talc reinforced polyamide 6. It showed that it was able to 

retain at least 50 % of its mechanical properties. 

9.2 Validation of Experimental Research Data 

One of the principal challenges in performing experimental studies which have never been done 

before nor explored is to ascertain the validity of the results. This is important especially when 

working on research which involves factors which can change or can likely tend to be 

inconsistent over time, therefore potentially affecting the outcome or result. Human error, 

materials durability and equipment precision are some of the factors which can cause data 



316 

 

inconsistency especially in polymer composite research and development. Some of the ways 

which can be used to check or validate experimental data are by  

 Reproducing the experimental data through repetition 

 Use of theoretical models to fit the data 

Validation through Reproducibility 

By reproducing the experimental data again, one can verify or validate the results obtained from 

the first set of data produced and therefore rule out the possibility of a result obtained by chance. 

In my research, this was one of the ways which was used to validate my experimental data. An 

example is from Chapter 8. Table 9-1 shows the repetition of experiment to validate data. Each 

set of experiment was conducted at different times and replicated 5 times with the average 

reported. It can be observed that result of the repeated experiments in Table 9-1 show little to no 

differences when the standard deviations are considered. 

Table 9-1: Repetition of mechanical data from biocarbon/nylon in chapter 9  

Samples 
Repetition 

Number 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

at break 

(%) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Impact 

Strength 

(J/m) 

Unconditioned 

Nylon/biocarbon  
1 

81.4 

(1.21) 

2.54 

(0.09) 
16.7 (3.11) 

123.88 

(1.28) 

3.54 

(0.02) 

46.97 

(3.421) 

Unconditioned 

Nylon/biocarbon 
2 

81.3 

(0.36) 

2.58 

(0.06) 
17.1 (1.12) 

125.01 

(0.55) 

3.61 

(0.05) 

44.94 

(1.446) 

 

Validation through Theoretical Modeling 

Besides repeating experimental work and testing to see if the data is similar, the use of well-

established theoretical models to check if experimental data follows the same trend can be 

applied. Theoretical models for predicting the tensile modulus of polymer composite materials 
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have been well researched and established. In this thesis, the use of Rule of Mixture, Haghighat, 

Halpin-Tsai models were applied to predict and check the validity of the tensile modulus from 

biocarbon reinforced nylon in Chapter 8. Figure 9-1 shows a comparison between the tensile 

modulus of the biocomposites at different biocarbon loadings and the previously mentioned 

models. It can be observed that the experimental data and models follow the same trend. Though, 

there are slight differences in the slope of the trend line. This is due to some of the assumptions 

made in each model which make them slightly different. However, we can observe that the 

Haghighat model seems to fit the best. 

 

Figure 9-1: Theoretical modeling of the tensile modulus of biocarbon reinforced nylon at 

different biocarbon loading. 

9.3 Biocarbon Reinforced Biocomposites for Commercial Application 

The use of polymer composite for real or commercial applications requires that it undergoes 

numerous tests especially durability test for which it is intended for. The biocomposites 

development in this thesis is the first of its kind and was studied to understand the fundamentals 

of its mechanical behavior and interactions between component materials. To be used for 
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commercial applications, more research and testing will have to be done to modify its properties 

in order to improve on properties such as reducing hydrophilicity in comparison to mineral filled 

nylons, ultra-violet and oxidation stabilization against sun rays and heat respectively. The 

knowledge from this thesis has been used in developing a hybrid biocomposite based on 

biocarbon and nylon as the major constituents. This hybrid biocomposite has been provisionally 

patented and referenced under “List of Publications” in this thesis. Applications of these 

biocomposites can be used in under-hood automotive parts as well as structural housing for 

electrical parts such as air intake manifolds, engine block cover, head lights and electrical fuse 

boxes. 

9.3 Recommendations for Future Work 

Based on the results from the research carried out in this thesis, the following 

recommendations are provided for future work: 

Toughened Biocarbon Reinforced Polyamide Bio-composites  

Exploration into the fabrication of the toughened bio-composites using multi-steps should 

be considered. Currently in this research, the bio-composites were made using a one-step process 

where all constituents of the bio-composites were compounded at the same time. The following 

two-step compounding process should be implemented: 

 Firstly, blending the polyamide with the ENR to help finely disperse the ENR 

phase within the polyamide and then compounding this blend with the biocarbon. 

This could result to more biocarbon being easily encapsulated because of the well 

dispersed and small ENR phases within the polyamide. This could also lead to 

significantly higher impact strength of the bio-composites. 
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 Secondly, compounding the ENR with the biocarbon in order to maximize 

biocarbon encapsulation and then compounding the resulting composite with 

polyamide which might be dispersed better because of the layer of ENR on the 

biocarbon particles. 

Biocarbon Reinforced Polyamides 

Fabrication of biocarbon reinforced polyamides start off by the pyrolysis of natural fibers 

and then micronizing the pyrolyzed natural fibers. The current research as observed from 

Chapter 7 suggests that micronized functionalized biocarbon particles might not possess 

functional groups on surfaces which are exposed during micronization such as ball milling. 

Therefore, adhesion between biocarbons and polyamides is limited to surfaces which were 

exposed during pyrolysis. A recommended study will be to micronize the natural fibers prior to 

pyrolysis, thereby ensuring high surface area exposed during this process. This could possibly 

lead to increased surface functionalities and subsequently increased interfacial adhesion.  

Reactive Compatibilization of Biocarbon and Polyamides 

From this research, it is understood that the affinity between biocarbon and polyamides 

stem from polar-polar interactions and possibly hydrogen bonding. Reactive compatibilization 

through the modification of the biocarbon surface or introduction of compatibilizer is an area that 

needs to be studied to investigate means by which adhesion between these materials can be 

achieved through covalent bonds which might lead to better mechanical properties. 
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Appendix A: Chemical structure of the composite components 

1. Polyamide 6 (PA6) 

 

 

2. Polyamide 6, 10 (PA6, 10) 

 

 

3. Epoxidized Natural Rubber (ENR) 

Epoxidation: 25 % mol. 

 

 

4. N, N′-Ethylene bis (stearamide) (EBS) 
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5. Biocarbon 

Functionalized biocarbon – produced at a pyrolysis temperature below 750 °C 

 

 

Un-functionalized biocarbon – produced at a pyrolysis temperature above 750 °C 
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Appendix B: Effects of Accelerated Aging on the Flammability of 

Polypropylene Based Bio-composites 

Abstract 

A study on the flammability properties of different natural fiber reinforced polypropylene 

composites is done. A long term aging study by accelerated aging of the samples is performed to 

determine its effects on the flammability properties. These properties are determined through the 

limiting oxygen index (LOI) analysis and burn rate test of the samples. Results from both the 

LOI and burn rate tests showed an increase in the flammability of the composites as compared to 

the base resin, polypropylene (PP) resulting from the addition of the more flammable fibers. 

Under the experimental condition/ aging as studied, the flammability of the bio-composites 

studied by LOI remained mostly the same indicating that the composites retained their flame 

ignition properties. The burn rate test showed an increase in the burn rate of all the composites 

due to the increase in void which accelerated the heat transfer through the samples. The 

flammability resistance of soy meal-PP based composite was shown to be superior in comparison 

to other biomass filled-PP composites as studied in this work. 

Introduction 

 

The wide spread applications and advantages of natural fiber reinforced polymer 

composites have sparked a need for their flammability and aging properties to be evaluated. With 

the incorporation of natural fillers into polymer matrices, the flammability properties change; 

drastically or sometimes insignificantly, depending on the type and amount of filler used. High 

loadings of carbon based fillers retard the flammability of composites while natural fibers then to 

accelerate it. The widespread use of natural filler reinforced polymers such as polypropylene 

based bio-composites requires that these materials pass and adhere to standards. The 
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flammability properties of these materials are important and need to be compared and studied as 

different fillers interact and have different flammability behaviors. The ability of the filler not 

only to act as a reinforcing agent but also as a possible flame retardant is important to identify. 

The presence of different components within a biomass filler can greatly affect the flammability 

property of a polypropylene based composite[1]. It is therefore important and necessary to study 

the effect of these natural fillers in bio-composites on their flammability properties. 

Numerous studies on the effects of flame retardants on the flammability properties of 

polypropylene composites using different fibers have been done. The use of magnesium 

hydroxide as flame retardant in a polypropylene-wood dust composite was studied by Sain et 

al[2]. It was found that the addition of a low concentration of magnesium hydroxide in the 

composite reduced the burn rate and increase the LOI indicating a flame retarding effect. A 

flame retardant study on recycled polypropylene was done by the addition of diammonium 

phosphate along with calcium carbonate[3]. It was found that these chemicals were effective at 

reducing the rate of combustion of the recycled polypropylene by decomposing into carbon 

dioxide and water. Anna et al[4] found that the incorporation of ammonium polyphosphate 

(APP) in polypropylene-wood flake composites showed improvements in the flame retardance 

by means of charring effects of the wood flakes and reduction in the combustion of the flaming 

surface by the APP. 

In this paper, we study and compare the flammability properties of different fiber/ 

biomass reinforced polypropylene composites and the effect of long term aging on their 

flammability. Unlike most works done, this work does not aim to improve or introduce a flame 

retardant into the composite systems but to investigate the comparative flammability properties. 

As these composites are subjected to more applications, the effect of aging comes into play. To 
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the best of our knowledge, no research has been reported yet on the effects of aging on the 

flammability properties.  

Materials and Methods 

Polypropylene (homopolymer PP 1120H) used for this work was supplied by Pinnacle 

Polymers, USA with a melt flow index and density of 21 g/10 min (230 °C, 2.16 kg) and 0.900 

g/cm
3
 respectively. The fibers and biomass used here are listed in Table B-1. All fibers/biomass 

were used as received without further purification. 

Table B-1: Description and source of fibers used . 

 

The composites were made by compounding both polypropylene and each fiber/biomass 

using a twin screw extruder (DSM, The Netherlands) at 25 % wt. of fibers/biomass to 75 % wt. 

of polypropylene. The processing conditions used are as follows: screw speed of 100 RPM, 

residence time of 60 s, processing temperature of 180 °C for all zones and an injection and mold 

temperature of 180 °C and 30 °C respectively. All samples were conditioned for at least 40 h at 

room temperature and at 50% relative humidity before testing. Composites are designated by the 

fiber or biomass which is used as reinforcement. 

 

Material Description Supplier 

Miscanthus Chopped fibers New Energy Farms Ltd., Leamington, ON, Canada 

Oat Hull Dried flakes Locally Collected 

Soy Hull Dried flakes Locally Collected 

Wheat straw Dried fibers Elora, ON, Canada. 

Willow Dried pellets Locally Collected 

Soy Meal Dried Granules Sharpe Farm Supplies, Guelph, Ontario, Canada. 

Soy Stalk Dried fibers Elora, ON, Canada. 

Coir Dried fibers Plantbest, Inc, Markham, Ontario 
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Aging of the samples was done by artificial weathering in an Endurance C340 

environmental chamber with model number ENDH340/70 manufactured by Envirotronics Inc, 

MI, USA. This accelerated aging process of the samples was done to have equivalent physical 

properties as samples which may have been exposed for a time period of 12 months in a humid 

and hot tropical environment. This was done in accordance with a study by ford motor 

company[5]. The samples were aged at 90 % relative humidity and at 70 °C for a period of 150 h 

after which they were dried until constant weight and then tested. 

The moisture absorption of the composites was tailored after the work done by Harris and 

Lee[5] and Stark[6]. Measurements were carried out at 24 h periods during the aging study. The 

moisture uptake was calculated using equation 1: 

                           Moisture Uptake (%) = 
𝑊1−𝑊0

𝑊0
 × 100 %                                                     (1) 

with W1 and W0 as the wet and dry weight of the composites respectively. 

The burn rate test was performed on each composite according to ASTM D635 on a 

HVUL2 Horizontal Vertical Flame Chamber manufactured by Atlas Materials Testing 

Technology LLC, Chicago, IL, USA. At least five samples were tested. According to ASTM 

D635, samples were placed horizontally and tilted at a 45° along its width on the test fixture and 

ignited from the exposed end. The time it takes for the flame to reach 100 mm starting from 25 

mm marked from the tip of the sample was used to calculate the burn rate using equation 2: 

                                 V = 
60𝐿

𝑡
                                                                                                                       (2) 

where L is the burned length in millimeters and t is the time, in seconds. 
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       To determine the flammability of the composites, the minimum oxygen concentration 

by volume required to support combustion was measured using limiting oxygen index (LOI) 

equipment. The equipment was a lab-built LOI with apparatus specifications adopted from 

ASTM D2863. Type I specimen samples were made in accordance with of ASTM D2863 with a 

minimum of 5 samples tested. The minimum oxygen concentration required to ignite and sustain 

the flame at the tip of a sample for a period of 180 s was used to determine the flammability. The 

test was conducted and repeated at different oxygen concentrations until the minimum 

concentration was obtained. 

The thermal stability of PP and its composites was measured by means of a Thermo 

Gravimetric Analyzer (TGA, Q500, TA Instruments). For each test, 15-20 mg of material was 

used. All tests were done within a temperature range of 23 to 800 °C, ramp rate of 20 °C/min and 

in a nitrogen environment with a flow of 40 mL/min. 

Results and Discussion 

 

Results from the moisture uptake of the samples revealed that polypropylene shows 

insignificant uptake of moisture even after 150 h. This was as a result of the absence of polar 

functional groups especially hydroxyls which are mainly responsible for uptake of moisture in a 

material[7]. Therefore, water molecules can only penetrate through micro gaps within the 

polymer. With the addition of fibers, the moisture uptake is increased significantly. This is as a 

result of the presence of a more hydrophilic material (fibers/biomass) which contains hydroxyl 

groups and therefore bound to moisture by hydrogen bonding. The moisture uptake of 

polypropylene obtained after 24 h is in correlation with that found in literature[8]. It was noticed 

that the soy meal-PP based composite showed a very high moisture uptake when compared to 
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other composites studied. This behavior can be attributed to the saturated protein within the soy 

meal with amino acids which contain hydroxyl and carboxyl groups which are highly 

hydrophilic in nature[9] and therefore makes the soy meal composite more hydrophilic. Table B-

2 shows the moisture absorption of neat polypropylene and its composites after 24 h. 

Table B-2: Moisture absorption of samples after 24 h  

Sample Moisture Uptake (%) 

After 24 h 

PP 0.0382 ± 0.0079 

Miscanthus 0.5710 ± 0.1671 

Oat Hull 0.0681 ± 0.6473 

Soy Hull 0.8025 ± 0.1619 

Wheat straw 0.8518 ± 0.1547 

Willow 0.6992 ± 0.03180 

Soy Meal 1.6441 ± 0.3099 

Soy Stalk 0.5438 ± 0.5381 

Coir 0.8705 ± 0.0508 

 

From the results of the burn rate test (Figure B-1), it can be seen that the neat 

polypropylene did not increase in its burn rate indicating the lack of effect of the aging process. 

When comparing the burn rate of the composites to that of neat polypropylene, an increase in 

burn rate is noticed for all the composites. This increase is attributed to the presence of the more 

flammable fibers which combusts faster than polypropylene. The bulk of the composites showed 

a burn rate which fell between 25.5 and 34 mm/s. However, the soy meal composite is shown to 

have a burn rate which is comparable to that of the neat polypropylene regardless of the presence 

of a high amount of biomass. This behavior can also be attributed to the presence of the amino 

acids as stated earlier. When thermally decomposed amino acid breaks down to ammonia which 

is further broken down to water and nitrogen gas[10]. Both water and nitrogen gas act to hamper 

combustion therefore slowing down the burn rate. 
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         After the aging of the samples, the burn rate is seen to increase significantly. This 

increase can be attributed to the creation of voids or gaps in the fibers and at the interface of the 

fiber and matrix. This voids are caused by the defibrillation and swelling of the fibers when they 

absorb moisture and then shrunk after drying[11]. Debonding between the fiber and matrix 

occurs, leaving micro gaps in the composites. It is hypothesized that during the burn rate test, 

molten polymer does not flow into these gaps because the samples are in a horizontal position 

but rather flow or drip down unto the collection plate. At the flaming surface of the composites, 

volatiles and oils penetrate the immediate layer of composites through these voids to preheat it 

and therefore help in accelerating the burn rate of the sample. The burn rate of neat 

polypropylene and its composites is represented in Figure B-1. 

 

Figure B-1: Burn rate of un-aged and aged polypropylene and its composites. 

The results of the flammability of the composites when compared to neat PP (Figure B-

2) reveals that they are more flammable as expected because of the presence of dry fibers/ 
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biomass which has a lower ignition temperature. Although more flammable, the flammability of 

the composites do not increase drastically. With the LOI of PP at 19.6, the highest LOI of all the 

composites with the exception of soy meal was at 17.6 for unaged samples. By substituting 25 % 

of PP with natural fibers/biomass, the LOI showed increases across all the composites. The soy 

meal composite showed an LOI of 19.3 which is very close to that of neat PP regardless of the 

incorporation soy meal which is a dry biomass. These results can be attributed to the behavior of 

the soy meal during thermal decomposition. Volatiles such as water vapor and N2 are released 

during thermal decomposition as stated earlier. These all act to extinguish any flame at the point 

of ignition while lignin contents of the fibers form a layer of char to prevent oxygen from 

penetrating to the under layer of the un-pyrolyzed composite and keeps it from being ignited[12]. 

The lower flammability of soy meal composite compared to other composites can also be 

attributed to the charring effects and release of more fire retarding volatiles as mentioned above. 

Also, the amount of hydroxyl and other oxygen functional groups present in soy meal is 

significantly higher than in the other fibers and therefore contains more bound moisture which 

further retards flammability.  

         After aging, the LOI is mostly unchanged for all samples even though voids and de-

bonding at the interface between the fibers and the matrix might have occurred due to swelling of 

the fibers from moisture uptake and then shrinkage during drying. This behavior could be 

attributed to the molten polymer below the flaming surface which easily flows into the voids due 

to gravity as a result of the vertical position of the samples and therefore does not cause an 

increase in the flammability[13]. This phenomenon is observed through the expansion and flow 

direction the composite within the vicinity of the flame point. 
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Figure B-2: LOI of un-aged and aged polypropylene and its composites. (Samples without 

errors indicate a standard deviation of zero) 

The thermal stability of the composites was determined and the results are shown in 

Figure B-3. The curves of the weight loss of the composites show that soy meal exhibits the 

greatest initial weight loss when compared to other composites. This is attributed to the low 

temperature degradation of amines in the soy meal as stated previously. At lower temperatures, 

volatiles are given off and a significant weight loss is noticed. This is why ignition and 

combustion in the soy meal composite is lower than other composites and comparable to PP 

regardless of the high composition of biomass. It can also be noticed that the soy hull composite 

also shows high weight loss; this is because the hull also contains possible traces of soy meal 

particles attached to it after de-hulling and therefore exhibiting a similar thermal stability. 
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Figure B-3. Thermal stability of un-aged polypropylene and its composites. 

In real life applications, these composites will be exposed to a variety of different 

environmental conditions and most likely contain moisture unlike the samples used in these tests. 

It is therefore expected that the flammability properties or behavior will be further improved and 

therefore more desirable because of this. 

Conclusions 

The comparison between different fiber/biomass reinforced polypropylene composites 

showed that there was an increase in the burn rate of the composites when compared to that of 

neat polypropylene. When compared, all composites showed results which were mostly within 

the same range with the exception of soy meal which was superior. Results for Soy meal 

composite were also similar and comparable to that of neat polypropylene. After aging, the result 

from the burn rate tests showed significant increases in the burn rate for all composites but was 

unchanged for that of neat polypropylene owing to the low moisture absorption and good heat 
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stability of the polypropylene. Soy meal composite exhibited the least increase in flammability 

properties when compared to that of the other composites and rival that of neat polypropylene. 

However, it also exhibited the highest moisture absorption which limits its scope of application. 

Although soymeal showed high ignition resistance (LOI) after aging, it however exhibited 

accelerated burn rate once ignition was achieved. 
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