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ABSTRACT 

 

 BIOCARBON REINFORCED TOUGHENED POLYPROPYLENE BIOCOMPOSITE 
FOR IMPROVED MECHANICAL PROPERTIES AND ENVIRONMENTAL 

SUSTAINABILITY 

 

Ehsan Behazin                         Advisor: Prof. Manjusri Misra 
University of Guelph, 2017             Co-Advisor: Prof. Amar K. Mohanty 

 

Pyrolysis, a thermochemical pathway for converting biomass to energy in biorefinery 

systems, generates a considerable amount of solid residue by-product (up to 35 wt.%) which 

mainly consists of renewable carbon (biocarbon). Unless a high-volume application exists for the 

biocarbon (BC), the significant amount of this by-product can challenge the long-term 

sustainability of pyrolysis units. 

In the present project, biocarbon is evaluated for its usage as a filler as well as a reinforcing 

material in producing biocomposites for automotive applications. The focus of this research is to 

engineer durable biocomposites with well-balanced mechanical properties which have the same or 

better performance as the current mineral filled composites used in the auto industry. The project 

consisted of several phases including biocarbon characterization, preliminary studies on the melt 

mixing of BC and rubber toughened polypropylene (t-PP), compatibilization and optimization of 

compatibilizer content, developing structure-properties relationship for the biocomposites and a 

durability studies on the long-term performance of the developed biocomposites. 

The initial characterization results confirmed that biocarbon could potentially be a suitable 

filler for polymer composite applications. Using several techniques, such as atomic force 
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microscopy and thermal analysis, a high stiffness and thermal stability were observed in biocarbon 

particles. In the next step, biocomposites were prepared, and their performance was evaluated 

based on their stiffness and toughness balance. The effects of compatibilizers and different 

treatments on the biocarbon were quantified and optimized using a full factorial statistical design 

of experiments. Morphological and dynamic mechanical analysis were performed to analyze the 

BC-matrix interface and interaction between the biocomposite components. The results are 

conclusive that property improvement in such biocomposites happens only when a separate 

dispersion of the biocarbon and rubber phase exist. Filler hybridization by means of recycled short 

carbon fibers and β nucleating agents created an improved performance level for these 

biocomposites. Durability studies showed that hindered phenol antioxidants could successfully 

protect such biocomposites from thermo-oxidative degradation. 

Overall, the investigation of governing mechanisms resulted in a novel t-PP/biocarbon 

biocomposites with better performance characteristics, higher biobased content and lighter density 

as compared to the common mineral filled composites used in automotive industry.  
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Chapter 1: Thesis Overview 

This chapter is an introduction to the research motivation and overarching 

objective of the work. A brief description of each chapter is provided along with the 

structure of the thesis. 
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1.1 Research Motivation and Background 

The world’s linear petroleum-based economy has led to the excessive usage of non-

renewable resources, production of non-biodegradable wastes, and emission of greenhouse gasses 

(GHG) which raises serious sustainability issues for current and future generations. The oil and 

gas are mainly used for transportation, electricity and heat generation, and production of chemicals 

including plastics. Several approaches have been initiated to address each of the mentioned sectors. 

Formation of biorefineries, enforcement of new fuel economy standards and utilization of 

bioplastics and biocomposites are a few examples of these approaches. Biorefineries will address 

the renewable fuel production for transportation and energy sectors. At the same time, fuel 

economy standards such as corporate average fuel economy (CAFE) limits the fuel consumption 

of vehicles. Bioplastics and biocomposites, on the other hand, tend to replace traditional 

petroleum-based materials.  

The transportation sector has the highest demand for oil worldwide, and it would likely 

continue to grow steadily in the future. The significant share of the transportation sector in oil 

consumption has led to an increasing interest in obtaining biofuel from renewable materials, more 

specifically non-food resources such as lignocellulosic biomass. With this concept, the current 

linear economy can be replaced by a circular bioeconomy, in which energy and fuel will be 

harvested from nature, be returned to the environment without producing an excess amount of 

GHG or wastes. Among all the available techniques, the thermochemical pathway showed 

promising results for obtaining biofuel and bioenergy from biomass.  

Pyrolysis is a thermochemical conversion process in which the raw biomass is heated in 

the absence of oxygen and produces bio-oil, synthetic gas (syngas) and solid char known as 

biocarbon. The syngas can be utilized as bioenergy for heating or electricity production. The bio-
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oil is a liquid fuel which can be used directly or refined further for higher end applications. The 

oil can also be broken down into chemicals to produce material building blocks such as monomers 

for plastic synthesis. However, the biocarbon which is a carbon-rich solid with relatively low 

heating value as compared to the bio-oil and syngas did not find a value-added application to 

contribute to the whole process. Depending on the type and conditions of pyrolysis, the biocarbon 

production can vary between 12 to 35% of the yield. The significant amount of char production 

challenges the long-term sustainability of pyrolysis units, and it is against the circular economy 

concept. 

Utilization of biocarbon in automotive plastic parts could be a possible solution for finding 

a high demand and value-added application for this material. Initial characterization of biocarbon 

showed promising intrinsic properties which can be useful for this specific application. The use of 

biocarbon in biocomposites could results in lighter weight parts with less petroleum based resin, 

while satisfying the application gap for the pyrolysis byproduct. At the same time, the lighter 

weight of the parts will contribute to the better fuel economy for cars. Overall, this approach will 

be in line with the circular economy concept by contributing to the sustainability of biorefineries, 

reducing the fuel consumption in vehicles and lowering the petroleum-based content of the 

composites. 

1.2 Research Problem 

The main challenge in producing new biocomposites especially for automotive 

applications is to reach the same level of performance as the conventional composites with mineral 

fillers, such as talc or glass fiber. The most important aspect in this area is to satisfy the mechanical 

properties requirements, especially the stiffness-toughness balance. 
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Many studies explored the properties of biocarbon as a soil amender or filtration media, 

but very little information is available regarding its properties and performance as a bio-based filler 

for polymer composites applications. Therefore, a knowledge gap exists regarding an 

understanding of the biocarbon properties in relation to its interaction with polymers. The goal of 

this research is to obtain fundamental understanding and provide practical information regarding 

the biocarbon properties and its behavior inside a polymer matrix as a new biobased filler. This 

goal is targeted to create biocomposites with comparable performance to conventional petroleum-

based composites already being used in the automotive application. 

Therefore, in the beginning, a fundamental study of biocarbon properties is necessary to 

evaluate its potential applicability in polymer composites. At the second stage, biocarbon will be 

used as a particulate filler in polymeric systems and final properties of the composites will be 

evaluated and correlated with the factors such as biocarbon bulk and surface properties, particle 

size, and compatibility with the chosen matrix. 

 

1.3 Objectives and Hypothesis 

Chapter 2 provides a comprehensive literature review to support the following results chapter in 

the thesis. In each of the main studies in this work, specific objectives and hypothesis were 

considered to accomplish the thesis goal. 

Chapter 3 

Objective 1: Evaluate the chemical, physical and mechanical properties of biocarbon 

produced from different biomass.  
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Hypothesis 1: Difference in the biomass source will results in biocarbon with different 

characteristics. 

Objective 2: Compare the mechanical properties of the biocarbon and determine if it can 

be used as a reinforcing filler for the polymer composites. 

Hypothesis 2: The biocarbon has a higher stiffness than plastics. 

Chapter 4: 

Objective 1: Investigate the effect of biocarbon on toughened polypropylene matrix. 

Hypothesis 1: Addition of biocarbon to the toughened polypropylene matrix will increase 

the stiffness of the composites. 

Objective 2: Explore the effect of biocarbon pyrolysis temperature on the biocarbon-

toughened polypropylene interactions. 

Hypothesis 2: The biocarbon which is pyrolyzed at a higher temperature has better 

compatibility with the matrix. 

Chapter 5: 

Objective 1: Study the effect of different compatibilizers on the interactions between the 

biocarbon and matrix. 

Hypothesis 1a: The polypropylene based compatibilizer can enhance the properties more 

than the polyethylene based compatibilizer. 
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Hypothesis 1b: The polypropylene based compatibilizer can generate a separate 

distribution of the phase in the final composites. 

Objective 2: Study the effect of compatibilizer amount on the properties of the composites. 

Hypothesis 2: An optimum amount of the compatibilizer exists which can provide the best 

balance of stiffness and toughness. 

Objective 3: Investigate the effect of biocarbon particle size and its interaction with the 

compatibilizer on final properties of the composites. 

Hypothesis 3: Smaller particles (< 20 µm) could provide a better improvement of the 

properties as compared to a larger particle size range (106-125 µm). 

Chapter 6: 

Objective 1: Develop structure-property relationship in biocarbon toughened 

polypropylene composites.  

Hypothesis 1: Encapsulation of biocarbon with the rubber phase reduce the stiffness and 

toughness of the biocomposites. 

Chapter 7: 

Objective 1: Exploring the effect β nucleating agent, ball milling, and filler hybridization 

on the stiffness-toughness balance of the biocarbon based biocomposites. 

Hypothesis 1: Use of β nucleating agent can improve the toughness of the composites. 

Chapter 8: 
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Objective 1: Evaluating the long-term performance of the toughened PP-biocarbon 

biocomposites with respect to automotive standards. 

Hypothesis 1: A use of antioxidants is necessary to satisfy the durability requirements of 

the automotive industry. 

Objective 2: Evaluating the effect β nucleating agent on the long-term performance of the 

biocomposites. 

Hypothesis 2: Changes in the β crystal morphology because of heat aging would not result 

in catastrophic failure of the biocomposites. 

1.4 Synopsys of the chapter and thesis structure 

This thesis presents a continuous research project with the aim of utilization of biocarbon 

(a byproduct of pyrolysis units) in polymer composite for automotive applications.  

In Chapter 2 a broad introduction to the subject matter is presented, including topics such 

as biorefinery and zero waste economy, the thermochemical pathway for transferring biomass into 

biofuel, biocarbon, and recent development in polymer composites and biocomposites.  

Chapter 3 provides original research on the characterization of biocarbon properties for 

polymer composite application. This chapter provides essential information which is used later for 

modeling the behavior of toughened polypropylene biocarbon composites.  

Chapter 4 demonstrates the preliminary results on blending biocarbon with the toughened 

PP matrix. The results of this chapter shed light on the reinforcing mechanisms and importance of 

morphological structures on the final properties of such composites. Based on the results obtained 
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from the Chapter 4 studies, a need for compatibilizer was recognized, and therefore, a full factorial 

statistical analysis was designed and performed in Chapter 5, to identify the suitable 

compatibilizer. Other important factors such as particle size and compatibilizer amount were also 

examined in this chapter.  

In Chapter 6, a more in-depth analysis of mechanisms related to the morphology and filler-

matrix interface is presented. Theoretical models were utilized to compare the results with current 

known mechanisms in particulate polymer composites. 

Chapter 7 is a patent application based on the knowledge generated in the previous 

chapters combined with filler hybridization and induction of β crystallinity in the composites. The 

novel technique that discussed in this chapter creates new performance characteristics for these 

biocomposites which make them comparable with current commercial petroleum-based 

composites used in the automotive industry. 

Chapter 8 demonstrates the long-term performance of patented composites using an 

accelerated heat aging test with a detailed analysis of related thermo-oxidation and structural 

changes in the biocomposites.  

Chapter 9 provides concluding remarks on the research project and suggested future 

works. 

1.5  Significance 

The knowledge generated in the chapters above, regarding the development of novel higher 

performance biocomposites from biocarbon, can have notable advantages in several areas: 
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• The use of biocarbon in the automotive parts will serve as a high-volume 

application for the byproduct of the biomass thermochemical conversion. 

Therefore, making the biomass conversion a sustainable process in the long run. 

• Utilization of the biocarbon in petroleum-based resins, such as PP in this work, will 

offset an amount of petroleum-based materials. 

• Biocarbon has lower density than the conventional mineral fillers which will result 

in the production of the parts with a lighter weight that can contribute to fuel 

economy of the vehicles. 

The potential impacts of this project seek a circular pathway for producing materials from 

renewable resources, which can help the environmental friendliness not only by just being 

renewable but also by helping other green processes to be sustainable. 
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Chapter 2: Literature Review 

The focus of this research is on the utilization of solid char residue of the 

thermochemical facilities (biocarbon), in polymer composite applications. Therefore, this 

chapter divided into two main studies. In the first part, a review of the biomass 

thermochemical conversion processes and available information about the properties of the 

biocarbon was the focus, while the second part is more oriented toward polymer 

composites and especially the status of the of the biobased fillers in a different industry.  
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2.1 Thermochemical conversions 

Many of the char properties form during the process of converting biomass into biofuel, 

therefore having a profound knowledge of the process history is necessary to investigate the char 

characteristics. Furthermore, by manipulation of process parameters, one could produce the 

optimum properties for the specific application. An example of such an idea could be found in 

works that biocarbon properties are tailored for soil amendment application using process 

optimization [1]. In this section, pyrolysis systems will be reviewed, and effect of important factors 

will be discussed in relation to the final char product.  

 Biomass in its original form is very inconvenient to be used as a fuel because of its 

bulkiness and low energy density. Unlike gas or liquid, biomass cannot be handled, stored or 

transported easily. These problems are the main motivation for the conversion of biomass into 

products that can be handled easier and are more energy dense. The conversion can be performed 

through two major pathways known as biochemical conversion (such as fermentation) and 

thermochemical conversion (such as pyrolysis). Figure 2-1 shows the different options for 

converting biomass into the bioproducts. 

 

Figure 2-1. Two main routes for converting biomass into bioproducts. 

[Reprinted from Elsevier, P. Basu, Biomass Gasification, Pyrolysis and Torrefaction, Copyright © 2013, 
with permission from Elsevier, License number: 4142531348758] 
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2.1.1 Pyrolysis 

Pyrolysis, as a subset of the thermochemical route takes place in an oxygen-free or oxygen 

controlled environment. This process thermally decomposes large molecules of biomass into the 

gas (CO, CO2, H2, C2H2, C2H4, C2H6, C6H6, and CH4), liquid (tar, heavier hydrocarbon and water) 

and solid (mostly carbon or char) by heating biomass above 300°C and holding it for specific time 

[3]. A lighter version of this process called torrefaction in which the original biomass heated to 

lower temperature (usually between 200 to 300°C). However, unlike the torrefaction the ultimate 

goal of pyrolysis is to produce liquid fuel. A simplified schematic of a fluidized bed pyrolysis unit 

is shown in Figure 2-2. The initial products of pyrolysis are condensable gases and solid 

carbonaceous material. The gases from the first stage might further decompose to non-condensable 

gases (syngas and CH4), liquid, and char [3]. The liquid yield (Bio-oil) consists of phenolic 

compounds that are obtained from depolymerization and fragmentation of the cellulose, 

hemicellulose, and lignin. Bio-oil is a micro-emulsion with a continuous aqueous solution and 

lignin macromolecules as a dispersed phase [4]. The gas phase consists of primary non-

condensable gasses which are produced at the beginning of the process, and also secondary non-

condensable gasses that are produced from further cracking of condensable portion. All other 

condensable vapors add to the liquid yield of pyrolysis upon cooling. The char remains as the solid 

residue of the process that contains a range of decomposed structures of cellulose, hemicellulose, 

and lignin depending on the pyrolysis conditions. 
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Figure 2-2. Schematic of a pyrolysis plant. 

[Reprinted from Elsevier, P. Basu, Biomass Gasification, Pyrolysis and Torrefaction, Copyright © 2013, 
with permission from Elsevier, License number: 4142531471198] 

 

 Several interconnected factors affect the ratio and quality of final products: the design of 

the pyrolizer, feedstock biomass properties, and parameters such final temperature, heating rate 

and residence time known to be the most important ones. The pyrolizer pressure, purging gas and 

presence of catalysts were also reported to have an influence on final products [3,5].  

2.1.1.1 Effect of residence time 

Pyrolysis systems are normally classified into slow and fast, based on the residence time 

of feedstock in the pyrolizer. A similar concept could be defined in terms of heating rate when the 

temperature increases linearly with time up to the final pyrolysis temperature. The latter is more 

common in fast pyrolysis units, as the actual transfer is controlled by the mass transfer mechanism 

inside the heating chamber. In slow pyrolysis, the residence time of feedstock and produced 

primary vapors can range from more than a minute to a few days This long residence time further 
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decomposes the vapors into gaseous products and thus is not favorable for producing bio-oil. On 

the contrary, the residence time in fast pyrolysis is less than a few seconds, hence more bio-oil will 

be produced in such systems. Moreover, it is expected that at the same pyrolysis temperature, high 

heating rates yield higher amounts of volatiles and char with more reactive functional groups than 

those produced by a slow heating pyrolysis [3]. Table 2-1 shows typical ranges of residence time 

and products yield for both slow and fast pyrolysis systems. 
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Table 2-1. Typical ranges of processing conditions and product yields for slow and fast 
pyrolysis.  

[Reprinted from Springer eBook, S. Shackley, Biochar, Tool for Climate Change Mitigation and Soil 
Management, Copyright © 2013, with permission from Springer, License number: 4133110227319] 

Process Slow pyrolysis Fast pyrolysis 

Process temperature (°C) 

Range 250-750 400-750 

Typical 350-400 450-550 

Process time  

Range Min-days ms-s 

Typical 2-30 min 1-5 s 

Liquid yield (wt. % dry basis) 

Range 0-60 10-80 

Typical 20-50 50-70 

Gas yield (wt. %dry basis) 

Range 0-60 5-60 

Typical 20-50 10-30 

Char yield (wt. %dry basis) 

Range 2-60 0-50 

Typical 25-35 10-25 

 

2.1.1.2 Effect of biomass and temperature  

The lingo-cellulosic biomass consists of three main constituents known as cellulose, 

hemicellulose, and lignin. In the heating chamber of a pyrolyzer, each component will undergo 

decomposition differently, thus having different contributions to yields. While cellulose generates 
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most of the condensable gasses, hemicellulose produces the non-condensable ones, and lignin 

because of its aromatic structure has the biggest contribution to the char product [3]. Therefore, 

one could expect more char and oil yield from biomass such as wood and more gaseous products 

in grass-based biomass [7]. In summary, the effect of biomass on final char properties could be 

better analyzed in terms of the ratio of cellulose, hemicellulose, lignin and ash content. Table 2-2 

shows the corresponding value of each component for different biomass sources. 

 

Table 2-2. Weight percentages of lingo-cellulosic components found in different biomass [8–
14]. 

Biomass Cellulose Lignin Ash Ref. 

Miscanthus 41-58 8-22 1-9 [8] 

Switchgrass  30-50 5-23 2-10 [8,11] 

Corn stover  28-51 11-21 4-10 [8,11] 

Corn cob 26-36 6-17 1-9 [8,14] 

Wheat straw  25-51 8-30 1-23 [8,10–12] 

Rice straw  28-41 10-23 8-26 [8] 

Sugarcane bagasse 32-43 19-28 1-13 [8] 

Hardwood (Poplar) 40-50 19-33 2-13 [9,13] 

 

The effect of pyrolysis temperature can better precieved when it iscompared againt the 

decomposition temperature of each constituent. Hemicellulose being the weakest component 

decomposes first, around 200-300°C. Then, cellulose will start decomposing over a range of 300-

400°C, and lignin with the most stable structure decomposes over a broad range of 280-500°C 
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[15]. As a result, the maximum pyrolysis temperature would define the extent of decomposition in 

each component, and therefore the output product yield. Also, higher the temperature, more 

unstable bonds will degrade, and more volatiles will leave the biomass, which means lower 

amounts of the chemical functional groups on the final char [2]. The selectivity of decomposition 

by pyrolysis temperature could also bring unique opportunities to tune the char properties, by 

designing the final pyrolysis temperature in which specific functionalities are reimaging on the 

char structure. This is beneficial since modification of carbonaceous structures is challenging [16]. 

In the case of biocarbon modification, one novel idea could be using available functionalities 

during the process, instead of post reacting functional groups on the biocarbon surface. For 

instance, experiments on pure cellulose show that it will depolymerize to levoglucosan monomer 

in pyrolysis conditions which will be vaporized with further heating [17]. Kinetic mechanism 

regarding this depolymerization suggests the production of an anhydro-oligosaccharides species 

during pyrolysis (Figure 2-3) [18] which has OH functional group in its structure. This selectivity 

could be further be utilized by proper silane modifier for compatibilization of char particles. In 

works done by Mimmo et al. [19] on miscanthus biocarbon, two different species of biocarbon are 

produced by changing the temperature from 350 to 450 °C. Thermogravimetric analysis and FTIR 

spectra of the produced chars, indicates that chars pyrolyzed below 360 °C has functional groups 

similar to the original biomass, while the structures started to lose their similarities as the 

temperature rises above 370 °C.  
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Figure 2-3. Mechanism of cellulose pyrolysis reaction. 

[Reprinted with permission from, Lin YC, Cho J, Tompsett G, Westmoreland PR, Huber GW. Kinetics 
and mechanism of cellulose pyrolysis. J Phys Chem, Copyright © 2009, American Chemical Society] 

 

2.1.1.3 Effect of heating rate 

The heating rate affects the condensability and thus bio-oil yield of the pyrolysis. Slow 

heating cause secondary reactions to happen easier, so it will add to the char yield, of the process, 

while rapid heating will increase the liquid yield. For instance, Debdoubi et al. [20]  observed that 

the liquid yield of Esparto increased from 45% to 68.5% at same pyrolysis temperature of 550°C 

by increasing the heating rate from 50°C/min to 250°C/min, Bashu et al. [3] study’s suggest the 

following criteria for maximizing the yield in each scenario: 

a. Char production: Slow heating rate (0.01-2.0°C/s), low final temperature, and long 

residence time. 
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b. Bio-oil production: High heating rate, moderate final temperature (450-600°C), and 

short residence time. 

c. Gas production: Moderate to slow heating rate, high final temperature (700-900°C), 

and long residence time. 

2.1.1.4 Effect of Particle Size 

The nature of pyrolysis reactions highly depends on the mass and heat transfer from the 

system to biomass feedstock. With a smaller particle size of biomass, a more uniform temperature 

gradient will be developed, and volatile gasses could escape easier from the biomass core without 

undergoing secondary reactions. Therefore, more bio-oil is expected from finer particles and more 

char from bigger pieces of biomass [3].   
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2.2 Biocarbon 

As discussed in the previous section, pyrolysis of biomass produces solid residue 

containing char (mostly carbon) and ash. Depending on final physical and chemical properties of 

a given char, it will be more advantageous in one specific application versus others. Therefore, 

many researchers have tried to characterize biocarbon and propose a relation between pyrolysis 

conditions and biomass source to the final physical and chemical properties. Two major streams 

of characterization could be distinguished in the available literature. The first group investigated 

the biocarbon properties relating to its performance in the soil, and the second group considered 

the biocarbon as an independent material. In this work, useful information from both groups of 

studies is covered with focus on the second group of studies, as they are more general.  

Considering biocarbon as a filler for polymer composites, properties such as elemental 

composition, surface area and porosity, density, internal chemical structure, surface functional 

group, particle size and distribution, pH, etc. play an important role in defining the relationship 

between filler and polymer, and hence will be discussed in more details.  

2.2.1 Internal structure of biocarbon and surface functional groups 

Both physical and chemical properties of biocarbon largely depend upon the nature of raw 

biomass and pyrolysis conditions. It is widely accepted to present the transient chemical properties 

of the biocarbons based on their aromaticity [21]. For instance, the work done by Keiluweit et al. 

[22] on grass and wood biomass shows that depending on the pyrolysis temperature, four different 

biocarbon structures could be produced from the same biomass resource, with each having its own 

unique chemical and physical properties. These four different structures as they are depicted in 

Figure 2-4 start from transition char with the crystalline region of cellulose to turbostratic char 
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having the crystalline structure of aromatic carbon. The biocarbon structure within this range is 

mainly consist of amorphous carbon [22]. 

 

Figure 2-4. Structure evolution of biocarbon with pyrolysis temperature. 

[Reprinted with permission from, Keiluweit M, Nico PS, Johnson MG, Kleber M. Dynamic Molecular 
Structure of Plant Biomass-Derived Black Carbon (Biocarbon). Environ Sci Technol 2010; 44:1247–53, 

Copyright © 2010, American Chemical Society] 

 

The surface chemistry of biocarbon, as expected from their heterogeneous compositions is 

quite rich and varied. Depending on the chemistry biocarbon (biocarbon) surfaces can exhibit 

hydrophilic, hydrophobic, acidic and basic properties. Fourier transforms infrared (FTIR) 

spectroscopy shows that O-H group that is normally available on raw biomass will start to reduce 

with an increase in pyrolysis temperature. On the other hand, an aromatic carbon C-H stretch will 

start to appear around 3060 cm-1 [23]. Other functional groups such as carboxyl, phenolic, and 

lactonic were also found in biocarbon chemical structures [23]. 
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2.2.2 Surface area, porosity and particle size of biocarbon 

Available surface area of biocarbon is another important factor that defines the extent of 

interaction between filler particles and a polymer chain. It is common to estimate the surface area 

from N2 adsorption isotherms; however, care should be taken to ensure that the polymer molecules 

are much bigger in size compare to N2 molecules, and they cannot penetrate small pores hence not 

all the measured surface area is readily available for the polymer chains. One good example of 

such a case is when the high surface area of chars comes from the nano-porous structures formed 

during the pyrolysis. While this high surface area might be useful for adsorption applications, it is 

far too small for a polymer chain to interact. Brewer et al. [23] show that Brunauer-Emmet-Teller 

(BET) surface areas of switchgrass and corn stover produced through fast pyrolysis were very low 

(7–50 m2/g) compared to commercial activated carbons. surface area is normally increased with 

process temperature and residence time. Keiluweit et al. [22] reported a 250-fold increase in the 

wood surface area as the temperature increased from 100 to 600 °C. In some thermochemical 

conversion process, such as gasification and fast pyrolysis, particle size reduction was observed as 

a result of rapid devolatilization of the volatiles leaving highly porous and weak structure behind 

[23,24]. In general, gasification chars are fine powders while fast pyrolysis produces very fine 

powders [25]. 

2.2.3 Ash content 

The amount of ash in the final char product is directly related to the biomass source. 

Usually, wood-based feedstock has the lowest amount of ash, while biocarbon from poultry litter 

and bones shows a significant amount of ash content [26]. 

Higher pyrolysis temperature or residence time will cause the final material to be richer in 

non-volatile matter (carbon and ash), and therefore, the ratio of mineral ash to the total weight of 
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the char will increase. The composition of the ash is normally determined by X-ray fluorescence 

spectroscopy. Silica, in the form of silicon oxide is normally found in grass-based biocarbon 

samples rather than wood-based feedstocks. Also, contamination caused by sand or soil during 

biomass collection is known to be one of reasons for high silica content of biocarbon as well [23]. 

2.2.4 Density 

Specific weight or density of the composite materials are important performance 

parameters that could limit their usage in different applications. While the addition of fillers to 

plastics is beneficial for several properties, they normally increase the density to a limiting value. 

Consequently, fillers with lower density are preferred, if they can provide the same amount of 

reinforcing effect. Bulk and solid density are estimated for solid particles. While solid density is a 

measure of how the molecular structure of a material is packed in molecular level, the bulk density 

deals with how multiple particles could be packed together to make the bulk of the material. The 

former is more useful in determining the total density of a composite material and will be further 

reviewed here.  

Biocarbon solid density is known to depend on the highest heat treatment temperature 

(HTT), or simply the final temperature of pyrolysis units, as well as the heating residence time 

[27]. In contrast, the biocarbon density seems to be independent of heating rate [27]. Mineral ash 

normally has a higher density compared to the biocarbon itself, and hence biocarbon with higher 

ash content have greater densities [23]. Depending on the biocarbon source and processing 

conditions, the density of biocarbon ranges from around 1.3 g/cm3 to a maximum theoretical value 

of 2 g/cm3 [28] and thus compared to the most mineral fillers (such as talc with a solid density 

close to 2.6 g/cm3) has a great advantage. 
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Most of the biocarbon properties covered in the scientific literature are investigated with 

an intention to be used in the soil amendment application. Therefore, other properties such as 

thermal stability, electrical and thermal conductivity, modulus of elasticity, etc. which are more 

important in the applications such as polymer composites, have not been investigated thoroughly. 

Hence, a thorough characterization of biocarbon on the properties involved in the polymer 

composites application seems necessary. 

2.3 Polypropylene 

PP belongs to a class of plastics called polyolefins, in which the polymer produced from 

monomers with the general formula of CnH2n (propylene in the case of polypropylene). The high 

polypropylene usage in plastic industry is attributed to the ease of the polyolefins manufacturing 

and the strong market demand for good performance and cost-effective materials [29]. According 

to Europe plastic report, PP has the biggest share of all the plastic resins used in the automotive 

industry [30]. Despite all the advantages of PP, one of the major drawbacks of this material is its 

brittleness, especially at a low-temperature range. 

2.3.1 PP toughening by rubbers 

Incorporating rubbers into PP matrix is undoubtedly the most studied method for 

improving the PP toughness. Dispersed rubber domains could induce crazing or cause shear 

yielding to halt the crack propagation in the matrix. The actual toughening mechanisms are quite 

complex and depends on several factors. However, a few theories such as: multiple crazing and 

cavitation [31], shear-yielding, micro-voids [32], brittle-ductile transition and percolation model 

[33], and damage competition [34] hold for certain conditions. On the other hand, the addition of 
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soft phase (rubbers) to PP matrix could reduce the strength and stiffness of PP significantly; 

therefore, it is desirable to reach the required toughness through optimization of rubber additions  

Since the 1970’s many researchers have tried to determine and quantify the effects of the 

main factor on the overall toughness of the blend. The state of stress in many of the mentioned 

theories is defined around the rubber domains and related to the mechanical properties of the 

matrix (shear yield stress for instance). The size of the rubber domains and distance to adjacent 

domain are critical parameters in these calculations, indicating that the micro-morphological 

structure of the blend is a key determining factor in the overall toughness of the material [35]. The 

micro-morphological structure of PP/rubber depends on compatibility of the continuous and 

dispersed phases, interfacial adhesion, amount of rubber, and relative viscosity of the rubber to PP 

which could determine the size and shapes of a dispersed phase [36]. Furthermore, processing 

conditions would affect the dispersion of the rubber domains and crystallinity of the samples, 

which are important parameters in the micro-morphological structure of the blend [37]. Despite 

the complex mechanisms involved, in almost all practical cases, the better distribution and 

dispersion of rubber domains can lead to an improved toughness behavior [31]. Results from a 

correlation of particle size distribution of styrene butadiene rubber (SBR) and ethylene propylene 

diene monomer rubber (EPDM) and Charpy impact reported by Jang et al. [38] suggest that a large 

number of small rubber domains in PP matrix are more efficient in creating craze or shear yielding 

than larger particles in a lower amount. This effect could be optimized by proper selection of 

rubber phase viscosity and polarity. A relation between interfacial tension and dispersed EPDM 

particle size in PP matrix were developed by Shariatpanahi et al. [39]. This study showed that 

addition of certain amount of dicumyl peroxide (DCP) in combination with trimethylol propane 

triacrylate (TMPTMA) could largely affect the particle size reduction in 80/20 PP/EPDM blend. 
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Gong et al. [40] research reported that EPDM segments physically restrict the flexibility of PP 

chains, leading to the increase of complex viscosities, storage and loss moduli. A study by Van der 

Wal et al. [41] indicated that the larger rubber particles adversely influence the impact strength. 

Rubber particles in a polymer reduce the volume strain, without offering in-homogeneities from 

which a fracture can initiate. Large particles produce large cavities that are more unstable. 

Choudhary et al. [42] reported a marked increase in elongation at break and impact strength of 

PP/EPDM blends with a EPDM content of more than 20%. However, tensile strength and modulus 

were decreased profoundly. As suggested by many researchers and confirmed by scanning electron 

microscopy, small rubber particles dispersed in the PP matrix is the most discussed phase 

morphology of blends with EPDM content lower than 30 wt.% [41,42]. 

2.4 Thermoplastic Polyolefin (TPO) 

There are two main categories of blends that exist it polymer matrix systems: immiscible 

and miscible. In immiscible blends, two or more separate phases can be distinguished, while only 

one homogenous phase exists in miscible blends. Normally, miscible blends are the final target of 

blending, but in some cases, a compatible blend is also an acceptable result. Compatible blends 

are morphologically similar to immiscible blends, but they exhibit macroscopic properties 

comparable to miscible blends. Polyolefin blends based on PP and Olefinic rubbers are considered 

immiscible but compatible. In such systems with low compatibility, interfacial agents or 

compatibilizers are normally used. The compatibilizers are designed to influence the phase 

morphology of polymer blends system in a way to enhance the interfacial adhesion between the 

components and hence improve the compatibility of the whole system [43]. 



27 

 

In general, it is possible to divide all these modifications into two main groups. The first 

group of compatibilizers attacks unsaturated bonds on the polymer chains, such as norbornane ring 

in EPDM. Compatibilizers such as maleic anhydride grafted PP and EPDMs are of these kinds. In 

the second group, only physical interactions take place through active sites of the compatibilizer 

and base polymers. Surlyn (ethylene-co-methacrylic acid neutralized by sodium ion) is one these 

modifiers [44]. The second group also takes advantage of block co-polymers such as sulfonated 

ethylene propylene diene rubber (SEPDM) and styrene-ethylene-butylene-styrene (SEBS) to 

generate compatibility between the phases [45]. Studies on several modifiers show that the use of 

more than 10 wt. % of the compatibilizer is not beneficial for mechanical properties. Works done 

by Bouchart et al. [44] show that both physical and chemical modifiers equally improve the 

interactions and the tensile properties of the final blends. In this case, the optimum level of 

compatibilizer was found to be 7 wt. % according to tensile properties. Chakraborty et al. [45] 

studied different compatibilizers (interfacial agents) on the EPDM/PP blends ranging from non-

polar block co-polymers to polar modifiers and maleated PP and EPDM. It is suggested that a 

reduction in Tg difference of PP and EPDM in modified blend could be a sign of increasing 

compatibility. Based on the mechanical properties of PP/EPDM (25/75), they found that rubber 

modifiers such as non-polar poly styrene-ethylene-butylene-styrene block terpolymers and polar 

modifiers such as sulfonated EPDM help EPDM phase to disperse more in the PP phase. Scanning 

electron micrographs were provided as the proof of better interface between two phases. This 

method seems to be effective when the dominant phase is EPDM, but the effectiveness of this 

method when the PP is dominant has never been reported. Overall, SEPDM and MAEPDM 

showed a better affinity for the EPDM phases, whereas the MAPP, and SEBS have more 

interaction towards PP phase.  
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From the impact behavior aspect, Liang et al. [31] suggested that the shape, content, size, 

and size distribution of the dispersed-phase particles are important factors affecting the toughening 

effect of PP–rubber blends, which are related to the micro-morphological structure of the materials. 

It could be concluded from these works that EPDM is compatible with PP, however, to achieve 

higher impact toughness the addition of compatibilizers are necessary. 

2.5 Filled TPE systems 

Having a tough matrix is a good start to produce a toughened composite. However, the 

high toughness of the matrix is not the only condition to achieve a high toughness composite. 

Performances of filled thermoplastic olefins (TPO or TPE) systems strongly depend on their 

multiphase morphology which allows stress transfer among the PP rubber interphase [46]. 

Furthermore, aggregates of mineral possibly act as crack propagators [47]. TPOs are multiphase 

materials displaying a dispersed phase in continuous matrix morphology, where the rubber is 

dispersed in the form of spherical particles in PP matrix. On the other hand, fillers particles can be 

dispersed separately or embed in the rubber domains depending on their size and surface 

characteristics [47]. 

Ternary phase composites consisting of a thermoplastic, rubber, and hard filler are a 

promising system for engineering applications since all constituents compensates for other 

deficiencies. The rubber generates an impact toughness for the composites and the stiff fillers 

contribute to the stiffness of the composite [48].  

Separate dispersion of constituents has been reported to show higher modulus and tensile 

yield stress than those containing encapsulated filler, whereas composites with embedded structure 

exhibited a better impact toughness [49,50]. However, a contradictory result was observed by 
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Kolarik et al. [51] for PP/ethylene propylene rubber /CaCO3 composite, in which structures that 

show embedded filler morphologies have lower impact strength than composites in which all three 

phases were separately dispersed. 

2.5.1 PP/Rubber/filler Ternary systems 

The effects of chemical structure and rheological properties of different rubbers on phase 

morphology and mechanical properties of toughened PP composites containing hard fillers were 

investigated by several researchers[48,52–54]. Again, to achieve the best balance of mechanical 

properties, controlling the dispersion and phase morphology of the ternary composites is key. For 

the PP/EPDM and single wall carbon nanotube system, Hemmati et al. [54] showed that MAPP 

improves the dispersion and mechanical properties of this ternary composite.  

In PP/rubber/filler composites, the stress transfer from hard PP segments to soft rubbery 

phase plays a key role in improving the impact resistance of blend. Therefore, the modification 

mechanisms used for improving the blend properties should be designed such that: 1) Rubber 

phase dispersed properly in the PP matrix with suitable interphase; and 2) the filler particles 

(biocarbon in this case) distribute evenly so they cannot form aggregates and becomes a source of 

stress concentration. In this case three different morphologies are probable based on type of 

modification: 1) filler distributed in PP; 2) filler distributed in rubber; or 3) a mixture of both. Such 

morphologies are reviewed in the works done by Ma et al. [55] and related to the selective 

distribution of filler in one or both phases. Figure 2-5 shows a schematic representation of these 

morphologies in such composites. 
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Figure 2-5. Selective distributions of filler in PP/EPDM blend. 

[Reprinted from Springer, Li-Feng Ma, Electrical properties and morphology of carbon black filled 
PP/EPDM blends: effect of selective distribution of fillers induced by dynamic vulcanization. J Mater Sci 
2013; 48:4942–51, Copyright © 2013, with permission from Springer, License number: 4133120221230] 

 

The question of which morphology would enhance the impact properties of composite is 

still under debate and needs to be experimentally determine for a specific ternary composite. It is 

thought that a proper selection of compatibilizer and mixing technique could control the 

morphology in order to generate proper impact resistance properties.   

Zhou et al. [56] described the experimental results of PP/multi wall carbon nanotubes 

(MWCNT) and PP/carbon black as strong interactions between the filler particles themselves and 

low interfacial interactions between MWNTs and PP results in poor properties that limits the 

application of such carbonaceous filler in polymer composites. Based on these results and the fact 
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that there are biocarbons with surface functionality similar to carbon black, it could be predicted 

that biocarbon cannot be a good reinforcing filler for PP matrix without any help of 

compatibilizers. Results from Kittinaovarat et al. [57] confirm that the addition of bamboo charcoal 

drastically decreases the impact resistance of PP. These findings could be related to the active 

surface of biocarbon and non-polar nature of PP chains. As a conclusion, increasing the polarity 

of PP or PP/rubber blend would help biocarbon dispersion in the matrix and improve the stress 

transfer between phases. Therefore, maleated PP can be used as a compatibilizer in 

PP/rubber/biocarbon system, to enhance PP-rubber and PP-biocarbon compatibility. This 

increased compatibility may also cause biocarbon to be more in the PP phase rather than rubber 

phase. Instead, using a maleated-rubber, like MAPE or SEBS, as compatibilizer in 

PP/rubber/biocarbon ternary composite, could enhance rubber/biocarbon compatibility hence 

generate an encapsulated structure. 

2.5.2 TPO biocomposites 

The addition of natural fillers into a petroleum-based plastic is one of the most promising 

methods to reduce petroleum based content of a product. In recent years, natural fibres were 

increasingly used and substitute their synthetic counter-fillers in many polymer composites [58–

60]. Here a summary of different natural fiber systems is presented. 

Jute 

In most cases, addition of natural fibers causes improvements in mechanical strength of 

matrix while the impact toughness is reduced to some extent. Khalili et al. [61] showed that in 

PP/EPDM/Jute composites, the addition of rubber improves the impact properties to 25% of PP’s 

original value, while addition of jute fibres has an opposite effect, but still impact resistance is 
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higher than that of the pure PP. This indicates the essence of having both rubber and hard filler at 

the same time to balance the strength and impact of the composites. It was reported that natural 

fiber-matrix adhesion plays a crucial role in determining the properties of the ternary composite. 

The significant improvement in the mechanical properties of the compatibilized PP/EPDM/jute 

biocomposite was ascribed to an effective stress transfer from matrix to jute fibers [61]. 

Sisal 

Pigatto et al. [62] carried out mechanical testing on sisal reinforced PP/EPDM composites 

and stated that the use of 15% sisal in PP/EPDM (16 wt. % EPDM) blend increased both flexural 

and tensile moduli and strengths. They also mentioned the effect of alkali treatment (NaOH) on 

mechanical properties improvements of the same ternary system with improvements in 

fiber/matrix interface. The alkali treatment reported to wash the impurities off the surface of the 

fiber and create a mechanically enhanced surface for the interaction with the matrix. 

Flax 

Lopez et al. [63] used flax fibers as a natural reinforcement for PP/EPDM blend. In their 

study, maleic anhydride grafted PP (MAPP) was used as a compatibilizer to improve fiber-matrix 

interaction, which resulted in significant improvement of mechanical properties in comparison to 

untreated samples. 

Kenaf 

In some cases, when a proper interphase is developed between the fiber and matrix, impact 

properties will also improve with addition of natural fibres. In the study done by Anuar et al. [64] 

kenaf fibre has incorporated into PP/EPDM matrix which resulted in a substantial enhancement in 
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both tensile and impact strength of the PP/EPDM/kenaf composite. In this case, use of maleic 

anhydride as a compatibilizer successfully improved the interactions between fibres and PP matrix. 

Wood Fiber 

The incorporation of wood fiber increased the stiffness and strength of PP composites, 

whereas the addition of EPDM rubber decreased these properties. The percent elongation at break 

increased with impact modification by EPDM and was reduced by the addition of wood fibers. 

Composite with 10 and 40 wt. % of EPDM and wood fibers respectively, had the best balance of 

properties [65]. 

Table 2-3 summarizes the effect of different natural fibers on PP/EPDM blends, their best 

proportions and the best surface modifier. In these studies, the best mechanical properties were 

achieved by 20 to 30 wt. % of the treated natural fiber as the reinforcement and 20 to 30 wt.% of 

the EPDM rubber as the impact modifier. 

According to the reviews made in this section, several natural fibers were used in PP/rubber 

(mostly EPDM) blends in order to improve the stiffness and strength reduction caused by the 

rubber phase. However, because of the hydrophilic nature of these fibers, uses of surface modifiers 

are inevitable. Furthermore, the limited processing temperature window of natural fibers makes 

the mixing process very sensitive to temperature changes which is in contrast with TPEs ease of 

manufacturing.  
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Table 2-3. Effect of natural fibers on mechanical properties of PP-based TPE 

Natural 
filler 

Best 
Filler 

content 
(%) 

Blend 
Rubber 
content 

(%) 

Surface 
treatment 

Young 
modulus 
(MPa) 

Tensile 
strength 
(MPa) 

Impact 
Strength 

Sisal 
[62] 30 PP/EPDM 16 

Alkali surface 
modification 

(NaOH) 

1319 ± 
133 

14.1 ± 
0.6 

8 ± 0.5  
(KJ m-2) 

Jute 
[61] 30 PP/EPDM 25-30 MAPP 1800.17 27.75 5.85  

(KJ m-2) 

Flax 
[63] 20 PP/EPDM 24 MAPP 1755 ± 

65 
27.5 ± 

0.1 

13.6 ± 
0.5  

(KJ m-2) 
Kenaf 
[64] 20 PP/EPDM 30 MAPP ~1100 ~30 - 

Wood 
fiber 
[65] 

40 PP/EPDM 10 MAPP 4200 36 99  
(J m-1) 

 

2.6 Environmental durability of plastic composites 

Despite the efforts by manufacturers to produce durable goods, materials do fail. Many of 

these failures are caused by the exposure of materials to the environmental conditions which 

include factors listed in Table 2-4. Plastics intended for outdoor use such as automotive 

applications, beside the expected mechanical loads that are designed for, are also subject to the 

effects of sunlight, heat, humidity, rain, frost, wind gusting, sand abrasion, etc. which could 

increase susceptibility to premature failure [66]. Thus, weathering could degrade the material using 

almost all degradation mechanisms. Most of the time, this phenomenon encompasses synergistic 

effect of multiple factors. The result is often the deterioration of the polymer’s mechanical 

properties, leading to embrittlement or catastrophic failure of the product. Alternatively, a 

reduction in aesthetic properties is a common mode of failure in many polymer coatings and 

glazing. The relative importance of a given type of damage to the polymer is determined by the 
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nature and use of the product. For instance, if the deterioration of the optical properties of the 

polymer is the critical criterion of failure, then the polymer may be considered to have failed even 

when the bulk properties are largely unchanged. On the other hand, if retention of mechanical 

strength is the critical criterion, then the polymer’s appearance may be significantly altered before 

failure of the material occurs. 
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Table 2-4. Environmental factors affecting the degradation of materials. 

[Reprinted from Elsevier, Larry W. Masters, Laurence F. Bond, Weathering of Plastics 1999; 1-13, 
Copyright © 1999, with permission from Elsevier, License number: 4133131063613] 

Factors Typical range Comments 

UV radiation 295 to 380 nm UV radiation produces by sun light 

Air temperature -40 to 40 °C 

Air temperature is rarely the same as product 

temperature as other factors affecting the product 

temperature. 

Product temperature -40 to 110 °C 

Actual product temperature is a resultant of air 

temperature, infrared adsorption, effect of wind, 

and surface evaporation of water. This is a more 

parameter for testing than air temperature. 

Rain 
0 to 2500 

mm/year 

Rain could washes away components of material 

and deposits dissolved gasses. 

Relative humidity 10 to 100% 
It participates in degrading some component of 

product and also in deposition of pollutants.  

Pollutants Variable 
Pollutants includes carbon oxides, ozone, oxides 

of sulfur and nitrogen, radicals, dust particles.  

Stress Variable 
Materials degrade more rapidly under mechanical 

stress 

 

Figure 2-6 shows the common causes of failure for weathered polymer articles. Thus, it is 

of great importance to evaluate the effects of environmental factors affecting the mechanical 

properties of plastics in service life. To satisfy this objective, some critical element of experiments 
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should be designed carefully. The following major tasks should be identified and performed before 

running an environmental exposure test: 

1- Identifying the performance criteria 

2- Identifying the possible degradation mechanisms 

3- Identifying the range of changes of performance criteria 

4- Select methods of measurement 

5- Conduct the testing 

For this purpose, three types of testing are common. The first method is to measure or 

monitor the properties in an actual outdoor environment. The second method is to use lab 

instruments to replicate outdoor conditions and the third includes accelerated lab tests. In the 

second method, conditions could be harshened to run accelerated test for extrapolating the results 

for long period of service life [67]. The main objectives for testing under simulated environmental 

conditions in laboratory instrumentation are to conduct the tests under more controlled and 

accelerated conditions as compared to outdoor exposure. The reproduction of applications effects, 

on the one hand, as well as the precision and the speed on the other hand, are the key factors of a 

good accelerated weathering test. In most of the lab experiments, a xenon arc lamp is used to 

generate similar light spectrum to sunlight. Xenon lamp’s light if filtered properly, can produce a 

full spectrum of all wavelengths that exist in sunlight [68]. Also improved measuring, controlling 

and calibration techniques ensure that critical physical parameters are maintained at specific levels. 

A series of standards are available through different organization such as ASTM, DIN, SAE, ISO 

etc. Some of them are general (ASTM D4459), others are specific to the type of materials such as 

coatings or plastics and others are designed to meet certain application requirement such as 

automotive interior trim parts (SAE J2412).  
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In PP based composites, thermo-oxidative degradation is one of the major failure routes 

[69]. For testing the durability of PP based composites, two major routes are normally taken. For 

parts that are not directly exposed to the sunlight, an accelerated heating aging test is the most 

common method to evaluate the long-term performance of the parts. On the other hand, if sunlight 

is a big factor in service life of the part, such as in exterior automotive parts, then an accelerated 

UV test will be used. In a study by Butylina et al. [70] on PP/wood composites, significant color 

fading was observed after 2000 h of UV irradiation. In another PP/wood composite study by 

Mantia et al. [71], suggests that while pure PP was very vulnerable to photo-oxidation under 

accelerated testing conditions, the wood based composites had improved stability over the pure 

material. The authors suggested that this effect is mainly attributed to lignin anti-oxidative 

properties of the wood particles. However, the time interval of exposure (300 h) is much less than 

the former work, which might cause some differences in the interpretation of the results. In general, 

addition of biofillers show to have some improvement in durability of PP based composites 

[72,73]. 
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Figure 2-6. Common causes of failure for weathered polymer articles. 

[Reprinted from John Wiley and Sons, J. Scheirs, Compositional and Failure Analysis of Polymers: A 
Practical Approach; Copyright © 2000, with permission from John Wiley and Sons Limited, PLSclear 
Ref No: 3183]  
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Chapter 3: Mechanical, Chemical, and 

Physical Properties of Biocarbons 

1Miscanthus, switchgrass, and softwood chip biocarbons, produced by slow 

pyrolysis, were characterized to evaluate their properties in light of potential alternatives 

and novel applications. This work investigated the physical and chemical properties of 

biocarbons that have not been previously reported.  Atomic force microscopy (AFM), 

moisture absorption, and electrical and thermal analysis were conducted to demonstrate the 

mechanical, physical, and chemical properties of the biocarbons. In addition, elemental 

analysis, specific surface area, Fourier transform infrared in the attenuated total reflectance 

(FTIR-ATR), and X-ray diffraction were performed. The state-of-art quantitative nano-

mechanical measurement yielded a modulus of elasticity of approximately 10 GPa for the 

wood chip biocarbon, while the grass-based samples exhibited a comparatively lower 

modulus of approximately 5 GPa. In addition, the pore blocking phenomenon by water 

molecules was identified as a cause for atypical behavior of biocarbons’ moisture 

absorptions resulting in wood chip biocarbon having the lowest equilibrium moisture 

content of 6.2 wt.%. Results from electrical and thermal conductivity measurements 

demonstrated relatively lower values in comparison to carbonized biomass. 

  

                                                 

1 A version of this chapter is published as ‘Mechanical, Chemical, and Physical Properties of Wood 

and Perennial Grass Biochars for Possible Composite Application’ in Bioresources, 2016, 11 (1), 

1334-1348. 
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3.1 Introduction 

While the dependence on fossil fuels is at its peak, petroleum resources are fast 

diminishing. Petroleum-based derivatives, like energy in the form of gas to heat homes and 

gasoline/diesel to fuel vehicles, and materials such as plastics are being consumed at an alarming 

rate. In order to reduce the consumption and dependence on petroleum-based derivatives, 

alternatives have to be explored and implemented [1]. 

Shifting to more sustainable alternatives has generated increasing interest in obtaining fuels 

and chemicals from bioresources. There are two major pathways for the conversion of biomass to 

bio-fuels, involving biochemical and thermochemical treatments. These treatments have attracted 

commercial interest and have become commercialized thanks to biorefinery infrastructure. The 

thermochemical pathway has the advantage of using the entire biomass feedstock over the 

biochemical pathway which mainly consumes delignified products. Also, the use of agricultural 

and forestry materials, industrial co-products (lignin), and clean municipal disposal waste in 

thermochemical processes has been an effective way to manage waste [2]. Pyrolysis of biomass is 

a well-known thermochemical process performed at or above 500 °C in an oxygen-controlled 

atmosphere. Low density and energy biomass can be converted to higher density and/or energy 

products, such as bio-oil, bio-char, and syngas [3]. Different pyrolysis systems—known as slow, 

intermediate, and flash—are devised for producing these products [4]. Biocarbons are produced as 

the byproducts from fast pyrolysis or as the main product of slow pyrolysis of biomass. 

Fast pyrolysis is aimed at producing bio-oil. Typical yields of high energy-valued materials 

are around 75% of bio-oil, 10 to 20% non-condensable gases, and 15 to 25% biocarbon, which is 

used either as fuel or sold as additives for soil amendment. The value of biocarbon produced by 

fast pyrolysis diverted to soil amelioration has been perceived as an important source of carbon 
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sequestration. In terms of technology, a higher initial investment is associated with fast pyrolysis 

than that of slow pyrolysis. The cheaper cost of biocarbon in comparison to bio-oil justifies the 

use of fast pyrolysis because of the higher internal rate of return (IRR) [5]. Therefore, 

commercially available biocarbons are generally derived from fast pyrolysis; however, there is 

substantial growth in the production and sale of biocarbons from slow pyrolysis for materials 

applications. Thus, the yield of biocarbon in slow pyrolysis (which is the main product in this 

process) can be as high as 40%. 

With the increasing numbers of operational pyrolysis units, many of them devoted to the 

production of bio-oil or syngas, the amount of biocarbon produced by these facilities is expected 

to rise while having little to no market value because of its limited number of applications. From 

an economical viewpoint, biocarbon could add value to the biorefinery industry if value-added 

alternatives were discovered and employed. Furthermore, some evidence shows the potential 

presence of toxic elements such as polycyclic aromatic hydrocarbons (PAHs) in biocarbon [6], 

which currently limits the present use of biocarbon as a soil amender. Therefore, discovering 

alternative uses for biocarbon where PAHs do not hinder the use and also creating value-added 

products will significantly support the biofuel industry and make the system sustainable.  

Characterization of biocarbon produces fundamental knowledge about the diverse 

properties of different biocarbon for its use in different applications. For example, biocarbons 

derived from fast pyrolysis present basic chemical and physical differences compared to those 

produced by slow pyrolysis. These differences may be related to the biomass origin or may be 

attributed to variations in the processing method. Most commercial sources of bio-carbon are 

produced either from wood scraps or perennial grasses. However, a variety of materials can be 

used, such as industrial and municipal wastes [7]. The chemical and physical characteristics of 
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biocarbons produced from fast or slow pyrolysis exhibit changes in the elemental concentrations 

of C, H, N, S, O and ash, as well as in their porosity. Until now, major work in the characterization 

of biocarbon has been focused on the properties involved in the enhancement of soil fertility. 

Warnock et al. [8] studied the effect of mycorrhizal on biocarbon in relation to soil enhancement. 

Asai et al. [9] investigated the effect of biocarbon application into the soil on the growth and 

production of rice. Atkinson et al. [10] reviewed the mechanisms and effects of biocarbon on 

temperate soils. Spokas et al. [11] looked at the sorption properties of greenhouse gasses and the 

degradation of herbicides when biocarbon is added to soil. More recently, Khan et al. [12] 

evaluated properties of thermomechanical pulp sludge biocarbon as a growth media for greenhouse 

vegetables.  

Recently, many researchers have attempted to discover new applications for biocarbon 

targeting applications other than soil enhancement. Work done by Yu et al. [13] focused on the 

catalytic properties of biocarbon for the transesterification of canola oil. Koutcheiko et al. [14] 

researched biocarbon derived from wood to be utilized for supercapacitors. The utilization of 

biocarbon as a reinforcement in rubber [15], water filtration media [16], and phosphate removal 

additive [17] have been investigated. Other applications of biocarbon, such as enzyme 

immobilization [18] and asphalt flow modifier [19] have also been investigated. Emerging 

applications in biocarbon utilization require more knowledge about the general properties of 

biocarbon. Fundamental research in this area would provide a proper platform for the value-added 

utilization of co-products from thermochemical processes (biocarbon specifically) through product 

diversification. This would in turn provide a more sustainable bio-economy. 

In this study, new properties of biocarbon were investigated to evaluate the use of 

biocarbon for different applications. Properties, such as modulus of elasticity, electrical and 
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thermal conductivity, moisture absorption, elemental compositions, surface area, functional 

groups, and others were investigated. These properties were measured to generate essential 

information needed for developing potential value-added applications for biocarbon. 

3.2 Materials and Methods 

The biocarbons used in this study were miscanthus (MB), switchgrass (SB), (Genesis 

Industries, CA, USA), and softwood chip biocarbon (WCB) (Alberta Innovates Technology 

Futures, AB, Canada). All biocarbons were produced under slow pyrolysis at an average pyrolysis 

temperature of 500 °C. 

All samples were ball milled for 1 hour at 300 rpm. The rotation direction was changed 

after 30 min of milling. Each biocarbon sample was weighed to approximately 38 g and put in a 

500 mL stainless steel ball mill container. A hardened steel ball with a 40 mm diameter was used 

(ratio of ball to biocarbon was 7:1). Biocarbon was sieved using a sieve shaker to obtain a particle 

size ranging from 297 to 300 µm. These were used in the surface area measurement, thermal and 

electrical conductivity tests, and moisture absorption analysis. A similar particle size was used to 

reduce or eliminate the possible effects that different particle size ranges could have on the 

mentioned test results. 

The elements present and their compositions were determined using a Flash 2000 CHNS/O 

Elemental Analyzer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The ash content was 

determined by heating the sample in a muffle furnace according to ASTM D1762-84 (2013). 

Thermogravimetric analyses (TGA) were carried out on milled samples in a thermogravimetric 

analyzer (TA Q400, TA Instruments, USA). These tests studied the weight loss profile in a two-

step process starting with a nitrogen atmosphere and then switching to a pure oxygen environment. 
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Volatile matter and fixed carbon content were measured according to ASTM E1131-08 (2014). 

The heating rate was fixed at 20 °C/min and gas was switched over at 900 °C. 

The surface analysis was performed on a Quantachrome Nova 2000 series (Quantachrome 

Instruments, USA). Prior to testing, the sieved samples were degassed under a vacuum for 8 h at 

105 °C. The surface analysis tests were carried out using the Brunauer-Emmett-Teller (BET) multi 

point method at -196 °C using nitrogen gas at relative pressures (P/Po) ranging from 0.25 to 0.30. 

Scanning electron micrographs of the samples were taken using a Phenom Pro X 

(PhenomWorld, Netherlands) at an acceleration voltage of 10 kV. Superficial elemental carbon 

and oxygen of the biocarbons was performed using the incorporated spectroscopy technique of 

energy dispersion (EDS). 

Powders of the biocarbons were pressed flat against the diamond crystal surface of a 

Fourier transform infrared-attenuated total reflectance (FTIR-ATR) instrument (Nicolet 6700, 

Thermo Fisher Scientific, USA). The absorbance was measured from 4000 to 400 cm-1 using 32 

scans per sample and a resolution of 4 cm-1. The spectra were corrected using the surrounding air 

as the background spectrum. The results were analyzed using OMNIC Spectra software (Thermo 

Fisher Scientific). 

Moisture absorption of the samples was measured using an environmental chamber 

(Endurance® Series C340, Envirotronics, USA). The sieved samples were kept at 50% relative 

humidity and 21 °C, and weight changes were measured every 2 h for the first 10 h and every 24 

h thereafter. All samples were measured in duplicates. 

The thermal conductivity of the different biocarbons was performed using a unit TPS 500 

(ThermTest, Inc., Canada). A Kapton disc-type sensor, with a diameter of 6.378 mm, was placed 
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between the powdery biocarbons and held in place by the sample holder. Three experiments were 

conducted per sample. The conditions of each experiment were 250 mW, 10 sec, and 60 Hz. 

The electrical conductivities were measured using an Autolab PGSTAT302N (Metrihm 

Autolab BV, Netherlands) installed with a module FRA32 M for impedance. The frequency range 

was 400 to 600 Hz at a sine wave amplitude of 10 mV. The test was performed at room temperature 

(23 °C). Small amounts of each sample (0.3 g) were placed in a cylindrical groove featuring a 10 

mm inside diameter and then compressed at 12 KPa (using the weight of the upper piston between 

the two aluminum pistons). Data were acquired using Nova 1.8.17 software (Quantachrome 

Instruments, USA).  

Fifty grams of dried milled biocarbon was sieved into various particle sizes using a sieve 

shaker for 10 min. The weight of the sieve before and after sieving was recorded and the difference 

was recorded as the weight fraction of the particle size distribution of the biocarbon. 

X-ray diffraction (XRD) measurements were recorded using a Powder Diffractometer 

(Stoe & Cie GmbH, Germany) with an Enraf Nonius F571 Cu rotating anode using the Kalpha1 

and Kalpha2 wavelengths. A Moxcet solid state detector was used, and the rotating anode was run 

at 40 keV and 20 mA. 

Biocarbon Derjaguin-Muller-Toporov (DMT) elastic moduli were measured using a 

Nanoscope Multimode 8 (Bruker, USA) featuring a NanoScope V controller and NanoScope 

version 8.10 software. Image processing and data analysis were performed with the NanoScope 

Analysis software version 1.50. Peak force quantitative nano-mechanical (PFQNM) mode, with a 

high-sensitivity silicon probe known as a TAP500a, was used to scan the samples. Samples were 

prepared by embedding biocarbons in a polypropylene (PP) matrix at 40 wt. % loading. All 
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samples were microtomed (Leica Ultracut, Leica, Wetzlar, Germany) to obtain very flat surfaces 

for atomic force microscopy (AFM) analysis. The cantilever was calibrated using a polystyrene-

based film (PS) reference standard, provided by the Bruker Company (Santa Barbara, CA, USA), 

before the DMT modulus was determined. As a result, the tip radius was estimated at 15.3 nm, 

with a spring constant of 70 N/m. The average deformation on the reference PS film was captured 

through the deformation channel (2.84 nm). The modulus measurement of force set points was 

changed in order to produce the same amount of deformation on the biocarbon’s surface. The 

schematic of the force curve and modulus measurement is depicted in  Figure 3-1. Modulus 

measurement were performed when the tip is withdrawing from the sample surface. 

3.3 Results and Discussion 

The elemental composition, surface, and EDS analysis results for all the biocarbons are 

listed in Table 3-1. No traces of sulfur were detected in any of the biocarbon samples. The highest 

and lowest amounts of ash were found in switchgrass and wood chip biocarbons, respectively. 

Nitrogen was found to be higher in miscanthus and switchgrass (grass samples) compared to wood 

samples, which is consistent with that fact the nitrogen is more abundant in grasses than woods 

[20]. The amount of ash in switchgrass and miscanthus was consistent with the results obtained by 

Tanger et al. [21]. The atomic ratios of O/C obtained from the EDS analysis were used to compare 

the abundance of oxygenated groups on the surface of the biocarbons [22]. The comparison of 

these ratios revealed that double the oxygenated groups existing on the surface of MB and SB than 

WCB. 

The surface area of the WCB was approximately 10 times that of SB and 15 times that of 

MB. This result is further discussed in relation to the moisture adsorption and morphology. The 
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SEM micrographs of the biocarbons (Figure 3-2) show the MB and SB having porous structures 

with many grooves, while the WCB does not seem to have any visible pores in this scale. However, 

WCB exhibits the highest surface area from the BET results (Table 3-1), suggesting that the 

porosity was in the scale, which could not be visualized using SEM. On the other hand, the AFM 

height images of the microtomed biocarbons demonstrated a large difference in the porosity 

between samples. This was also confirmed through the shape of the adsorption isotherm curve, 

which tended to reach a saturation as P/P0 approaching one [23]. 

 

 

Figure 3-1. Schematic of a force curve in modulus measurement by AFM  
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Figure 3-2. Top - Micrographs of (A) Miscanthus biocarbon, (B) Switchgrass biocarbon, and 
(C) Wood chip biocarbon. Middle - AFM height images of microtomed biocarbons embedded 

in the PP matrix. Bottom - Nitrogen adsorption isotherm for corresponding biocarbons  
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Table 3-1. Elemental Composition, Atomic Ratio, Fixed Carbon, Volatile Matter, and BET N2 Surface Area of Biocarbons 

 Component, wt.% 
Atomic 

ratio a 
SA 

Total 

pore 

volume 

EDS 

Sample 
C 

(%) 

H 

(%) 

N 

(%) 

O 

(%) 

Ash 

(%) 

Fixed 

carbon 

(%) 

Volatile 

matter 

(%) 

H/C O/C (m2/g) 
(cc/g) 

[10-2] 
C (%) O (%) O/C 

MB 
66.49 

(0.38) 

2.90 

(0.07) 

1.59 

(0.34) 

22.88 

(0.51) 

8.4 

(0.03) 

58.04 

(0.25) 

30.81 

(0.29) 

0.5

2 

0.2

6 

6.52 

(0.96) 

1.23 

(0.18) 

67.6 

(0.80) 

31.0 

(0.85) 
0.34 

SB 
59.16 

(0.25) 

2.37 

(0.08) 

1.10 

(0.09) 

18.95 

(0.07) 

19.4 

(0.03) 

48.32 

(0.54) 

27.75 

(0.28) 

0.4

8 

0.2

4 

10.26 

(0.39) 

2.12 

(0.16) 

64.8 

(2.23) 

31.0 

(0.85) 
0.36 

WCB 
81.01 

(2.45) 

2.40 

(0.13) 

0.50 

(0.15) 

11.15 

(0.62) 

1.3 

(0.70) 

75.24 

(0.76) 

18.72 

(0.43) 

0.3

6 

0.1

0 

103.5 

(1.64) 

7.76 

(0.61) 

81.6 

(0.30) 

18.4 

(0.30) 
0.17 

a Atomic ratios are calculated from CHNS/O results 

Standard deviations are in parenthesis 
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The FTIR spectrum of the MB and SB show a more pronounced peak at 3400 cm-1 which 

correspond to the hydroxyl groups [24] while almost flat in that of the WCB (Figure 3-3). 

According to the results from the elemental analysis, MB and SB exhibited the highest O/C ratios, 

which suggested the less pronounced peak of WCB. The SB exhibited a distinct peak at 1080 cm-

1. This peak corresponded to the C-O stretching from carbohydrates [25]. The presence of 

carbohydrates may also explain the moisture uptake of SB compared to the other samples, as 

carbohydrates are hydrophilic because of the saturation with OH groups. The presence of several 

peaks common to all biocarbons was observed from the FTIR spectrum. One such peak, arising at 

2920 cm-1, was related to the aliphatic C-H stretching vibration [26]. The stretching vibration by 

the carbonyl groups of the carboxyl groups can be related to the peak at 1700 cm-1 [27]. The C=O 

stretching and aromatic C=C vibrations were attributed to the peak at 1580 cm-1 [28]. The peak at 

875 cm-1 represented the out-of-plane deformation produced by aromatic C-H atoms [27].   
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Figure 3-3. FTIR spectra of biocarbons 

 

The XRD patterns of the biocarbons are represented in Figure 3-4 with the diffracted beam 

as the intensity and as a function of the Bragg angle (2θ). Sharp peaks in the SB indicated the 

presence of various inorganic components, which were related to the crystalline forms of SiO2 and 

CaO [29,30]. Our data suggests that most of the crystalline regions that are present in the biocarbon 

come from the cellulose crystallinity and turbostratic crystallites are very limited in the structure. 

The WCB exhibited a peak at 43.5 °; however, this was absent in the other biocarbons. This peak 

corresponded to the formation of turbostratic carbon crystallites within the biocarbon’s structure 
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[29]. Compared to the XRD peaks of synthetic graphite [31], all biocarbons consisted of broad and 

featureless structures. All the results were consistent with the phase diagram and XRD results 

presented in the work done by Keiluweit et al. [32]. 

 

Figure 3-4. XRD patterns for biocarbons 

 

The results from the estimation of the particle size distribution, with respect to weight 

fraction, are shown in Figure 3-5. It was observed that the particle size distributions of the milled 

biocarbons are mostly within the 0 to 150 µm range, with about 50% within the 0 to 75 µm range. 

A significant weight fraction of the WCB was within the particle size range of greater than 500 

µm. This was because the dense and hard particles within the wood chips were not easily broken 

down during the milling process. 
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Figure 3-5. Particle size distribution of biocarbons 

 

Water adsorption of the pyro-carbons was highly dependent on the surface properties of 

the particles: surface area, pore volume and size, oxygenated groups, carbon content, etc. High 

surface area, pore volume, and pore size generally results in a higher moisture uptake, while the 

lack of oxygenated groups may reduce the uptake significantly. This is because the affinity 

between oxygenated groups and water molecules occurs through hydrogen bonding [33].  

The moisture adsorption of the biocarbons (Figure 3-6) shows that the SB exhibited the 

highest uptake, while the MB and WCB were relatively comparable. It was expected that the WCB 

would exhibit the highest moisture content because of its surface area, which was approximately 

10 to 15 times greater than SB and MB. This behavior could be attributed to the combined effect 

of surface area, pore blocking, and oxygenated groups of the biocarbons [33]. 
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As water molecules meet the surface of the biocarbons, they first bond to the existing 

surface oxygenated groups through hydrogen bonding. The amount of carbon, oxygen, hydrogen, 

and their atomic ratios (Table 3-1) suggest that the SB and MB contained more oxygenated groups 

than the WCB. This could have significantly increased the moisture uptake behavior of the SB and 

MB surfaces. The BET measurement (Figure 3-2) suggested that the WCB had a micro-porous 

structure (pores with an opening less than 20 Å), while the SB and MB had a macro-porous 

structure (pores with openings exceeding 500 Å), which was observed in the SEM micrographs. 

The water molecules of SG and MB were able to freely penetrate the structure because of the 

macro-pore size, while in the case of WCB, the micro-pores could easily be blocked or clogged by 

the bridging of the water molecules. Bridging of the water molecules resulted from a strong binding 

affinity. With the water molecules having a cross sectional area of 10.6 Å2/ molecule [34], they 

could easily block the pores of the WCB, which has a cross sectional area of less than 20 Å. 
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Figure 3-6. Moisture absorption behavior of biocarbons 

 

The DMT moduli of all biocarbons are depicted in Figure 3-7. Several images were taken 

from different sections of the composites and the images are representative off all scanned areas 

(Figure 3-7). Height images show no differences larger than 800 nm. 
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Figure 3-7. DMT modulus images of A) MB, B) SB, and C) WCB in PP matrix 

 

Modulus measurement results show that the wood chip biocarbon had the highest DMT 

modulus compared to the other biocarbons. Table 3-2 summarizes the modulus values for all four 

biocarbons. Moduli of both grass-based biocarbons were fairly similar, while the wood-based 

biocarbon was almost double. This could be related to the higher amount of fixed carbon existing 

in wood chip biocarbon sample. 

 

Table 3-2. Mean DMT Modulus Values for the Biocarbons 

Samples 
DMT Modulus 

[GPa] 

Miscanthus Biocarbon (MB) 5.03 ± 0.76 

Switchgrass Biocarbon (SB) 6.26 ± 1.43 

Wood Chip Biocarbon (WCB) 10.66 ± 1.9 
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The ability of the biocarbons to effectively conduct electricity depends on several factors, 

such as the packing density of the biocarbon particles, particle size, surface elements (especially 

oxygen groups present on the biocarbon), crystalline structure, and available electrons within their 

structures [35]. The structure of biocarbon produced at temperatures below 500 °C typically have 

less aromatic structures, and therefore have fewer available electrons for conducting electricity 

[32]. Furthermore, the XRD analysis shows the undeveloped crystalline structure of the 

biocarbons. Therefore, biocarbon, in comparison to carbonized biomass, such as lignin [36], have 

a much lower electrical and thermal conductivity. From the results of the electrical and thermal 

conductivity testing, there were no notable differences between the values of the biocarbons 

resulting from differences in the surface elements. The electrical and thermal conductivities of the 

biocarbons are listed in Table 3-3. 

 

Table 3-3. Thermal and Electrical Properties of the Biocarbons 

 Thermal Properties Electrical Property 

Sample 
Conductivity 

(10-1 W m-1 K-1) 

Diffusivity 

(10-2 mm2 s-1) 

Specific Heat 

 (MJ m-3 K-1) 

Electrical 

Conductivity  

(10-3 Sm-1) 

MB 1.52 ± 0.04 6.7 ± 0.36 2.3 ± 0.075 9.5 ± 0.50 

SB 1.53 ± 0.06 5.2 ± 0.48 2.2 ± 0.106 8.7 ± 0.15 

WCB 1.75 ± 0.06 6.2 ± 0.51 2.9 ± 0.144 9.4 ± 0.06 

 

The results of the thermal and electrical conductivity tests were similar. There were 

marginal differences in the WCB thermal and electrical conductivity that may have been because 

of its turbostratic structure, observed from the XRD spectra. It was difficult to correlate these 
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results because there were many contributing factors, such as the heterogeneity of particle shapes, 

particle sizes, porosity, chemical composition, crystallinity, presence of impurities, etc. 

3.4 Conclusions 

1. The high elastic modulus and availability of surface functional groups indicate that biocarbons 

could be promising as the reinforcement of bio-filler for polymer composite applications. 

2. The smaller pore size and higher pore volume of wood chip biocarbon compared to other 

biocarbons revealed its benefit for filtration applications.  

3. The moisture analysis showed that the pores of WCB were too small for water molecules to be 

absorbed into its structure. Therefore, the high surface area resulting from its porosity would 

not be accessible by polymer molecules. The reduction in WCB particle size will allow for 

further increases in surface area and interaction with polymer chains.  

4. Short cycle mechanical milling proved to be an effective method for reducing the WCB particle 

size.  

5. Regardless of the biomass source, a 500 °C pyrolysis temperature does not result in enough 

crystalline structure to enhance the thermal and electrical conductivities. Hence, an elevated 

pyrolysis temperature is suggested for applications which require better electrical and thermal 

properties. 
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Chapter 4: Biocarbon-Toughened 

Polypropylene Biocomposites 

1Using biocarbon as a biobased filler in polymers is gaining increased attention 

because of its carbon neutrality and low cost. However, systematic studies investigating 

the effect of pyrolysis temperature on the surface characteristics and properties of 

biocarbon and how these biocarbon affect the composite properties are lacking. In this 

study, biocarbons from pyrolyzed miscanthus grass at two different conditions were 

characterized for their physical and chemical properties for biocomposites uses. To 

evaluate the effect of these biocarbons in polyolefin based biocomposites, two loading 

levels of 10 and 20 wt. % of each biocarbon sieved to a particle size range of 20-75 µm 

were melt blended with a toughened polypropylene/poly (octene-ethylene) copolymer 

(POE) (70/30 wt. %) blend. The results validated that higher pyrolysis temperature 

eliminated the surface functional groups and increased the specific surface area which 

promoted better compatibility between the biocarbon and polyolefin matrix. Also, the high 

temperature pyrolyzed biocarbon (HTBioC) produced significantly better stiffness-

toughness balance in the composite compared to low temperature pyrolyzed biocarbon 

(LTBioC). Morphology of the composites and biocarbon were analyzed by scanning 

electron microscopy (SEM), nano-mechanical mapping through atomic force microscopy 

(AFM), surface area and pore size distribution measurements. The results confirmed 

encapsulation of both types of biocarbons by the POE phase. Filler-polymer interactions 

were compared using dynamic strain and frequency sweep rheometry and results were 

suggesting that HTBioC had stronger interactions with the matrix. While HTBioC caused 

nucleating effect on the matrix no changes were observed in crystallization behavior of 

LTBioC based composites. 

                                                 

1 A version of this chapter is published as ‘Sustainable biocarbon from pyrolyzed perennial grasses 

and their effects on impact modified polypropylene biocomposites’ in Composite Part B: 

Engineering, 2017, 118, 116-124. 
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4.1 Introduction 

Replacing traditional synthetic fillers with biobased fillers in polymer composites has 

become increasingly popular over the past decade.  The urge to reduce dependence on petroleum, 

along with the low cost to density ratio has aided the acceptance of biobased fillers in various 

composite applications [1–5]. Rubber toughened polypropylene (PP) is one of the most studied 

matrices in polymer composite applications. Composites of toughened PP and reinforcing fillers 

are frequently used in automotive interior and exterior parts because of their well-balanced 

toughness and stiffness [6,7].  Rubbers, such as ethylene propylene diene (EPDM) or ethylene 

propylene rubber (EPR) were traditionally used in these composites [8]. However, a new 

generation of metallocene ethylene/alpha olefin elastomers such as poly octene ethylene (POE) or 

poly butene ethylene (PBE) showed improved impact toughness at the same loading levels [9].  

Although the addition of a rubbery phase is necessary to improve the toughness of PP, the stiffness 

of the toughened PP is significantly lower than the pure PP. Fillers as such talc, nano-clay, calcium 

carbonate, glass fiber, etc., were added to the toughened PP to compensate for the stiffness loss 

and to balance the properties as real world application requirements. All the components of such 

composites are either petroleum or mineral based materials: however, there is an increasing interest 

to investigate bio-based substitutes for these materials. 

Charred biomass, known as biocarbon or biocarbon has recently gained increased attention 

as a renewable carbon filler for polymers [10–18].  Biocarbon is a carbon-rich residue (by-product) 

of a biomass conversion to biofuel and bioenergy through a thermochemical process known as 

pyrolysis. In a typical slow pyrolysis system, biocarbon yield is close to 30% of the output [19].  
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Substantial steps are being taken to transition from a petroleum based economy to a 

biobased economy, where material wastes are minimized and greenhouse gas emissions are 

reduced. This has led to the development of biorefineries, where biomass is converted to a wide 

range of products and energy. As the scale of activities related to the biorefinery concept are 

expected to grow, an increase in the number of pyrolysis units are also expected to increase [20]. 

Therefore, finding value added application for the by-products of the pyrolysis process such as 

using biocarbon as a filler will aid in realizing the full potential of the biorefinery. 

In terms of feedstock, almost all types of organic materials such as forestry, agricultural 

wastes, grasses, energy crops, bones, and manure could be fed into a pyrolysis unit to produce 

biofuel, bioenergy and biocarbon. However, the yield and final product properties would be greatly 

dependent on the original feedstock and pyrolysis conditions [21,22]. Having flexible and 

abundance feedstock sources significantly lowers the production cost of biocarbon compared to 

other carbon-based fillers [15].  The final price of biocarbon is related to many different factors 

including the type of pyrolysis unit, material feedstock, other products of pyrolysis, carbon credit 

market demand production scale and, etc. Different scenarios have been investigated in literature 

and it shows that waste derived biocarbon can have a price as low as USD 37 per metric ton [23].  

In addition to all these advantages, pyrolysis is also well known to be a waste management 

technique for converting organic waste into useful products. It has been already used in many 

countries to treat the waste accumulation problems and also as a method to deal with hazardous 

waste [14].  

Therefore, for a pyrolysis system to be feasible, biocarbon application should be diverse. 

However, the high revenue applications of biocarbon are very limited and needs more exploration 
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for their enhanced commercial value and to improve the biocarbon economics aiming towards a 

sustainable growth of the pyrolysis industries. Biocarbon as a renewable carbonaceous material 

fits well into the high-volume applications such as polymer composite.  

Most of the available literature is centralized around the properties of biocarbon that related 

to its usage as a soil improver. These studies showed that several processing factors would 

determine the physical and chemical structure as well as properties of the pyrolysis products [22]. 

The most important factor is the temperature at which the conversion is occurring (pyrolysis 

temperature), and also the residence time of the biomass inside the pyrolysis unit [24]. Behazin et 

al. [25] characterized the properties of the biocarbon for polymer composite applications. The 

elastic modulus of biocarbon from slow pyrolysis process was found to be varied greatly by the 

biomass source. Further investigation on functionalization of biocarbon for composite application 

was done by Anstey et al. [26]. In this work, they showed that biocarbon could be successfully 

functionalized by acid treatment, but the thermal stability of the functionalized biocarbon was 

reduced. Several researchers have attempted to incorporate biocarbon into polymeric systems to 

improve the mechanical or electrical properties of the matrix polymer. Nan et al. [15] investigated 

polyvinyl alcohol (PVA) and biocarbon composites for improved electrical properties. Addition 

of 10 wt. % biocarbon was found to significantly improve the electrical conductivity to the levels 

comparable to graphene filled PVA. But the tensile strength and toughness of PVA reduced 

considerably. Recently Das et al. [13] used biocarbon from woody waste in wood polypropylene 

composites and observed that 24% loading of the biocarbon resulted in the highest tensile and 

flexural moduli of the hybrid composite. Limited amounts of bamboo biocarbon has also been 

reported to improve the poly lactic acid properties [27]. The increase in tensile strength and 

modulus of the composites were attributed to high surface area of the bamboo biocarbon. Also the 
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use of miscanthus based biocarbon in polyamide 6, 10 caused significant increases in heat 

deflection temperature and stiffness compare to pure polymer [10]. The elastomer/biocarbon 

composites were investigated by Peterson et al. [11]; biocarbon was added to styrene butadiene 

rubber which was used to replace the petroleum based carbon black. High ash content of some 

biocarbons was found to be detrimental to the reinforcing properties of this bio-filler.  In most of 

the published works, biocarbon has been used as a co-filler and the effect of biocarbon alone was 

rarely investigated.  

In this study, the properties of the toughened PP/biocarbon composites were explored in 

regard to biocarbon properties. Especially the effect of biocarbon pyrolysis temperature was 

investigated on the properties of the biocarbon itself and their corresponding effects on final 

composites toughness and stiffness balance. The focus of this work is to identify the properties 

that play a key role in determining the interaction of biocarbon with the toughened PP matrix. 

4.2 Materials and Methods 

In this study, miscanthus biocarbon (MB) from two different slow pyrolysis units were 

used to prepare biocomposites samples. The first type (LTBioC) was pyrolyzed at ~500 °C by 

Genesis Industries, CA, USA. The second type (HTBioC) was pyrolyzed at ~900 °C by 

Competitive Green Technologies, Leamington, ON, Canada. In both processes, after a pre-drying 

cycle, 300 kg of the chopped miscanthus grass was conveyed through the pyrolysis chamber using 

an auger system which took 15 minutes from entrance to exit. The whole chamber was set at the 

above-mentioned temperatures. The miscanthus grass for both processes were supplied by New 

Energy farms, Leamington, ON, Canada.  



81 

 

Injection molding grade of polypropylene (PP) pellets, (trade name 1335Z) was a product 

of Pinnacle Polymers LLC., LA, USA. Melt flow index (MFI) at 230 °C/2.16 Kg and density of 

PP were 35 g/10min and 0.9 g/cm3, respectively. The polyolefin elastomer used was an ethylene-

octene copolymer (POE) a product of Dow Chemical Company (trade name Engage 8137) in the 

form of pellets. The MFI at 190°C/2.16 kg and density of POE were 13 g/10min and 0.866 g/cm3 

respectively.  

HTBioC biocarbon was hammer milled by the supplier to less than 400 µm. However, the 

LTBioC sample was in the form of fiber chunks. Therefore, LTBioC was crushed into smaller 

particles using a kitchen blender (Nutri Ninja, Ninja kitchen). To eliminate the effect of particle 

size on properties, both biocarbons were first sieved to particle size range of 20-75 µm using a Ro-

tap sieve shaker (W.S. Tyler, OH, USA), fitted with appropriate Tyler sieves. To efficiently 

remove the unwanted particles smaller than 20 µm from the surface of bigger particles, 20-75 µm 

biocarbons were sieved again using a 20 µm sieve through an air assisted sieving machine (Air-jet 

200, Retsch, Germany). Biocarbon particles remaining on top of the 20 µm sieve were collected 

and used for all characterizations and biocomposite preparations. In this method, any particle that 

has a cross section in the range of the sieves opening (20-75 µm) would be trapped in between the 

two sieves. Because of mechanical tapping, larger particles (length wise) tend to nose dive into the 

sieve opening, therefore, the mentioned range is more likely to correspond to the width of the 

particles. 

Multi-point Brunauer-Emmett-Teller (BET) was used to estimate the surface area and pore 

volumes of biocarbons using Quantachrome Nova 2000 series (Quantachrome Instruments, USA). 

All samples were degassed in sample tubes for 8 h at 105 °C under vacuum. The most linear portion 

of the relative pressures (partial over the saturated vapor pressure of adsorbate gas, P/Po) from 
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0.25 to 0.30 was chosen for BET analysis. Quenched solid density function theory (QSDFT) 

method was applied to the adsorption data to obtain the pore size distribution for each biocarbon. 

The QSDFT models are known to be robust methods for characterization of carbon with high 

heterogeneous surfaces as compared to other methods for calculation of pore size distribution [28]. 

After collecting the background of Fourier transform infrared spectroscopy (FT-IR) grade 

KBr powder, samples were prepared by diluting them with the KBr powder (1:9 sample to KBr 

ratio) and tested by diffuse reflectance method in FT-IR instrument (Nicolet 6700, Thermo Fisher 

Scientific, USA) and scanned from 4000 to 400 cm-1. For each sample, 512 spectra were recorded 

at a resolution of 4 cm-1 and processed using the OMNIC spectra software (Thermo Fisher 

Scientific). 

AFM imaging of the samples was performed using peak force quantitative nano-

mechanical (PFQNM) mode with NanoScope Multimode 8 (Bruker, USA) equipped with a 

NanoScope V controller and NanoScope version 8.10 software. NanoScope Analysis software 

version 1.50 was used for image processing and data analysis. A high-sensitivity silicon probe 

known as a TAP525a was selected to scan the samples. 

The ratio of PP to POE was kept constant at 70/30 weight % for all the formulations in this 

study.  Biocarbon was added to this blend at two levels of 10 and 20 wt. %. All the composite 

constituents were mixed together and processed in single stage using DSM Xplore micro 

compounder (Netherlands). All the formulations were processed at 190 °C, at a screw speed of 

100 rpm (co-rotating) for a period of 120 s and then transferred to the DSM Xplore injection 

molding machine to make test specimens. The injection, packing and holding pressures and 

duration were 4, 8, 8 bar and 4, 6 and 10 s respectively. Mold temperature was kept constant at 40 
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°C during all injections. Table 4-1 shows all the formulation and corresponding designation used 

in this study. 

 

Table 4-1. Sample designation and formulation of unfilled and biocarbon filled composites 

 Matrix (wt. %) Biocarbon (wt. %) Compact formula 

PP/POE 100 0 [70/30] 

[PP/POE]/HTBioC 90 10 [70/30]/10 

[PP/POE]/HTBioC 80 20 [70/30]/20 

[PP/POE]/LTBioC 90 10 [70/30]/10 

[PP/POE]/LTBioC 80 20 [70/30]/20 

 

Thermal behaviors of samples were analyzed by DSC Q200, TA instrument (USA) under 

nitrogen flow at a rate of 50 mL/min.  Flat pieces of about 10 mg removed from the core portion 

of an untested impact bar were used for the analysis. Sample were heated to 220 °C at the rate of 

10 °C/min, subsequently cooling to -50 °C with 5 °C/min ramp and reheated to 220 °C with 10 

°C/min heating rate. Average value of properties such as melting temperature (Tm), crystallization 

temperature (Tc), and crystallization enthalpy (Hc) were determined from at least two separate 

samples. The specific melting enthalpy for 100% crystalline polypropylene as 209 J/g [29] was 

used for calculating the crystallinity of PP phase. 

Viscoelastic behavior of the samples was investigated using a DMA Q800(TA instrument, 

USA) in a dual cantilever mode. Samples were tested by heating from -110 to 150 °C with 3 
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°C/min ramp rate, 1 Hz frequency and 0.1 % strain (equals to 40 µm of amplitude which was tested 

to be within the linear viscoelastic range). At least three specimens were tested for each 

formulation.  

Rheological properties were measured using Anton Paar MCR 302 rheometer (Anton Paar 

GmBH, Graz, Austria) equipped with a convection temperature device unit (CTD 450).  

Experiments were performed with parallel plate geometry with a plate dimeter of 25 mm at 220 

°C under nitrogen purge. Samples underwent two oscillatory strain sweeps from 0.01 to 100 % at 

a fixed frequency of 1 Hz. The second strain sweep was preceded by a relaxation period of 30 min 

in which the shear rate decayed to a constant value (fixed frequency control of 1 Hz was removed 

and samples were allowed to shear freely to relax). The stability of samples was checked first by 

a time sweep test (figure S.5). The frequency sweep tests were done from 0.2 to 200 rad/s at 0.01 

% strain amplitude.   

Tensile properties of the composites were measured with an Instron universal testing 

machine (Norwood, MA). Type IV specimens were tested according to the ASTM D638-14 

protocol with the test speed of 50 mm/min at room temperature and 50% relative humidity. 

Flexural properties were measured according to ASTM D790-15 procedure B with crosshead 

speed of 14 mm/min and span length of 52 mm. Impact strength of the sample were measured in 

accordance with ASTM D256-10. The samples were notched 40 hours before the test. The tests 

were conducted on a TMI monitor impact tester (Testing machine Inc. DE, USA) with 6.779 J (5 

ft.lb) pendulum at room temperature. Five replicates were tested for each of the mechanical tests. 

Fracture surface morphologies of samples were observed by scanning electron microscopy 

(SEM), Phenom ProX (Phenom World BV, Netherlands) equipped with a back-scattering electron 
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(BSE). Cressington sputter coater 108 was used to gold coat the composite samples for 15 s under 

an argon atmosphere. Impact samples were cooled to liquid nitrogen temperature and then 

fractured using impact tester. Cryo-fractured samples were etched using normal heptane to remove 

the POE phase. Samples were immersed in 50 °C n-heptane for 3.5 h and dried using vacuum oven 

before gold coating. 

4.3 Results and Discussion 

The FT-IR spectra of miscanthus fiber, LTBioC and HTBioC biocarbons are depicted in 

Figure 4-1. LTBioC showed different peaks for functional groups while the HTBioC mainly 

consisted of carbon (78.8 ± 0.83 %) which was also verified by elemental analysis. LTBioC spectra 

showed two pronounced peaks at 3333 and 1700 cm-1, which correspond to the hydroxyl and 

carbonyl groups of carboxylic acid, respectively [30–32] while the HTBioC was nearly flat in that 

region. Peaks at 1600 cm-1 and the three bands between 750 and 887 cm-1 are evidence for the 

presence of aromatic carbon in LTBioC biocarbon. The effect of pyrolysis temperature on removal 

of functional groups can be clearly seen once the spectra of the two biocarbons are compared to 

miscanthus grass. Readers are referred to the previous work of the authors [25] for detailed 

discussion on the LTBioC functional groups. The spectrum of HTBioC was shifted to a lower 

reflectance. The downward shift is assigned to low energy excitations of condensed aromatic 

structure which is a common phenomenon in carbonized materials [33]. Furthermore, the decrease 

in molar ratio of hydrogen and oxygen to carbon (Table 4-2), resulted from removing O- and H-

containing functional groups with increasing temperature, causing the HTBioC to have lower 

polarity as compared to LTBioC [34,35].  

 



86 

 

Table 4-2. Hydrogen and oxygen to carbon molar ratio of the biocarbons 

 H/C O/C 

HTBioC 0.165 0.075 

LTBioC 0.529 0.458 

 

Based on these inferences, LTBioC is expected to have a more polar surface compared to 

HTBioC. On the other hand, development of graphitic structures under high pyrolysis temperature 

could improve the stiffness of the biocarbon. Das et al. [36] conducted a nano-indentation 

experiment on different biocarbons and observed that the elastic modulus of the Pine saw dust 

biocarbon produced at 950 °C is twice as stiff as the same material processed at 350 °C. 

 



87 

 

  

Figure 4-1. FT-IR spectra of a) miscanthus fiber b) LTBioC and c) HTBioC miscanthus based 
biocarbons 

 

The surface area (SA) and pore volume of HTBioC (216.3 m2/g and 0.115 cc/g) are 

significantly higher than those of LTBioC (3.30 m2/g and 0.06 cc/g). Since the biocarbons were 

sieved to same particle size, the difference in SA resulted from the high porosity of HTBioC should 

have been created by higher pyrolysis temperature. Keiluweit et al. [37] observed a similar trend 

in SA of fescue grass when pyrolysis temperature increased from 100 to 700 °C. They concluded 

that because turbostratic structures are denser than the original amorphous carbon; nano-pores (d 

< 2 nm) will be produced because of conversion of the latter structure into the former under high 
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temperature. However, the total amount of turbostratic phase was limited compare to main 

amorphous phase and hence no peaks related to this change was observed.  

 

Figure 4-2. Pore size distributions of LTBioC and HTBioC miscanthus based biocarbons 

 

The QSDFT differential pores size distributions (dV(r)) of HTBioC and LTBioC are 

depicted in Figure 4-2. The pore volume distribution for HTBioC was found to be below half pore 

width of 15 Å. In the case of LTBioC, most of the pore volume was related to the pores with 15 Å 

and higher half-pore width. This evidence along with FT-IR observations suggest that the high 

surface area of HTBioC is a result of turbostratic structure development. The higher surface area 

of this sample could be beneficial for interaction with polymer chains. 



89 

 

Tensile properties of the toughened PP blend and composites with biocarbon are provided 

in Figure 4-3. The differences in the biocarbon properties did not affect the tensile strength at yield 

of the composites; however, all the composites had lower tensile strength compared to the 

toughened PP. This suggests that LTBioC and HTBioC had poor bonding with the matrix and the 

particles were unable to carry the load. On the other hand, tensile moduli of HTBioC composites 

were higher than the original blend and LTBioC composites. This could be attributed to a relatively 

higher modulus of the HTBioC biocarbon due to the higher amount of turbostratic structure and/or 

higher amount of mineral (ash) content in its structure. Since the biocarbon modulus is greater than 

the matrix [25], it was expected that the moduli of the composites to be significantly higher than 

the matrix. However, only the 20 wt. % loaded HTBioC composite showed slight improvement in 

modulus. This observed behavior is similar to conditions where the hard filler particles are 

encapsulated by the softer phase (POE phase) of the matrix which hinders the stress transfer to the 

hard filler particles [38]. According to this theory, in the 10 wt. % loaded composites, because the 

rubber to biocarbon ratio is higher, encapsulation is more probable, therefore the difference 

between the LTBioC and HTBioC is very marginal. This ratio became smaller in 20 wt. % loaded 

samples and hence the difference in modulus become more prominent. Added to this effect, there 

might be some differences in the extent of encapsulation between the two biocarbon which might 

also affect the results. However, this cannot be conclusively observed from SEM images. 
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Figure 4-3. Tensile properties of a) PP/POE [70/30], b) [PP/POE]/LTBioC [70/30]/10, c) 
[PP/POE]/LTBioC [70/30]/20, d) [PP/POE]/HTBioC [70/30]/10 and e) [PP/POE]/HTBioC 

[70/30]/20 

 

An increase in biocarbon content from 10 to 20 wt. % led to the similar decrease in the 

yield strain of both systems, which indicates that the plastic deformation was independent of the 

biocarbon type. Maximum flexural stress and modulus of biocomposites followed the same trend 

as tensile properties. 

Tensile and Impact toughness of the biocomposites can be gauged through elongation at 

break and notched Izod impact strength data, respectively (Figure 4-4). Both elongation at break 

and impact strength of the biocomposites decreased while increasing the biocarbon loading. All 

the five specimens of the PP/POE samples underwent a non-break mode, while all the composites 

specimens broke under complete break mode and in no-case the combination of different fracture 
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mode observed within one sample set. Addition of biocarbon into the matrix greatly reduced the 

impact toughness of the composite in both cases. This behavior was expected due to the 

incompatible nature of both fillers and the matrix, especially in the case of LTBioC. The impact 

strength of 10 and 20 wt. % HTBioC samples was 28 and 39% higher than corresponding LTBioC 

samples. Normally, there is a tradeoff between stiffness and toughness in composites and 

simultaneous improvement toward larger stiffness and impact resistance rarely happens [39]. 

Overall, the results showed that HTBioC based composites had a better stiffness-toughness balance 

compared to LTBioC. Reasons behind such behavior are discussed further in correlation with 

morphology and interaction between matrix and particles. 

 

  

Figure 4-4. Tensile and impact toughness of a) PP/POE [70/30], b) [PP/POE]/LTBioC 
[70/30]/10, c) [PP/POE]/LTBioC [70/30]/20, d) [PP/POE]/HTBioC [70/30]/10 and e) 

[PP/POE]/HTBioC [70/30]/20 
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Figure 4-5 (A to D) shows the SEM images of the impact fracture surface for the 

composites with 20 wt. % biocarbon loading. It should be noted that there was a good distribution 

of biocarbon particles within the matrix (Figure S3). In the higher magnification micrographs (C 

and D), residuals of the matrix can be found on the HTBioC particle surfaces (it is shown by red 

arrows and circles). While in the case of LTBioC, the surface is clean and free from any residual, 

which is an indication that the HTBioC biocarbon has better compatibility with the matrix than 

LTBioC. Many empty macro pores were observed in broken pieces of both biocarbons, which 

suggests that these pores were not accessible by the matrix. These pores could act as a source of 

crack initiation within each particle. After the etching of the POE phase, the interface around the 

biocarbon particles seemed to be removed by the solvent. This is suggesting that the large portion 

of the interface should have consisted of the POE phase. The etched images (E and F) showed that 

the rubber dispersion and the particle size were similar in both cases. Therefore, the higher impact 

strength of HTBioC is more related to the biocarbon properties and its interaction with the matrix 

rather than its morphological effects. These interactions could be in the form of physical 

engagement with surface topography of HTBioC. Also, lack of functional groups on the surface 

of HTBioC makes it less polar compare to LTBioC which might provide better affinity for non-

polar polymeric chains of matrix to interact [40]. 

The AFM images of the cryo-microtomed surfaces of the 20 wt.% loaded biocarbon 

composites are shown in Figure 4-6. Four different colors could be recognized in these images. 

The darkest regions (shown by arrows on the figure) are related to biocarbon particles which had 

the smallest deformation. The red areas are the PP matrix which has the lowest deformation after 

biocarbon, while the grey regions represent the POE phase. The white spots are either voids or 

surfaces with much lower altitude that were sensed as a highly deformable material by the AFM 
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tip. These white regions (voids) were probably produced by the particles that were pulled out by 

microtome knife during the sample preparation. It can be observed that layers of the grey colored 

region were tending to encapsulate the biocarbon particles. No difference was observed in the 

average thickness of the rubber layer between the two biocarbons. Studies done by Pukanszky et 

al. [41] determined that the separate dispersion or encapsulation of filler by the rubber phase is 

closely related to the particle size and the surface properties of the filler particles, which determines 

the work of adhesion. In this case, both biocarbons showed encapsulated morphology which 

indicates that POE-biocarbon interphase is thermodynamically preferable over PP-biocarbon. 

Since both types of biocarbons are sieved to a similar particle size range, the difference in surface 

chemistry of the biocarbons might change the extent of encapsulation.  
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Figure 4-5. The SEM images of Impact fracture (A, B, C and D) and etched cryo-fractured (E 
and F) surfaces of HTBioC 20% (left) and LTBioC 20% (right) 
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Furthermore, because of the big particle size of the biocarbons (20-75 μm) full 

encapsulation of the particles did not happen. Molnár et al. [8] investigated the PP, ethylene 

propylene rubber and BaSO4 ternary system and concluded that full encapsulation would be more 

likely with particles diameter smaller than 1 μm.  

 

 

Figure 4-6. AFM images from deformation channel of left) LTBioC, right) HTBioC 

 

Strength of the interface between rubber and particle is an important factor determining the 

stress transfer mechanism which could affect the toughening mechanism [42]. To understand the 

filler-polymer interactions, strain sweep test was performed on the biocomposites. The rheological 

behaviors of the composites are presented in Figure 4-7, 8 and S4. The difference in the initial 

complex viscosity between the first and second sweeps declined with decreasing filler weight 

fraction, suggesting that the reduction in viscosity is related to filler aggregation that increase as 

the filler loading increases. Comparing the second sweep curves (curves with unfilled symbols) of 
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the LTBioC composites with those of the HTBioC, one can observe that strong reduction in 

complex viscosity occurs in the former, although no particle structure breakdown happened and 

the initial complex viscosity remained almost the same.  

  

Figure 4-7. Complex viscosity of composites as a function of strain. Filled and unfilled 
symbols represent first run and second run results respectively. 
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On the other hand, the HTBioC second sweep curve for 20 wt. % biocarbon shifted down 

to a lower viscosity while the linear viscoelastic region was increased. This can be related to the 

reduced filler-filler integrations due to the particle aggregates break down caused by the first strain 

sweep test. The shear thinning behavior of LTBioC samples can be related to the interfacial 

slippage because of the decreased filler–polymer interactions compare to HTBioC. Similar 

behavior was observed by Osman et al. [43] when CaCO3 was coated with monolayer of stearic 

acid and mixed with polyethylene.  

Tensile results showed that the modulus improvement is significantly higher in the case of 

20 wt. % HTBioC. One possibility for higher tensile modulus of these composites is that the filler 

particles create a network if they reach their percolation threshold. Therefore, frequency sweep 

test was performed to check this hypothesis. The frequency sweep test results are depicted in 

Figure 4-8. The difference between the storage moduli of PP/POE blend and the composites 

(HTBioC 20 wt.% specifically) at low angular frequencies are small in comparison to responses 

reported in the literature for composites with percolated network formation [44,45]. Furthermore, 

considering the low volume fraction of the biocarbon (13.8 vol. %) and its large particle size, there 

would be a low chance for the particles to create an interconnected network. Therefore, the increase 

in tensile modulus of the 20 wt. % HTBioC is more related to its higher modulus and probably due 

to less encapsulation as the rubber to particle ratio is lower [38,41]. Same theory would hold for 

the LTBioC as well with the difference that the LTBioC has smaller modulus and hence slight 

changes in the extent of encapsulation would only produce marginal improvement in the final 

matrix. 
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Figure 4-8. Storage modulus of PP/POE 70/30 blend and biocarbon composites. 

 

Dynamic mechanical testing revealed that two glass transition peaks (one for POE, Tg1 and 

another for PP, Tg2) exists in the tan delta versus temperature plot of the composites (Figure 4-9), 

reflecting that these two polymers are thermodynamically immiscible. The tan delta peak for POE 

shifted towards the lower temperature as the biocarbons were added to the blend, while the PP Tg 

peak remained unchanged within the experimental error of the test (values are listed in Table 4-3). 
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Figure 4-9. Temperature dependency of tan delta at 1 Hz for unfilled and 20 wt. % biocarbon 
filled composites. 

 

The Tg shift of POE was maximized when LTBioC was added to the blend. Shifting of 

POE Tg to a lower temperature was observed by Premphet et al. [46] in PP/POE/CaCO3 ternary 

composites when stearic acid coated CaCO3 was used instead of uncoated CaCO3. This shift was 

related to the immobilization of rubber chains. Similarly, this would suggest that POE rubber 

chains are more mobile around the LTBioC, probably due to weaker interactions, as compared to 

HTBioC. Since no significant changes were observed for the tan delta of PP phase (Tg2) there is 

less probability to connect the Tg1 shift to the extent of encapsulation. This is consistent with 

rheological behavior of the composites, which showed that less interactions exist between the 

LTBioC and the polymers compare to HTBioC.  
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Table 4-3. Glass transition and crystallinity of the biocomposites and the matrix. 

Formulations Tg1 (°C) Tg2 (°C) Tc 
(°C) 

Xc1 
(%) 

[PP/POE] 

70/30 
-40.0 ± 1.42 13.3 ± 1.46 125.1 51 

[PP/POE]/LTBioC 

[70/30]/10 
-43.3 ± 1.24 12.72 ± 0.05 125.6 52 

[PP/POE]/LTBioC 

[70/30]/20 
-43.7 ± 0.01 12.3 ± 1.46 125.5 52 

[P35Z/EN37]/HTBioC 

[70/30]/10 
-40.6 ± 0.30 12.8 ± 0.27 127.8 54 

[P35Z/EN37]/HTBioC 

[70/30]/20 
-41.1 ± 0.03 14.3 ± 1.51 128.9 50 

1 Xc based on second heating cycle. 

 

As it was shown earlier through the SEM and AFM images, the rubbery phase partially 

encapsulated the biocarbon particles. Furthermore, rheological behavior of the composites showed 

that the different polymer-filler interaction existed between each biocarbons and the matrix which 

may cause such changes in miscibility of components.  

The DSC crystallization exotherms of PP/POE blend and the 20 wt. % composite systems 

are depicted in Figure 4-10. It is evident that HTBioC biocarbon shifted the crystallization peak 

toward the higher temperatures while the LTBioC effect was not significant compare to the 

toughened PP. This suggests that HTBioC could act as a nucleating agent for the PP phase. The 

same behavior has been observed by Das et al. [47] in PP pine wood biocarbon composites. The 
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mineral content of a grass based material (specifically miscanthus) is mainly results of silica 

phytoliths in their epidermis [48]. It has been shown that SiO2 can increase the crystallization 

temperature of iso-tactic PP [49]. Therefore, the higher amount of ash content (16.1 wt. %) in 

HTBioC biocarbon compared to LTBioC (8.4 wt. %) can be a reason for nucleating behavior of 

this specific sample. However, as discussed earlier the extent of encapsulation might be different 

between the biocarbons and hence the nucleation effect of LTBioC might be masked because of 

the higher degree of encapsulation. 

 

Figure 4-10. DSC graph of first cooling cycle for the matrix and biocomposites 

 

 Percentage of the PP crystals in each sample was calculated from the results of the second 

heating cycle. As it can be seen from Table 4-3, the changes in the amount of crystals are not 
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significant and therefore, the differences in the properties of the biocomposites were not attributed 

to the crystallinity. 

4.4 Conclusions 

A study of ternary PP/POE/biocarbon composites has shown that different pyrolysis 

temperatures could greatly affect the surface characteristics and interactions between the biocarbon 

and the matrix; therefore, changing the final composite properties. In both cases, the encapsulated 

phase structure was found to be dominant in the morphology of the composites. While the higher 

stiffness of the HTBioC composites can be correlated to higher stiffness of particles, the better 

impact toughness was more related to the compatibility between the particles and the matrix due 

to differences in the polarity of the particle surfaces. The presence biocarbon particle clusters in 

LTBioC was apparent from rheological measurement, which suggest that LTBioC has lower 

affinity with the matrix. Inferences from DSC analysis revealed that high temperature biocarbon 

could also work as a nucleating agent for the PP while the biocarbon that produced at lower 

pyrolysis temperature did not affect the crystallinity of PP. Overall, the observed mechanical 

properties were reduced as compare to the PP/POE blend which limits the application of such 

biocomposites. However, the results presented here showed that there is room available for 

improving the properties by tuning the compatibility and morphology of such composites to 

unleash the high environmental benefits of biocarbon. 
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Chapter 5: Compatibilization of Toughened 

Polypropylene/Biocarbon Biocomposites: A 

Full Factorial Design Optimization of 

Mechanical Properties 

1The structure-property relationships of toughened polypropylene/biocarbon 

biocomposites prepared via melt extrusion are investigated with a focus on the effects of 

biocarbon particle size, functional polymer type and concentration. A full factorial design 

was utilized to study each factor’s main effect and how their interactions with other factors 

affect the final mechanical properties of the biocomposites. The statistical analysis 

confirmed the synergistic interactions between the biocarbon and the functional polymer 

which improves the impact toughness of the composites by 120 % while maintaining or 

improving the stiffness of the composite. Among the investigated factors, the functional 

polymer type had the greatest impact on the properties by affecting the morphology of 

phases. Scanning electron microscopy (SEM) of the etched fractured surfaces indicated a 

core-shell structure of filler and rubber phase which was changing with compatibilizer type. 

The rubber domain shape was found to transform from a spherical shape to an elongated 

ellipsoid when changing the compatibilizer type. The changes in the morphology was 

believed to be the main reason behind the synergistic interaction of biocarbon and 

functional polymers. Based on these analyses, it is important to optimize the concentration 

of compatibilizer to achieve the desired balance between stiffness and toughness. The 

                                                 

1 A version of this chapter is published as ‘Compatibilization of toughened polypropylene/biocarbon 

biocomposites: A full factorial design optimization of mechanical properties’ in Polymer Testing, 

2017, DOI: 10.1016/j.polymertesting.2017.05.031 
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biocarbon with particle size range within 106-125 µm together with 5.0 wt. % of maleic 

anhydride grafted polypropylene has been selected as the optimum composite formulation. 
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5.1 Introduction 

There has been an increasing interest in polymer/biocarbon biocomposites within the last 

few years [1–7]. Unlike petroleum-based carbon black, biocarbon can be used at high 

concentrations in thermoplastics for reinforcement and coloring purposes which makes it an 

attractive replacement for common fillers, such as, CaCO3 and talc, in various applications [2,5,8]. 

Additionally, the lower density of biocarbon compared to mineral fillers provide an opportunity to 

have a composite with higher biobased content and lower weight when it is substituting a 

conventional filler [9].  

Elastomer toughened polypropylene (PP) based composites are one the most used 

composites in the automotive industry [10]. The performance of these composites is typically 

measured based on the stiffness and impact toughness, as there is a tradeoff between these two and 

an increase in one could result in a decrease of the other [11]. Therefore, the desired goal in such 

a composite system is to achieve a stiffness-toughness balance rather than focusing only on one 

property. Relatively high concentrations (up to 40 wt.%) of mineral fillers such as CaCO3, talc, 

BaSO4, etc. have been routinely used to achieved stiffness-toughness balance. However, the move 

towards reducing greenhouse gases (GHGs) and the enforcement of new regulations (The 

Corporate Average Fuel Economy and EU regulations) for fuel efficiency require lighter weight 

materials with lower carbon footprint [12]. Biocarbon could be a promising bio-filler due to it 

being biobased, relatively light filler.  

In multicomponent systems, like elastomer toughened PP, each component is added to 

improve a specific property of the matrix. The elastomer phase improves the toughness, while the 

hard filler adds to the stiffness of the composites. However, the final mechanical properties are yet 

determined by the morphology of the phases, which dictates the stress transfer through the 
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composite [11,13]. In extreme conditions, either the components are dispersed separately or the 

filler particles are encapsulated by the elastomer phase, but normally an intermediate morphology 

would form [14,15]. 

Pukánszky et al. [16] investigate the governing parameters on the phase morphologies of 

toughened PP CaCO3 composites. Their results suggested that in a similar mixing conditions 

(similar viscosity and shear rate), adhesion between the phases and particle size are the two most 

dominant parameters in determining the morphology of the composites. These factors have been 

investigated in other PP based composites and biocomposites as well and the findings were 

analogous to Pukánszky et al. study [13,17,18]. The adhesion between the phases can be 

manipulated by means of a compatibilizer. Generally, small amounts of functionalized PP were 

added to the system to enhance the interface between functional fillers and non-polar polymeric 

chains of PP whereas, functionalized rubbers can be added to improve the rubber-filler 

interactions. 

Normally, an optimum concentration of a compatibilizer exists where deviations from such 

would cause deterioration of properties. In addition, compatibilizers are also more expensive than 

base polymers and are therefore desired to be  used in small amounts. Therefore, it is of prime 

interest to find the optimum level for compatibilizers in a system to achieve the highest possible 

properties. 

Maleic anhydride grafted PP (MAPP) has been shown to be an effective compatibilizer for 

PP-biocarbon composites [3]. Ikram et al. [19] used Taguchi statistical design of experiment to 

investigate the effect in presence and absence of MAPP on the stiffness and strength of 

PP/Wood/Biocarbon composites. The results confirmed the effectiveness of this compatibilizer on 
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the tensile and flexural properties of the composites but the impact toughness of the biocomposite 

was not reported. Interestingly, no studies have reported on how the type and/or different 

concentrations of compatibilizer affects the morphology and the performance of elastomer 

toughened biocarbon biocomposites to the best of knowledge. This is certainly due to the fact that 

utilization biocarbon in polymer composites is relatively a new field.  

The purpose of this study is to examine the effect of biocarbon particles size, compatibilizer 

type, and concentration on the mechanical properties of the toughened PP composites and how 

these changes are related to the morphology. In this work, both a PP based and PE based 

compatibilizers were used at three different concentrations. The compatibilizers were added to the 

elastomer toughened PP/biocarbon composites and notched Izod impact strength and tensile 

modulus were measured as the response. It is hypothesized that MAPP would provide a better 

interaction between the PP and the biocarbon and generate a separate dispersion of phases, because 

an encapsulated structure would be presented in the case of MAPE. Particle size was considered 

as one of the important factors in the statistical design and since it has been known that 

compatibilizer and particle size interact with each other, a full factorial design of experiments was 

used to make sure that all the interactions between the factors are considered in the statistical 

model. Variations of compatibilizer concentration together, with compatibilizer type, and the 

biocarbon particle size would allow a prediction of an optimal range of compatibilizer 

concentration to achieve the best balanced of properties. 
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5.2 Materials and Methods 

5.2.1 Materials 

Pyrolyzed miscanthus grass biocarbon (BC) was produced at Competitive Green 

Technologies, Leamington, ON, Canada. This biocarbon was produced at ∼630 °C and hammer 

milled to ∼400 μm (1/64 in.). 

Commercially available injection molding grade polypropylene (PP), (trade name 1335Z) 

was used as the matrix (Pinnacle Polymers LLC., LA, USA). The melt flow index (MFI) at 230 

°C/2.16 Kg and density of PP were 35 g/10 min and 0.9 g/cm3 according to the materials datasheet, 

respectively. The polyolefin elastomer used was a Polyoctene ethylene copolymer (POE) a product 

of Dow Chemical Company (trade name Engage 8137) in the form of pellets. The MFI at 

190°C/2.16 kg and density of POE were 13 g/10min and 0.866 g/cm3 respectively. A maleic 

anhydride grafted PP (MAPP) and PE (MAPE) copolymer were added to produce preferential 

adhesion between the particles and polymers. The MAPP and MAPE used in this study was 

Fusabond P353 and M603 a product of DuPont (Wilmington, DE). 

To obtain the desired particle size range, a as received biocarbon batch was sieved to two 

particle size ranges of 106-125 and smaller than 20 µm separately using a Ro-tap sieve shaker 

(W.S. Tyler, OH, USA) fitted with appropriate Tyler sieves. To efficiently remove the unwanted 

particles smaller than 106 µm from the surface of bigger particles, 106-125 µm the biocarbon were 

sieved again using an air assisted sieving machine (Air-jet 200, Retsch, Germany). Biocarbon 

particles remaining on top of the 106 µm sieve were collected and used for all characterizations 

and biocomposite fabrication. The two ranges of 106-125 and smaller than 20 µm were decided 

from the American Standard Test Sieve Series in a way that both would have a similar size 
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distribution width of 20 µm and have one order of magnitude difference in the size range. This 

would make the results independent of the size distribution width (as much as possible by this 

method of fractionation) and have enough size difference to investigate the effect particle size on 

the properties of the biocomposites. 

Toughened PP/biocarbon biocomposites were prepared by melt processing at 190 °C, in 

DSM Xplore micro compounder with length over diameter ratio (L/D) of 18 (DSM Xplore, the 

Netherlands). The screw speed was set to rotate at 100 rpm in co-rotating configuration for a period 

of 120 s during the mixing stage. The compound then transferred to DSM Xplore 12 cc injection 

unit to mold the test specimens. The injection, packing and holding cycles were set to perform at 

4, 8 and 8 bar for 4, 6 and 10 s respectively. Mold temperature was controlled at 40 °C throughout 

the injection process.  

Table 5-1 shows all the formulation and corresponding designation used in this study. 

Tensile properties of the composites were measured by an Instron universal testing 

machine (Norwood, MA). Type IV specimens were tested as per the ASTM D638-14 protocol 

with a test speed of 50 mm/min at room temperature and with 50% relative humidity. The impact 

strength of the samples was measured in accordance with ASTM D256-10. The samples were 

notched 48 hours prior to testing. The tests were conducted on a TMI monitor impact tester 

(Testing machine Inc. DE, USA) with 5 ft.lb pendulum at room temperature.  

Fracture surface morphologies of samples were observed by scanning electron microscopy 

(SEM), Phenom ProX (Phenom World BV, Netherlands) equipped with a back-scattering electron 

(BSE). Cressington sputter coater 108 was used to gold coat the composite samples for 15 s under 

an argon atmosphere. Impact samples were cooled to liquid nitrogen temperature and then 
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fractured using impact tester. Cryo-fractured samples were etched using normal heptane to remove 

the POE phase. Samples were immersed in 50 °C n-heptane for 3.5 h and dried using vacuum oven 

before gold coating. 

Rubber domain size and circularity information was obtained by image analysis technique 

using Adobe Photoshop CS6 version 13.0.1. (Adobe Systems Incorporated, USA) The circularity 

data of rubber domains were generated by the software as the ratio of measured area to perimeter 

squared,  

4(area/perimeter2) 

The value of 1.0 indicates a perfect circle a value of 0.0 indicates more of an elongated 

polygon shape.  

5.2.1.1 Statistical method 

DOE description: 

In several other studies, interaction of particle size and the concentration and type of the 

compatibilizer are mentioned to be the key parameters [16,20]. Therefore, a full factorial DOE was 

chosen to obtain a clear view of the interactions between these factors. Selected factors and their 

respected levels are shown in Table 5-1. 
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Table 5-1. Selected parameters and their levels for the full factorial design of experiment 

Factor Abbreviation Number of levels Levels 

Compatibilizer Type Cmpt. Type (CT) 2 MAPP, MAPE 

Particle size PS 2 <20 µm, 106-125 µm 

Compatibilizer Concentration Cmpt. Conc. (CC) 4 0, 2.5, 5.0, 7.5 wt.% 

 

This setup was devised with an intention to vary the composite morphology by changing 

the biocarbon particle size, type and amount of the compatibilizer or any combination of these 

factors. It is hypothesized that the addition of MAPP would cause an independent dispersion of 

the rubber and biocarbon while the MAPE would enhance the interaction between the rubber and 

biocarbon creating a rubber encapsulated biocarbon particles. In order to separate the effect of 

compatibilizer type and concentration on the composites from their effect on the matrix, the 

influence of these factors was first studied on the unfilled matrix (PP/POE). The results of these 

experiments would help to understand how an excess concentration of compatibilizer would 

change the properties or if any synergistic effect exist between specific compatibilizer and the 

biocarbon. Otherwise, it will not be clear if the changes in the final properties of the composites 

are originating from the changes caused by the interaction of compatibilizer and the matrix or with 

the biocarbon. The two statistical designs used in this work are presented schematically in Figure 

5-1. 
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Figure 5-1. The schematic of the design of experiments for the matrix and 20 wt.% biocarbon 
composites. 

 

The performance of the composites was evaluated based on their stiffness (Young’s 

modulus) and impact toughness (Izod notched impact) as these two properties are recognized as 

the most important parameters in material selection for such multicomponent composites [11]. 

Minitab software was used to generate and analyze the design of experiments. Design array 

and process responses are presented in Table 5-2. Experiments were conducted in a randomized 

order as suggested by the run order in the table to prevent any bias and nuisance factors affecting 

the processing and testing of composites. Only impact strength and Young’s modulus were 

considered as response variable in optimizing the composites formulations, however other 

responses such as tensile strength and elongation at yield were considered for discussing different 

mechanisms. 

5.3 Results and Discussion 

Analysis of variance (ANOVA) can be used to investigate the significant factors which are 

hypothesized to influence the mechanical properties. Since there were several factors involved in 
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our experiment, there were also several hypotheses to be tested; one for each of the three main 

factors and for each interaction effects. Null hypothesis (H0) for each of the main factor is: there 

is no significant difference in mean stiffness or impact strength when the ‘factor’ level is increased. 

For the interaction effects, the null hypothesis (H0) is that there is no interaction between the 

factors. Analysis of variance was performed by comparing the variability between groups (mean 

squares, MS) to the variability within groups (mean square error, MSE). Assumptions of normality 

and equal variance (homoscedasticity) are the key requirements for analysis of variance. Provided 

these assumptions hold, F-statistic will follow F-distribution with corresponding degree of 

freedom (DF).  

Table 5-3 and Table 5-4 show the ANOVA for the Young’s modulus and impact strength. 

P-values were compared with an (α = 0.05) to determine whether the observed data for each of the 

factors were statistically significant to reject the null hypothesis. 
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Table 5-2. Factorial design of experiments with mechanical property results. 

Standard 

Order 

Run 

Order 
Particle Size 

Cmpt. 

type 

Cmpt. 

Conc. 

Young’s 

modulus 

(MPa) 

Impact 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation at 

Yield (%) 

1 11 < 20 µm MAPP 0 1361 ± 8.1 49.6 ± 4.2 20.6 ± 0.10 14.7 ± 0.42 

2 5 < 20 µm MAPP 2.5 1476 ± 5.9 71.5 ± 2.8 21.5 ± 0.13 14.3 ± 0.28 

3 7 < 20 µm MAPP 5 1492 ± 13.2 85.7 ± 0.2 22.7 ± 0.01 14.6 ± 0.04 

4 6 < 20 µm MAPP 7.5 1478 ± 21.6 93.9 ± 2.2 21.7 ± 0.10 15.3 ± 0.04 

5 13 < 20 µm MAPE 0 1361 ± 8.1 49.6 ± 4.2 20.6 ± 0.10 14.7 ± 0.42 

6 15 < 20 µm MAPE 2.5 1346 ± 11.0 61.6 ± 0.9 20.3 ± 0.05 14.7 ± 0.22 

7 12 < 20 µm MAPE 5 1287 ± 8.7 58.9 ± 1.0 19.9 ± 0.08 15.1 ± 0.19 

8 4 < 20 µm MAPE 7.5 1203 ± 2.5 77.0 ± 2.9 18.6 ± 0.05 15.7 ± 0.14 

9 8 106-125 µm MAPP 0 1326 ± 22.6 56.5 ± 1.0 19.3 ± 0.10 12.7 ± 12.7 

10 10 106-125 µm MAPP 2.5 1387 ± 10.7 101.3 ± 3.0 20.2 ± 0.19 14.4 ± 0.07 

11 3 106-125 µm MAPP 5 1424 ± 9.1 108.8 ± 4.9 20.9 ± 0.10 14.4 ± 0.53 

12 2 106-125 µm MAPP 7.5 1398 ± 4.0 114.5 ± 2.4 20.5 ± 0.05 14.3 ± 0.01 

13 1 106-125 µm MAPE 0 1326 ± 22.6 56.5 ± 1.0 19.3 ± 0.10 12.7 ± 0.19 

14 16 106-125 µm MAPE 2.5 1237 ± 14.6 70.0 ± 3.8 18.2 ± 0.13 13.6 ± 0.16 

15 14 106-125 µm MAPE 5 1296 ± 7.0 73.1 ± 1.1 19.0 ± 0.05 13.8 ± 0.52 

16 9 106-125 µm MAPE 7.5 1126 ± 3.3 84.7 ± 1.1 16.8 ± 0.01 14.2 ± 0.15 
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Table 5-3. ANOVA results for Young’s modulus (MPa) 

Source DF Adj SS Adj MS F-value P-value 

Model 15 616606 41107 261.79 0.000 

Linear 5 444587 88917 566.28 0.000 

Particle size (PS) 1 58443 58443 372.2 0.000 

Compatibilizer content (CC) 3 49164 16388 104.37 0.000 

Compatibilizer type (CT) 1 336980 336980 2146.09 0.000 

2-Way Interactions 7 166619 23803 151.59 0.000 

PS * CC 3 13698 4566 29.08 0.000 

PS * CT 1 870 870 5.54 0.023 

CC * CT 3 152051 50684 322.78 0.000 

3-Way Interactions 3 5400 1800 11.46 0.000 

PS * CT * CC 3 5400 1800 11.46 0.000 

Error 48 7537 157   

Total 63 624143    

DF: Degree of freedom, Seq SS: sequential sums of squares, Adj SS: adjusted sums of squares, Adj 

MS: adjusted mean squares.  
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Table 5-4. ANOVA results for Izod notched impact strength (J/m) 

Source DF Adj SS Adj MS F-value P-value 

Model 15 25612.6 1707.5 236.04 0.000 

Linear 5 22401.2 4480.25 619.33 0.000 

Particle size (PS) 1 3459.2 3459.2 478.19 0.000 

Compatibilizer content (CC) 3 13298.7 4432.88 612.79 0.000 

Compatibilizer type (CT) 1 5643.4 5643.39 780.12 0.000 

2-Way Interactions 7 2973.9 424.84 58.73 0.000 

PS * CC 3 380.1 126.72 17.52 0.000 

PS * CT 1 468.3 468.29 64.73 0.000 

CC * CT 3 2125.5 708.49 97.94 0.000 

3-Way Interactions 3 237.4 79.14 10.94 0.000 

PS * CT * CC 3 237.4 79.14 10.94 0.000 

Error 48 347.2 7.23   

Total 63 25959.8    

DF: Degree of freedom, Seq SS: sequential sums of squares, Adj SS: adjusted sums of squares, Adj 

MS: adjusted mean squares. 
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5.3.1 Main effects and interactions plot 

5.3.1.1 Matrix 

Effects of compatibilizer (functional polymer) type and concentration on the PP/POE 

matrix are shown in Figure 5-2. A main effect is the difference between the mean responses of a 

factor measured in the specified levels.  

 

Figure 5-2. Main effect and interaction plots for Young’s modulus (top) and Izod notched 
impact strength (bottom) of the matrix. (a and d) Cmpt. Type effect, (b and e) Cmpt. Conc. 

effect. (c and f) Cmpt. Conc.*Cmpt. Type interactions 

 

In other words, it is the change in the properties when the levels of compatibilizer type or 

content are changed. Interaction effects, on the other hand show the changes in the values of the 
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response when one factor is held constant and the other factors are changed. Figure 5-2a and d 

show the main effect of compatibilizer type on the stiffness and impact strength of the matrix 

respectively. Considering the average value resulted from all the concentrations, the MAPE based 

compositions had lower stiffness and higher impact toughness as compared to MAPP. This is 

expected since MAPE is a softer material than MAPP. Figure 5-2b and e show the effect of 

compatibilizer concentration on the composite performance. In both cases addition of 

compatibilizer reduced both the stiffness and impact toughness of the matrix. Therefore, presence 

of compatibilizer without interacting with any filler would cause property reduction. More precise 

behavior of each compatibilizer at different concentrations can be observed in the interaction plots. 

The blue lines (with filled circles symbol) in Figure 5-2c and f represent the matrix (PP/POE) with 

no compatibilizers. Addition of both compatibilizers resulted in reduced properties and in most 

cases higher concentrations caused more pronounced reduction. The only exception was the impact 

strength in presence of MAPE which had an increasing trend with concentration, but at still only 

7.5 wt. % of MAPE, the impact was higher than the PP/POE matrix. This was more likely due to 

replacing considerable (7.5 wt. %) portion of PP with softer material (MAPE). 

Since addition of compatibilizers alone would decrease the properties of the base blend, it 

is of key importance to find the suitable amount of each compatibilizers. Any excess amount of 

MAPP or MAPE in the matrix would cause property reduction and would add to the costs of the 

final composite. 

5.3.1.2 Biocomposites 

Figure 5-3a and b shows the main effects of the selected factors on the Young’s moduli 

and impact strengths of the composites. According to this data, each of the three factors has their 

own significant effect on the stiffness and impact strength of the composites. For example, small 
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particles (<20 μm) were favorable for the improving the stiffness but larger particles produced 

better impact toughness. Unlike the matrix behavior, the impact strength increased monotonically 

by increasing the compatibilizer content but the Young’s modulus went through a maximum at 5 

wt.% concentration. The effect of compatibilizer type was similar to particle size and both 

properties were reduced when MAPE was used.  

 

Figure 5-3. Main effects plots for (a) Young’s modulus and (b) notched Izod Impact strength 
of composites. 

 

As shown in Table 2, compatibilizer type had the strongest effect followed by the particle 

size and compatibilizer concentration in increasing the stiffness of the composites. 
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The interactions between these factors and their effect on the mechanical properties are 

depicted in Figure 5-4. The interactions between each pair of factors can be visualize by comparing 

the slopes of the lines that connect the levels of one factor. For example, considering the effect of 

particle size-compatibilizer type interaction on the impact strength of the composites (Figure 5-4d), 

one can observe that the slope of the MAPP line is higher that the MAPE. This is suggesting that 

greater improvement was achieved in the presence of MAPP when larger particles were used 

instead of smaller ones as compared to MAPE. This interaction is separate from the fact that the 

absolute value of impact strength is higher in presence of MAPP (the main effect of compatibilizer 

type). Similarly, the interaction between the compatibilizer type and concentration (Figure 5-4f) 

revealed that higher impact strength improvement can be achieved in the presence of MAPP if the 

concentration was below 5 wt.%. The degree which these factors affect the mechanical properties, 

directly or by interacting with other factors, can been understood from ANOVA tables (Table 5-3 

and Table 5-4). From the analysis of means and interaction effects of these three factors, the 

following behavioral trends were observed: 

Among the tested compatibilizer types and concentrations, the MAPP resulted in a highest 

improvement in the impact and stiffness of the composites. Additionally, the increase in properties 

were more pronounced when the MAPP concentration was increased. This revealed that the MAPP 

is a more promising compatibilizer for this system as compared to MAPE.  
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Figure 5-4. Interaction plot for (top) Young’s modulus and (bottom) impact strength; (a and 
d) Particle Size*Cmpt. Type, (b and e) Particle size*Cmpt. Conc. (c and f) Cmpt. Conc.*Cmpt. 

Type interactions. 

 

5.3.2 Discussion on morphology and mechanical properties 

5.3.2.1 Morphology of the composites 

In multicomponent systems, in which an elastomer and a hard filler are mixed with a 

thermoplastic matrix, morphology has a strong influence on the mechanical properties [21]. The 

statistical analysis of factors discussed above confirmed the significant effect that each factor had 

on the mechanical properties. Therefore, it is expected to observe some morphological changes 

associating with these property changes. SEM micrographs of etched cryo-fractured surfaces of 

the composites in the presence and absence of the compatibilizers are shown in Figure 5-5 for <20 
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µm particle size range (some of the biocarbon particles are specified by arrows). The differences 

between the properties of compatibilized and uncompatibilized matrix are more pronounced when 

the compatibilizer concentration is 7.5 wt.%. Therefore, this concertation was chosen as basis of 

comparisons. After the etching process, the POE phase had been removed from the surface, leaving 

black domains in the matrix. The most important morphologic change happened around the 

biocarbon particles. In the case of no compatibilizer (Figure 5-5a) or in the presence of MAPE 

(Figure 5-5c) a void is observable around the biocarbon particles (the filler-polymer interphase) 

suggesting that this interphase mainly consisted of POE. This is more evident with MAPE as 

compared to the uncompatibilized matrix. On the other hand, for the case of MAPP (Figure 5-5b) 

no such void was observed, this in turn suggested that the MAPP improved the PP-biocarbon 

interactions and thus no rubbery phase was encapsulating the particles. Similar observations have 

been reported for wood flour [22] or other mineral fillers such as CaCO3 [16] or BaSO4 [21] in 

elastomer toughened PP. This morphology change is consistent with the stiffness improvement 

observed from statistical analysis [18]. Similar morphology shift was observed for larger particles. 

 

Figure 5-5. Etched cryo-fractured surfaces of composites with <20 µm particles (a) no 
compatibilizer (b) 7.5 wt. % MAPP (c) with 7.5 wt.% MAPE. 
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The other notable morphology shift was the change in rubber domain’s shape. A closer 

look at the rubber domains revealed that the addition of MAPE transformed the semi spherical 

shape of the POE domains into an elongated fibrillar shape. Higher magnification micrographs of 

this change are shown in Figure 5-6. To quantify this change POE domains circularity of the 

domains were compared for 7.5 wt.% MAPP and MAPE composites. The circularity parameter 

approaches the unity as the domain’s shape are more representative of a circular cross-section 

(spherical shape).  Figure 5-6c clearly shows that addition of MAPE resulted in particles with 

broader and smaller circularity distribution. This change in rubber domain size has been reported 

to improve the efficiency of an impact modifier [23]. Therefore, one of the reasons that addition 

of MAPE caused impact improvement as compared to the uncompatibilized composites can be its 

effect on the domain size of the POE phase. 

 

Figure 5-6. Etched cryo-fractured surfaces of composites with 106-125 µm particles (a) 7.5 
wt.% MAPP, (b) 7.5 wt.% MAPE, (C) distribution of POE domain’s circularity. Inner image 

magnification: 15000 X 
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ANOVA table and factorial plots have assisted in determining which of the factors are 

important in affecting the mechanical properties; the next step is to find out what is the optimum 

level of each factors for best performance. 

5.3.2.2 Response optimization 

The response Optimization tool from the Minitab software was used to find the global 

optimum points for each combination of particle size, compatibilizer type, and compatibilizer 

concentration. For this optimization, the importance of both responses (Young’s modulus and 

impact strength) are set to one. Response optimizer works by searching for predictor variable 

combinations and optimizing both the responses by satisfying the requirements set for each of 

them. Individual desirability (d) for Young’ modulus and impact strength are obtained first, and 

are then combined to maximize the composite desirability (D) to provide optimum points of 

predictor variables. The goal was defined as maximizing the response variables. The optimization 

of the responses is shown in Figure 5-7, the red solid line points to the optimum level; blue dotted 

line is the maximum average response for Young’s modulus and impact strength. Optimum levels 

for highest impact toughness and stiffness were found to happen when at 5 wt. % of MAPP has 

been added to biocarbons with particle size range of 106-125 µm. 
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Figure 5-7. Response optimization for individual predictor variables. 

 

5.4 Conclusions 

Parameters influencing the performance of toughened PP/biocarbon composites were 

investigated using a full factorial design of experiment. This method allowed for the detection of 

statistically significant variation in the mean impact strength and the Young’s modulus upon 

varying the type and concentration of the functional polymer (compatibilizer) and particle size of 

the biocarbon. The most influencing factor for both impact toughness and stiffness was found to 

be the type of compatibilizer. The response optimization technique was used to find a balance 
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between the stiffness and toughness of the composites within the studied range of factors. It was 

found that biocarbons with a particle size range within 106-125 µm together with 5.0 wt. % of 

MAPP will produce the best balance of properties in the composites. The findings of this study 

suggest that a separate dispersion morphology of biocarbon and rubber phase is beneficial for both 

impact toughness and stiffness while the encapsulated morphology only improves the impact 

toughness. 
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Chapter 6: Biocarbon and Toughened 

Polypropylene Biocomposites: Structure-

Properties Relationship  

1A novel class of injection molded toughened biocomposites was engineered from 

pyrolyzed miscanthus based biocarbon, poly octene-ethylene (POE) elastomer and 

polypropylene (PP). The elastomer and biocarbon were added to the PP matrix in 30 and 

20 wt. %, respectively. The biocarbon particle size was varied within two main ranges of 

less than 20 µm and 106-125 µm. The morphology and adhesion between the filler and the 

matrix were controlled by the addition of maleic anhydride grafted PP (MAPP). The 

composites were melt blended and then injection molded to tensile, flexural and impact 

bars. The results showed that while composite morphology is almost independent of 

particle size, it depends greatly on the addition of MAPP. Two completely different 

morphologies, separate dispersion and encapsulated filler particles, were obtained in 

presence and absence of MAPP which was verified by scanning electron microscopy 

(SEM). Model calculations based on modified Kerner equation, show that with the addition 

of MAPP, encapsulated filler content was reduced from 64 % to 8 % which caused a major 

improvement in stiffness and strength of composites. Despite different morphology caused 

by the compatibilizer, composites with smaller particles had better strength and modulus 

and lower impact toughness as compared to larger particle size. Results suggested that the 

failure mechanisms were mainly controlled by local fracture of biocarbon particles which 

was more dominant in the case of larger particle size. 

                                                 

1 A version of this chapter is published as ‘Sustainable Biocomposites from Pyrolyzed Grass and 

Toughened Polypropylene: Structure–Property Relationships’ in ACS OMEGA, 2017, 2 (5), 2191-

2199. 
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6.1 Introduction 

 Particulate filled polypropylene based composites are one the main categories in polymer 

composites that has been researched and utilized in academia and industry for the last few decades 

[1–3]. The properties of these composites are usually determined by the two main constituents, 

namely, a hard particulate filler and a rubber phase. With proper selection of both filler and rubbery 

phase, a diverse range of properties can be obtained. The flexibility in properties, combined with 

an affordable price, allows for these composites to pass through the stringent requirements of 

automotive industry and has become a main material for many interior and exterior parts of a car 

[3]. However, due to sustainability issues such as greenhouse gases (GHG’s) emission and the 

advent of natural fillers, a great extent of research has been focused into replacing the traditional 

mineral or petroleum based fillers by the biobased fillers [4–6]. In the US, a new corporate average 

fuel economy (CAFE) standard has been set in response to increasing GHG emissions which 

demands vehicles with better fuel economy [7]. This can be achieved through weight reduction by 

utilizing materials with lower densities. The biobased fillers having naturally lower density as 

compare to mineral ones can provide added benefits of lighter weight when used. Therefore, this 

replacement would not only alleviate the sustainability issues but also may provide improvement 

in properties such as density in which the mineral filled composites reached their limits [8,9].  

Beside the inherent properties of the filler and rubber constituents, one important factor 

that affects the properties of a multicomponent system consisting of two or more polymeric phases 

and fillers is the morphology of phases within the composites. Earlier studies in multicomponent 

PP composites revealed that two main structures are commonly generated when constituents were 

mixed together. First is the filler particles and the rubber phase being dispersed in the PP matrix 

separate from each other and the second is that the rubber partially or fully encapsulating the filler 
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particles [10,11]. Several studies [1,10,12] on CaCO3, BaSO4 etc.  filled toughened PP showed 

that the final structure is dictated by the adhesion between the components and the external shear 

forces experienced during the melt mixing process. Different morphologies can be produced by 

changing the particle size and/or by modifying the chemical nature of the particle’s surface or the 

polymers [1,12]. Hammer et al. [1] investigated the effect of different particle sizes of BaSO4 in 

PP/ethylene propylene rubber (EPR) composites. Their results suggested that in the case of an 

encapsulated structure smaller particle size (up to 0.7 µm) may provide better impact toughness.  

Several studies were also conducted on particulate lignocellulosic filler composites [13–

15]. These studies which are mainly focused on the wood flour as a renewable filler, magnify the 

dissimilar failure mechanisms between lignocellulosic based fillers and mineral fillers. For 

example, the effect of wood flour particle size was investigated in a PP/Ethylene propylene diene 

(EPDM) system [15] and unlike Hammer et al. [1] results, composites with larger wood particles 

showed better impact toughness. The main differences between lignocellulosic and traditional 

mineral fillers are: particle size and the integrity of the particles themselves. While the mineral 

fillers are usually available in micron and sub-micron sizes, the original particle size of 

lignocellulosic based fillers can be quite large. Therefore, it is of practical importance to determine 

how small the particles should be ground to produce a desirable performance. Furthermore, 

traditional fillers such as talc, silica, CaCO3 and BaSO4 would hardly break during the impact or 

tensile load while filler breakage is very common in lignocellulosic based fillers such as wood 

[16,17]. This particle failure would change the status of local stress in the composite and produce 

a different failure mechanism in lignocellulosic filler filled composites [14]. 

Besides wood flour, biocarbon is another biobased particulate filler that has been the focus 

of interest in the recent years [18–23]. While, the biocarbon has been used in several polymeric 
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matrices, the structure-property relationship in ternary composite (thermoplastic, elastomer and a 

hard filler system) has not been studied yet. In this work, the effect of biocarbon particle size and 

the addition of a functionalized PP based compatibilizer has been investigated on the structure and 

properties of the resulting biocomposites. The thermal and mechanical property changes were 

related to the structural differences and compared to the current available theories in 

multicomponent PP based composites. 

6.2 Materials and Methods 

In this study, miscanthus biocarbon (BC) which was, hammer milled to ∼400 μm (1/64 

in.), received from Competitive Green Technologies, Leamington, ON, Canada. This biocarbon 

was produced through a slow pyrolysis process at ∼630 °C. In this process after a pre-drying cycle, 

300 kg of the chopped miscanthus grass conveyed through the pyrolysis chamber using an auger 

system which took 15 min from entrance to exit. The whole chamber was set to be at the above-

mentioned temperatures. The functionalities are noticed to be still present in the FTIR spectra.  

Injection molding grade of polypropylene (PP) pellets, (trade name 1335Z) was a product 

of Pinnacle Polymers LLC., LA, USA. The melt flow index (MFI) at 230 °C/2.16 Kg and density 

of PP were 35 g/10 min and 0.9 g/cm3 according to the materials datasheet, respectively. The 

polyolefin elastomer used was an ethylene-octene copolymer (POE) a product of Dow Chemical 

Company (trade name Engage 8137) in the form of pellets. The MFI at 190°C/2.16 kg and density 

of POE were 13 g/10min and 0.866 g/cm3 respectively. A maleic anhydride grafted PP (MAPP) 

copolymer was added to produce preferential adhesion between the particles and PP. The MAPP 

used in this study was Fusabond P353 a product of DuPont (Wilmington, DE).  
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To obtain the desired particle size range, an as received biocarbon batch was sieved to two 

particle size ranges of 106-125 and smaller than 20 µm separately using a Ro-tap sieve shaker 

(W.S. Tyler, OH, USA) fitted with appropriate Tyler sieves. The schematic of this fractionation is 

shown in Figure 6-1. To efficiently remove the unwanted particles smaller than 106 µm from the 

surface of bigger particles, the 106-125 µm biocarbons were sieved again using an air assisted 

sieving machine (Air-jet 200, Retsch, Germany). Biocarbon particles remaining on top of the 106 

µm sieve were collected and used for all characterizations and biocomposite fabrication. The two 

ranges of 106-125 and smaller than 20 µm were decided from the American Standard Test Sieve 

Series in a way that both would have a similar size distribution width of 20 µm and have one order 

of magnitude difference in the size range. This would make the results independent of the size 

distribution width (as much as possible by this method of fractionation) and have enough size 

difference to investigate the effect particle size on the properties of the biocomposites.  

 

Figure 6-1. Schematic of the sieve setup on a Ro-Tap sieve shaker 
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All the formulations were melt processed at 190 °C, at a screw speed of 100 rpm (co-

rotating) for a period of 120 s in DSM Xplore micro compounder with length over diameter ratio 

(L/D) of 18 (DSM Xplore, the Netherlands) and then transferred to the DSM Xplore 12 cc injection 

molding machine to make test specimens. The injection, packing and holding pressures and 

duration were 4, 8, 8 bar and 4, 6 and 10 s respectively. Mold temperature was kept constant at 40 

°C during all injections. Table 1 shows all the formulation and corresponding designation used in 

this study. 

 

Table 6-1. Sample designation and formulation of unfilled and biocarbon filled composites 

Title Elastomer content a  

(wt. %) 

MAPP Content a  

(wt. %) 

Filler content Filler size  

(µm) (wt. %) (vol. %) 

PP/POE 30 0 0 0 - 

PP/POE with MAPP 30 5 0 0 - 

Small (< 25 μm) 30 0 20 13.8 < 20 

Small with MAPP 30 5 20 13.8 <20 

Large (106-125 μm) 30 0 20 13.8 106-125 

Large with MAPP 30 5 20 13.8 106-125 

a With respect to total matrix weight 
 

Thermal behaviors of the samples were analyzed by DSC Q200, TA instrument (USA) 

under nitrogen flow at a rate of 50 mL/min.  Flat pieces of about 10 mg were shaved from the core 
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portion of an untested impact bar were used for the analysis. Sample were heated to 220 °C at the 

rate of 10 °C/min, subsequently cooling to -50 °C with 5 °C/min ramp and reheated to 220 °C with 

10 °C/min heating rate. An average value of properties such as melting temperature (Tm), 

crystallization temperature (Tc), and crystallization enthalpy (Hc) were determined from at least 

two separate samples. For calculating the crystallinity of PP phase, the specific melting enthalpy 

used for 100% crystalline polypropylene was considered to be 209 J/g [24]. 

Thermogravimetric analysis (TGA) and ash content measurement were carried out in a 

thermogravimetric analyzer (TA Q400, TA Instruments, USA) according to ASTM E1131-08. 

These tests studied the weight loss profile in a three-step process starting with a nitrogen 

atmosphere and then switching to an oxidative environment. At the first step, the biocarbon was 

kept at 110 °C for 15 min under nitrogen purge to remove the moisture and highly volatile 

compounds. At this point the sample weight was reset to 100% so that the TGA curve only 

represents the medium and non-volatile portion of the samples. In the second step, the temperature 

was set to reach 950 °C with a 50 °C/min ramp rate and then remained isothermal for another 15 

minutes. In the third step, the gas was switched to air and the material underwent a 10-min 

isothermal cycle at 950 °C. The results were produced in duplicates. 

Viscoelastic behavior of the samples was investigated using a DMA Q800 (TA instrument, 

USA) in a dual cantilever mode. Samples were tested by heating from -110 to 150 °C with a 3 

°C/min ramp rate, a 1 Hz frequency and a 0.1 % strain (equals to 40 µm amplitude, tested to be 

within the linear viscoelastic range). The results were generated in duplicates. 

Tensile properties of the composites were measured by Instron universal testing machine 

(Norwood, MA). Type IV specimens were tested as per the ASTM D638-14 protocol with a test 
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speed of 50 mm/min at room temperature and with 50% relative humidity. Flexural properties 

were measured as per ASTM D790-15 (procedure B); with a crosshead speed of 14 mm/min and 

a span length of 52 mm. The impact strength of the samples was measured in accordance with 

ASTM D256-10. The samples were notched 48 hours prior to testing. The tests were conducted 

on a TMI monitor impact tester (Testing machine Inc. DE, USA) with 5 ft.lb pendulum at room 

temperature. Five replicates were tested for each of the mechanical tests. 

Both the biocarbon particles as well as fracture surface morphologies of samples were 

observed by scanning electron microscopy (SEM), Phenom ProX (Phenom World BV, 

Netherlands) equipped with a back-scattering electron (BSE). Cressington sputter coater 108 was 

used to gold coat the composite samples for 15 s under an argon atmosphere. Impact samples were 

cooled to liquid nitrogen temperature and then fractured using impact tester. Cryo-fractured 

samples were etched using normal heptane to remove the POE phase. Samples were immersed in 

50 °C n-heptane for 3.5 h and dried using vacuum oven before gold coating.  

Viscoelastic behavior of the samples was investigated using a DMA Q 800 (TA instrument, 

USA) in a dual cantilever mode. Samples were tested by heating from -110 to 150 °C with 3 

°C/min ramp rate, 1 Hz frequency and 0.1 % strain. At least two specimens were tested for each 

formulation. 

6.3 Results and Discussion 

6.3.1 Particle characterization 

SEM micrographs of biocarbons of the two particle size ranges are shown in Figure 6-2. 

Since mechanical sieving was used to separate the particles, any particle that has a cross-sectional 

area within the sieve opening ranges would trap in between the sieves. Therefore, particles with 



147 

 

higher length should have been trapped in between the designated sieves. The overall shape of the 

particles was irregular with a tendency to have an aspect ratio greater than one. This correlates 

well with finding of Nagarajan et al. [19] on size fractionating of miscanthus based biocarbon.  

 

 

Figure 6-2. SEM images: (a) < 20 µm (magnification: 300X, 2000X), (b) 106-125 µm (300X) 
particles before melt mixing. 

 

The thermal degradation of the biocarbons are depicted in Figure 6-3. It appeared that < 20 

µm particles had almost half of the ash content as that of the 106-125 µm particles ( 

Table 6-2).  
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Table 6-2. Compositional analysis of biocarbon with different particle size per ASTM E1131 

Biocarbon Medium volatile matter 

(wt. %) 

Combustible material 

(wt. %) 

Ash content  

(wt. %) 

106 – 125 µm 23.3 ± 0.54 65.2 ± 0.08 11.5 ± 0.46 

< 20 µm 28.5 ± 2.57 65.2 ± 2.46 6.3 ± 0.11 

 

The ash was mainly consisting of silica (Figure S.2) and is believed to be originated from 

the epidermis of the plant material [25]. Therefore, the reason behind the lower ash content of the 

smaller particles can be correlated to the lower grindability of mineral content. 

 

Figure 6-3. TGA analysis and ash content measurements of biocarbon with respect to particle 
size ranges. 



149 

 

6.3.2 Composite characterization: 

6.3.2.1 Strength and stiffness: 

Mechanical properties data for the PP/POE (base blend), PP/POE with MAPP and the 

biocarbon based biocomposites with and without compatibilizer are presented in both Figure 6-4 

and Figure 6-7. In all of the blends and composites, tensile strength happened at the yield point of 

the stress-strain curve and hence is equal to tensile stress at yield. A few important characteristics 

of the biocomposites can be observed by comparing the tensile or maximum flexural stress of the 

samples. At first, addition of biocarbon resulted in a reduction of tensile strength compared to the 

base blend. Second, the addition of MAPP to the PP/POE binary blend reduced the tensile strength, 

but when it was added to the composites, the tensile strength of the composite systems improved. 

In general, the tensile strength is strongly dependent on the stress transfer between the particles 

and the matrix [26].  Strength results showed that the addition of biocarbon in both sizes reduced 

the tensile strength, which is a reason to believe that the particles were poorly bonded to the matrix. 

However, when a compatibilizer was added, this transfer became more efficient and the strength 

improved significantly. This would suggest that MAPP acted as a compatibilizer and promoted the 

adhesion between the filler particles and the matrix. Similarly, Renner et al. [27] found that the 

application of MAPP would result in an improvement of the adhesion force from about 100 mJ/m2 

to nearly 1000 mJ/m2 in the PP/CaCO3 and PP/glass bead composites.  
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Figure 6-4.  (a) Tensile and (b) flexural properties of (A) PP/POE, (B) PP/POE with MAPP, 
(C) Large (D) Large with MAPP, (E) Small, (F) Small with MAPP. 
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The tensile strength of smaller particles composites was higher in both cases of with and 

without MAPP as compared to larger particles composites. In general, this behavior can be related 

to the higher total surface area for smaller particles. The increase in tensile strength with decreasing 

particle size (or increasing surface area) indicates that more efficient stress transfer mechanism is 

involved especially when MAPP is added to the composites [26]. It can be observed from the 

results that compatibilized smaller particles had a tensile strength almost equal to the base binary 

blend. This is another evidence to show that improvement directly relates to interaction of PP with 

particles surfaces. 

Besides being an important characteristic of structural materials, the stiffness of a ternary 

composites offers valuable information about its internal structure. It has been established that 

unlike tensile stress at yield, the improvement of adhesion strength between fillers and matrix 

wouldn’t change the value of the elastic modulus [13,26]. However, in this system, addition of 

MAPP increased the modulus values of both the small and large particles even though addition of 

MAPP alone decreased the tensile modulus of the PP/POE blend (Figure 6-4). This indicates that 

other mechanisms were also involved when MAPP was added to the system, which changed the 

structure of the composites profoundly. In ternary composites where both rubber and hard filler 

were added to the matrix, there are possibilities that either the filler or rubber dispersed separately 

in the matrix or that the rubber phase tends to fully or partially encapsulate the hard filler particles 

[10–12]. Dubnikova et al. [10] observed that in the case of rubber encapsulation of filler particles, 

the relative modulus (ratio of the composite modulus to the binary blend of PP and rubber) of the 

composites remains unchanged through addition of fillers. However, in the case of separate 

dispersion, the modulus increased with the addition of filler. It can be observed from data of the 

composites without compatibilizer, that the tensile modulus of the composites (both in small and 



152 

 

large size) remains statistically insignificant. This is in good agreement with Dubnikova et al. [10] 

findings. Therefore, the only way that addition of MAPP could have improved the modulus of the 

system is to limit the encapsulation of the biocarbon particles. This phenomenon can be confirmed 

trough SEM images of etched cryo-fractured surfaces. As it can be seen from Figure 6-5 and Figure 

6-6 after etching the rubber phase from the un-compatibilized composites, all the biocarbon 

particles were surrounded by voids representing the etched rubber phase.  

On the other hand, the interphase between the biocarbon particles and the matrix in 

compatibilized samples are free of any visible voids in most of the detected particles. This suggests 

that the rubber is more dispersed in the PP phase, rather than encapsulating the particles and hence 

confirming the change in morphology which was expected from stiffness analysis above.  
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Figure 6-5. SEM images of impact fractured (a and b at 2000X) and etched cryo-fractured (c 
and d at 8000 X) surface of the small particle composites, with 5% MAPP (left) and without 

compatibilizer (right). 
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Figure 6-6. SEM images of impact fractured (a and b at 300X) and etched cryo-fractured (c 
and d at 2000 X) surface of the large particle composites, with 5% MAPP (left) and without 

compatibilizer (right). 

 

Since SEM images are qualitative, it would not provide the right measure to evaluate the 

extent of encapsulation. The modified Kerner equation [28] has been shown that it can provide a 

proper estimate for the description of the effects of fillers on the modulus of ternary composites 

[29–31]. The theoretical modulus will be calculated from equation 6-1: 

𝐸𝐸𝑐𝑐 = 𝐸𝐸𝑏𝑏
1+AB𝜑𝜑𝑓𝑓
1−B𝜓𝜓𝜑𝜑𝑓𝑓

   (6-1) 
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Where the quantity A, B and ψ are defined as: 

𝐵𝐵 =
�
𝐸𝐸𝑓𝑓
𝐸𝐸𝑏𝑏
−1�

�
𝐸𝐸𝑓𝑓
𝐸𝐸𝑏𝑏
+𝐴𝐴�

    (6-2) 

𝐴𝐴 = 𝐾𝐾𝑒𝑒 − 1    (6-3) 

𝜓𝜓 = 1 + ��1 − 𝑉𝑉𝑓𝑓�/𝑉𝑉𝑓𝑓2�𝜑𝜑𝑓𝑓  (6-4) 

In equation 6-1 through 4, the subscript b and f denote binary blend and filler while Ke, V 

and φ are Einstein coefficient, maximum volume fraction and volume fraction respectively. The 

value of Ke was estimated to be 2.6 for rod shape particles with length over diameter ratio of 2.5 

according to estimates from SEM images (Figure 6-2) [28]. Maximum volume fraction of fillers 

was 0.64 based on random close packing of hard spheres [32]. Although the particles may not be 

of a uniform spherical shape, value should be very close for both sizes and therefore choosing a 

rough estimate will not change the conclusions. The modulus for the biocarbon was converted 

from Derjaguin, Muller and Toporov modulus (DMT) values measured by atomic force 

microscopy for miscanthus biocarbon in the previous study [33]. The extent of encapsulation 

results is presented in Table 6-3. The calculated amount of embedded filler is the deference 

between the actual filler volume fraction (13.8 %) and the filler volume fraction that will result in 

similar theoretical value of the measured modulus based on equation 6-1. It can be seen from these 

calculations that in presence of MAPP the dominant structure is separate dispersion of phases. 
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Table 6-3.  Theoretical extent of encapsulation with and without presence of compatibilizer 

Filler 

Type 

MAPP 

(%) 

Modulus (GPa) Embedded 

filler (vol. %) Calculated Measured 

Small 
0 

1.51 
1.36 64 

5 1.49 8 

Large 
0 

1.51 
1.33 80 

5 1.42 36 

 

The addition of MAPP caused a larger improvement in the tensile modulus for the smaller 

particle size composites compared to the larger particle size composites. The same trend can be 

observed from the flexural modulus data. However, it is known that particle sizes at the micro-

scale level have little influence on the elastic modulus of a composite [26]. Considering the 

encapsulation theory, the balance between the adhesion strength and shear stress determines the 

extent of encapsulation [11]. Therefore, smaller particles which have higher adhesion strength, 

should have had more extent of encapsulation than larger ones [15]. Based on this theory, after the 

addition of a compatibilizer, and a separate dispersion of phases, the moduli of the both large and 

small particle size system should be similar or even higher in the case with larger particles. The 

unexpected lower modulus of the large particle size composite can be attributed to the presence of 

holes (Figure 6-2 and Figure 6-5) within the structure of large biocarbon particles (originated from 

lumen structure of the miscanthus grass). These holes which were absent in the smaller particles, 

(Figure 6-2), can produce voids in the final composites which would reduce the final modulus 

values [34]. This causes an artificial inflation of embedded filler value in Table 6-3 for large 

particles. In general, calculated modulus values for smaller particles looks more reasonable when 



157 

 

compared to SEM image (Figure 6-5). Nevertheless, the differences observed between the 

measured moduli of the larger and the smaller particles in the separate dispersion morphology may 

not be of a practical significance. 

6.3.2.2 Toughness: 

The notched Izod impact strength is plotted against biocarbon particle size in Figure 6-7. 

Additionally, the effect of MAPP is also shown in the figure. In all cases the impact toughness was 

greatly reduced as compare to the base binary blend. The changes in the extent of encapsulation 

of the particles caused significant differences in the impact strength of the composites.  Molnar et 

al. [31] showed in their study that although extent of encapsulation is affecting the impact 

resistance of the PP/Ethylene propylene rubber and BaSO4 composites but encapsulation alone 

cannot explain the variation of impact resistance.  
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Figure 6-7. Izod notched impact and elongation at break of (A) PP/POE, (B) PP/POE with 
MAPP, (C) Large (D) Large with MAPP, (E) Small, (F) Small with MAPP. 

 

The SEM images of impact fracture surfaces in presence and absence of MAPP (a and b in 

Figure 6-5 and Figure 6-6) provide some useful information regarding the involved fracture 

mechanisms. In the absence of MAPP, a lot of particles can be seen in the fractured surface, in 

both small and large particles composites. This would suggest that the impact path either went 

through the particle interface or fractured the particles themselves. On the other hand, in the 

presence of MAPP, a lower number of particles can be observed in the fractured surface which is 

suggesting that the fractured path went mainly through the toughened matrix. This would suggest 

that in the case when many particles are observable in fracture surface, particles interfaces were 

the weak points of the system which caused the considerable loss of impact toughness.  The 
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addition of MAPP replaces this defective interface with a stronger interphase resulting in an impact 

improvement in both particle size range. 

While the two series of composites (with large and small particle categories) had similar 

impact strength in the encapsulated structure, the impact strength had larger improvement in 

composites with larger particles after addition of MAPP. It has been reported that fracture and/or 

debonding of large wood flour particles (160 μm) plays an important role in dominating local 

deformation process in MAPP compatibilized PP/EPDM/wood composites [15]. Likewise, 

instrumented impact results of Keledi et al. [13] on PP/EPDM/wood composites revealed that 

debonding is the main micromechanical deformation mechanism happening during the impact 

fracture of these ternary composites. The larger particles have less surface area and therefore 

debonding can happen more easily in comparison with small particles [15]. Consequently, more 

debonding is expected to occur in composites with larger particles. Additionally, the fracture of 

particles requires expense of energy, which also expected more noticeable in larger particles since 

smaller one may not even break (less number of holes existed in the smaller particles). The sum 

of all these energies together can further improve the impact toughness of larger particles over 

smaller ones. Figure 6-5a, shows that even in presence of MAPP, a significant number of broken 

large biocarbon particles are observable, which confirms the above idea. They also result in a 

higher impact toughness as compared to the smaller particle size composites. 

The effect of MAPP addition and morphology changes on the tan δ shift of the base blend 

and biocomposites are shown in Figure 6-8. Two tan δ peaks were observed around 13 and -40°C, 

corresponding to the glass transition temperatures (Tg) of PP and POE respectively. In both 

uncompatibilized biocomposites the location of tan δ peaks for PP and POE did not change from 

base blend. However, when MAPP was added to the biocomposites the PP Tg shifted to a higher 
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temperature suggesting that more PP chains were immobilized. On the other hand, the POE Tg 

was shifted to lower temperature which indicates that POE chains were more mobile. Premphet et 

al.  [30] observed that in PP/POE/CaCO3 composites these changes were more pronounced for 

small particle size. These observations are in good accord with morphological changes caused by 

addition of MAPP and theoretical calculations of the extent of encapsulation (Table 6-3). 

 

Figure 6-8. Temperature dependency of tan δ for (a) PP/POE, (b) PP/POE with MAPP, (c) 
Small, (d) Small with MAPP, (e) Large, (f) Large with MAPP. 

 

The DSC crystallization exotherms of PP/POE blend and the composite systems are 

depicted in Figure 6-9. It is evident that despite the difference in structure, composite samples 

shifted the crystallization peak of the PP toward the higher temperatures. This effect is more 

pronounced in the case of larger biocarbon particles.  
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Figure 6-9. DSC graph of the first cooling cycle for the matrix and biocomposites 

 

However, no significant difference was observed in the crystallinity of samples. The higher 

amount of ash content (11.5 wt. %) in larger particles size range compared to smaller range (6.3 

wt. %) can be the reason for the nucleating behavior of composites with large particle size. The 

ash is mainly consisting of silica. It has been shown that SiO2 can increase the crystallization 

temperature of iso-tactic PP [35]. A positive shift in crystallization temperature has been observed 

by Das et al. [36] in PP pine wood biocarbon composites (13 wt. %).  

6.4 Conclusions 

In summary, the results presented in this work showed that the addition of MAPP can 

significantly change the structure of the PP/POE/biocarbon composites. The encapsulated 

morphology, which is a result of an un-compatibilized mixture possess low values of stiffness and 
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toughness in the ternary systems which limits the application of such composites. On the other 

hand, the separate dispersion of phases significantly improved the properties to reach a better 

stiffness-toughness balance. The properties of the composites were independent of the particle size 

of the biocarbon in encapsulated morphology. In the separate dispersion morphology, the smaller 

particles provide better stiffness and strength while the larger ones were more efficient in terms of 

impact toughness. 
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Chapter 7: Biobased, Lighter and Toughened 

Carbonaceous Biocomposites as 

Replacement to Mineral Filled 

Thermoplastic Polyolefin 

1Several parts in a vehicle are now made of polymer composites which constitute 

a sizable portion of the car’s weight. These parts, being interior decorative elements or 

impact absorbant bumpers, are normally made from a petroleum-based matrix filled with 

non-renewable fillers such as talc and glass fiber. The advent of new regulations in the 

automotive industry such as Corporate Average Fuel Economy (CAFÉ) standard pushes 

for more lightweight and eco-friendly materials. One solution to this problem is to replace 

the traditional fillers with biobased fillers which can satisfy the automotive requirements. 

The challenge would be to fulfill the required mechanical properties especially the 

stiffness-toughness balance in such biocomposites. Biocarbon, being a biobased material 

and a product of biomass pyrolysis as well as falling in line with the circular economy 

concept fits well into this solution. Recent research on biocarbon composites showed that 

unlike carbon black, it could successfully reinforce plastics even at high loading levels. 

However, creating a biocarbon based composite with balanced stiffness and toughness has 

remained a challenge so far. The present work investigates a novel polypropylene-

biocarbon based biocomposite with high impact toughness. By tuning the properties of the 

biocarbon, use of an α-olefin elastomer and proper compatibilizer the notched Izod impact 

properties of the composites significantly improved (600 J/m) without any significant loss 

in the stiffness and strength of the composites. The morphological analysis of the fractured 

surfaces revealed the underlying mechanisms for such an improvement. The changes in the 

                                                 

1 A version of this chapter is filed as a provisional patent ‘Toughened Polyolefin and biocarbon 

based light weight biocomposites and method of making the same’ PTO/AIA/14/ (11-15) U.S Patent 
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interface of the biocarbon were responsible for super-toughening effect in such composites. 

These results demonstrate the potential of biocarbon as a replacement of traditional filler 

in toughened PP composites. 
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7.1 Introduction 

World’s linear petroleum-based economy has led to the excessive usage of non-renewable 

resources, production of non-biodegradable wastes, and emission of greenhouse gasses (GHG) 

which raises serious sustainability issues for the current and future generations [1]. Oil and gas are 

mainly used for transportation, electricity and heat generation, and the production of chemicals 

including plastics. Several approaches have been initiated to address each of the mentioned sectors. 

Formation of biorefineries, enforcement of new fuel economy standards and utilization of 

bioplastics and biocomposites are a few examples of these approaches. The biorefineries will 

address the renewable fuel production for transportation and energy sectors. At the same time, fuel 

economy standards, such as corporate average fuel economy (CAFE) limits the fuel consumption 

of vehicles. Bioplastics and biocomposites, on the other hand, tend to replace traditional 

petroleum-based materials.  

Statistical data showed that the transportation sector is responsible for about 60% of the 

world’s total oil demand and it will most likely continue to grow steadily in the future [2]. A 

significant share of the transportation sector in oil consumption has led to an increasing interest in 

obtaining biofuel from renewable materials and more specifically non-food resources 

lignocellulosic biomass [3]. With this concept, the current linear economy can be replaced by a 

circular bioeconomy in which the energy and fuel will be harvested from nature and will be 

returned to the environment without producing an excess amount of GHG or wastes. Among all 

the available techniques, thermochemical pathway showed promising results for obtaining biofuel 

and bioenergy from biomass [4].  

Pyrolysis is a thermochemical conversion process in which the raw biomass is heated in 

the absence of oxygen and produces bio-oil, synthetic gas (syngas) and solid char known as 
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biocarbon. The syngas can be utilized as bioenergy for heating or electricity production. The bio-

oil is a liquid fuel which can be used directly or refined further for higher end applications. The 

oil can be turned into chemicals to produce material building blocks such as monomers for plastic 

synthesis. However, biocarbon, a carbon-rich solid with a relatively low heating value did not find 

any value-added applications to contribute to the whole process. Depending on the type and 

conditions of pyrolysis, the biocarbon production can vary between 12 to 35% of the yield. The 

significant amount of char production challenges the long-term sustainability of pyrolysis units, 

and it is against the circular economy concept. 

7.2  Materials and Methods 

In this study, miscanthus biocarbon (BC) which was hammer milled to ∼400 μm (1/64 in.), 

received from Competitive Green Technologies, Leamington, ON, Canada. This biocarbon was 

produced through a slow pyrolysis process at ∼630 °C. In this process after a pre-drying cycle, 

300 kg of the chopped miscanthus grass conveyed through the pyrolysis chamber using an auger 

system which took 15 min from the entrance to exit. The whole chamber was set to be at the 

temperatures mentioned above. 

The as received biocarbon batch was sieved to particle size ranges of 106-125, <75 and 

smaller than 20 µm separately using a Ro-tap sieve shaker (W.S. Tyler, OH, USA) fitted with 

appropriate Tyler sieves. The ball milled samples were prepared using a planetary milling machine 

(Retsch PM100, Germany). The milling media was 200g of 10 mm zirconium oxide balls. The as 

received biocarbon was milled for 24h at sun wheel speed of 300 rpm. 

Injection molding grade of polypropylene (PP) pellets, (trade name 1335Z) was a product 

of Pinnacle Polymers LLC., LA, USA. The melt flow index (MFI) at 230 °C/2.16 Kg and density 
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of PP were 35 g/10 min and 0.9 g/cm3 according to the materials datasheet, respectively. The 

polyolefin elastomer used was an ethylene-octene copolymer (POE) a product of Dow Chemical 

Company (trade name Engage 8137) in the form of pellets. The MFI at 190°C/2.16 kg and density 

of POE were 13 g/10min and 0.866 g/cm3 respectively. A maleic anhydride grafted PP (MAPP) 

copolymer was added to produce preferential adhesion between the particles and PP. The MAPP 

used in this study was Fusabond P353 a product of DuPont (Wilmington, DE). The industry 

reference material was a 30% mineral thermoplastic polyolefin elastomer (TPE) classified as Ford 

Motor company material under WSS-M4D954-A. 

All the formulations were melt processed at 190 °C, at a screw speed of 100 rpm (co-

rotating) for 120 s in DSM Xplore micro compounder with length over diameter ratio (L/D) of 18 

(DSM Xplore, the Netherlands). Tthe molten compound was then transferred to the DSM Xplore 

12 cc injection molding machine to make test specimens. The injection, packing and holding 

pressures and duration were 4, 8, 8 bar and 4, 6 and 10 s respectively. Mold temperature was kept 

constant at 40 °C during all injections. All the biocomposites were prepared by mixing 20 wt.% of 

the biocarbon with a 70/30 PP/POE blend. In the case of compatibilized samples, 5 wt.% of the 

PP was replaced by the MAPP. 

The fracture surface morphologies of samples were gold coated and observed under 

scanning electron microscopy (SEM), Phenom ProX (Phenom World BV, Netherlands) equipped 

with a backscattering electron (BSE). 

Tensile properties of the composites were measured by Instron universal testing machine 

(Norwood, MA). Type IV specimens were tested as per the ASTM D638-14 protocol with a test 

speed of 50 mm/min at room temperature and with 50% relative humidity. Flexural properties 
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were measured as per ASTM D790-15 (procedure B); with a crosshead speed of 14 mm/min and 

a span length of 52 mm. The impact strength of the samples was measured in accordance with 

ASTM D256-10. The samples were notched 48 hours before testing. The tests were conducted on 

a TMI monitor impact tester (Testing Machine Inc. DE, USA) with five ft.lb pendulum at room 

temperature. Five replicates were tested for each of the mechanical tests. 

7.3 Results and Discussion 

To investigate the effect of biocarbon as a new filler in the toughened PP matrix, a few 

aspects needed to be considered first. Filler aspects such as particle size, filler surface chemistry 

and compatibility with the matrix need to be evaluated first. Figure 7-1 shows the effect of particle 

size on the stiffness and toughness of the toughened PP composites. The results suggest that the 

reduction in the particle size did not significantly affect the stiffness of the composites and the 

marginal improvement in the modulus in small particles was not of any practical importance. The 

independence of the modulus from particle size in composites with micron-sized fillers has been 

established before. On the other hand, the impact toughness changed substantially when the 

biocarbon particles were added to the matrix. The impact toughness dropped initially with the 

addition of biocarbon and reduced further as the particle size reduced to 20 µm. However, the ball-

milled particles changed this trend and caused a significant improvement in the impact toughness. 

This behavior can be related to the presence of defects in biocarbon structure . The holes and pores 

in the structure of a biocarbon can be seen in Figure 7-3.The ball milling process can break the 

particles from their defective sites and hence produce particles with less flaw at the end. Moreover, 

the particles will tend to be more round after the milling which reduces the stress concentration 

caused by sharp edges. Ogunsuna et al. observed a similar trend when biocarbon was added to the 
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polyamide matrix . The loss of aspect ratio as a result of milling process can be the reason behind 

the slight decrease in the modulus of the ball milled samples. 

 

 

Figure 7-1. The effect of particle size the stiffness and toughness of the high-temperature 
biocarbon based biocomposites (with compatibilizer); (A) PP/POE, (B)106-125 µm, (C) <75 

µm, (D) <20 µm, (E) ball-milled particles. 

 

The second important factor is the compatibility of the biocarbon with the matrix. The 

effect of this feature can be observed through biocarbons with different surface functionality and 

their interaction with the compatibilizer and the matrix. Figure 7-2 shows the stiffness-toughness 

balance in biocomposites with different biocarbon. In this series, the biocarbon were pyrolyzed at 
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different temperatures. Therefore, the biocarbons are fundamentally different regarding their 

available functional groups and their corresponding amount. Detailed analysis of the biocarbon 

composition and their functionality has been published elsewhere. Previous work of the authors 

revealed that the LTBc surface has certain functional groups such as carboxyl, while the HTBc 

mainly consists of aromatic carbon. Similar to particle size effect, the difference in the chemical 

functionality of the biocarbon did not affect the stiffness of the composites to a large extent. 

However, the impact toughness of the composites was more sensitive to the compatibility. The 

addition of compatibilizer significantly improves the impact toughens of the HTBc composites, 

this can be observed by comparing the results of the uncompatibilized and compatibilized HTBc 

composites (B and C) in Figure 7-2. The presence of the functional group in LTBc makes the 

biocarbon incompatible with the matrix. Although the addition of compatibilizer improves the 

impact toughness, it could not recover the properties to the original values of the matrix. The 

significant difference in impact properties is due to the specific morphology of phases in 

biocomposites and the strength of the interaction between the component of the matrix (PP and 

POE) with the biocarbon . The improvement in the interface of the biocarbon was responsible for 

super-toughening effect in such composites (Figure 7-3). 
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Figure 7-2. The effect of biocarbon surface functionality and compatibilization on the 
biocomposites properties; (A) PP/POE, (B) HTBc, (C) HTBc with compatibilizer, (D) LTBc 

 

 

Figure 7-3. SEM images of PP/POE/biocarbon biocomposites with (a) poor and (b) enhanced 
interface. 
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Apart from the stiffness-toughness balance, other performance attributes were also 

measured and compared to a 30% mineral filled industrial reference material for injection 

moldable parts. Density was one the important targets of biocarbon biocomposite development. 

The processability is another important factor determining the processing technique of the 

materials. Usually, this property is measured through the melt flow index testing. In Figure 7-4 the 

performance attributes of biocarbon based biocomposites compared to an industry reference 

material used for automotive parts. 

 

Figure 7-4. Performance comparison between 30% talc filled industry reference compound 
and the biocarbon based biocomposites 

 

The results suggest that by proper choice of the biocarbon and suitable compatibilization, 

biocarbon based biocomposites can perform better or at the same level as the current mineral filled 

composites in the automotive industry. 

Figure 7-5 shows a typical stress strain curve of the toughened PP and its composites. After 

the addition of the biocarbon the elongation at break reduced significantly. However, the addition 
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of the compatibilizer improved both the strength and elongation at break. Further improvement of 

the strength can be obtained by small addition of recycled carbon fiber (curve 1). 

 

Figure 7-5. Typical stress-strain curves for the toughened PP and biocarbon biocomposites  

7.4 Conclusions 

The use of biocarbon as a filler in composite formulations for automotive parts has 

investigated with regards to the particles size and compatibility of the particles with the matrix. It 

was found that reduction of the structural defects by means of ball milling can significantly 

improve the performance of these composites. Moreover, the compatibility plays a critical role in 
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the impact toughness of the biocomposites. The combination of a compatibilizer and high 

temperature processed biocarbon has resulted in the best impact toughness. 

These results demonstrate the potential performance of biocarbon as a replacement of 

traditional filler in toughened PP composites. This could create a high demand application for the 

biocarbon leading to a more sustainable biorefinery approach for producing biofuel. Furthermore, 

the lower density of the biocomposites as compare to conventional composites used in automotive 

industry can contribute to the better fuel economy of cars. 
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Chapter 8: Accelerated Heat Aging of 

Biocarbon and Toughened Polypropylene 

Biocomposites 

 

1Biocarbon based PP biocomposites show great potential for the replacement of 

conventional mineral filled composites in the automotive industry due to their lighter 

weight and lower environmental impact. However, the long-term performance of these 

biocomposites has never been studied before. In this study, the durability of novel light-

weight biocarbon based biocomposites for automotive interior part application was 

investigated. Biocomposites consisting of toughened PP, compatibilizer, β-nucleating 

agent, 20 wt.% biocarbon and 2 wt.% recycled carbon fiber were prepared by twin-screw 

extrusion and injection molded into the standard test specimens. Biocomposites with and 

without hindered phenolic antioxidant underwent an accelerated heat aging at 110 °C for 

1000 h. Thermo-oxidative degradation was tracked along the specimen’s thickness using 

energy dispersive spectroscopy (EDS). Izod notched impact, and tensile properties of the 

specimens were monitored throughout the aging process and compared against the required 

specifications. Differential scanning calorimetry (DSC) and dynamic mechanical (DMA) 

analysis were utilized to study the structural changes caused by the aging. While the tensile 

properties were sufficiently sustained using the antioxidants, the impact strength failed to 

satisfy the criteria. The crystallinity increased as a result of annealing. However, the 

morphological changes in the β crystal phase has led to the significant impact reduction in 

the biocomposites. 

                                                 

1 A version of this chapter is under review for publication as ‘Accelerated heat aging of biocarbon 
and toughened PP biocomposites’ in RSC Advances, July, 2017. 
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8.1 Introduction 

A paradigm shift has been observed in the material development field in response to 

emerging environmental issues such as fossil fuel depletion and greenhouse gasses (GHG) 

emissions [1,2]. In this new paradigm, materials which will last considerably longer in the 

environment, such as plastics, are replaced with those from renewable resources to alleviate the 

environmental impact. However, the rapid degradation and loss of properties of biopolymers and 

biocomposites are not a desirable outcome for the industry [3]. Industry, especially automotive 

part manufacturers, require durable materials that hold the properties till the end of the part’s 

service life. Biocomposites, based on renewable fillers, show performance attributes which can 

satisfy or sometimes surpass the requirements that have been met by the conventional petroleum-

based composites [4,5]. However, the question is if they can withstand the durability requirements 

of the specific industry or if the same antidegradation methods, that are already in use, can be 

applied to make them durable. 

In line with the mentioned environmental movement, new fuel economy standards such as 

corporate average fuel economy (CAFÉ) are forcing the automotive industry to use lighter weight 

materials. Enforcement of these standards has led to the replacement of dense fillers, such as 

minerals and glass fibers, in conventional composites with lower density materials such as carbon 

fiber and biobased fillers [6]. This increased demand for the use of lightweight and renewable 

fillers requires detailed study of their durability aspects in the automotive industry.  

Polypropylene (PP) because of its exceptional properties such as low processing 

temperature, low density, and resistivity to chemicals has been one of the most used matrices for 

polymer composites and biocomposites in the automotive industry [7,8]. While PP is quite resistant 



185 

 

to moisture and hydrolysis reactions, it is known to be highly susceptible to thermo-oxidative 

reactions [9]. For this reason, accelerated heat aging test is a standard method to evaluate the long-

term performance of the PP-based materials in the automotive industry.  In this method, samples 

are kept at elevated temperature(s) for a certain amount of time, and their properties are monitored 

during the aging process. The high aging temperature accelerates oxidative reactions and can cause 

structural changes in the materials which would normally happen over years of normal service 

conditions [10].  

Several researchers have studied the degradation mechanisms and methods to prevent this 

phenomenon occurring in PP [11–13]. Chain scission and alterations of crystalline phase are the 

two main phenomena that can happen during the heat aging process which will affect the 

mechanical properties. The chain scission is the direct consequence of thermo-oxidative reactions 

[9] whereas annealing is responsible for changes in the crystalline structure of the PP [12,14]. 

Gensler et al. [13] compared the retardation mechanisms of phenolic and hindered amine 

(HAS) antioxidants in PP. Their results revealed that degradation is gradual in the case of HAS 

stabilizer, but almost instantaneous for phenolic based antioxidant at the end of the induction 

period. Therefore, antioxidant concentration plays a critical role for samples stabilized with 

hindered phenols to avoid early catastrophic failure. Elvira et al. [12] studied the effects of heat 

aging of pure isotactic PP (i-PP) and found out that changes in the crystalline structure of the PP 

play an important role in the degradation of i-PP as the reactions start from crystalline-amorphous 

interphase. Lv et al. [15] showed that β crystallinity could improve the thermal stability of PP 

based films. Recently, the use of β-nucleating agent has been reported to have a profound 

improvement in the impact toughness of the unaged PP-based materials [16,17].  
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Annealing is known to improve the mechanical properties of PP with α crystals. However, 

in the case of β-nucleated PP, the effect is more complicated. Depending on the annealing 

temperature and how it affects the ratio of β to α crystals, different outcomes may occur [18]. It 

appears that a special morphology of β crystallinity are required to achieve the maximum 

toughness improvement, and any deviation from this optimum point can yield property reduction 

[16,18,19]. Therefore, the question would be if the initial improvement achieved with the aid of β 

crystallinity is stable during the heat aging process.   

Several durability studies can be found for pure PP and PP composites showing benefits of 

using minerals in improving the durability [20–22]. However, little information regarding the 

thermo-oxidative degradation of renewable filler based PP biocomposites is currently available. In 

this study, the durability of β-nucleated PP biocomposites based on lightweight fillers, biocarbon, 

and carbon fiber, were assessed in an accelerated heat aging environment. The efficiency of 

phenolic antioxidants was evaluated against automotive industry specifications. The combination 

of polymer and fillers was chosen based on their potential commercial relevance as interior 

automotive biocomposites as well as literature reports of its successful preparation [23,24]. The 

aim of this work is to find out if the combined use of β-nucleating agent and antioxidant is a viable 

solution for the consistent long-term performance of such biocomposites. In particular, 

crystallinity and oxygen content of the samples were monitored as the measure of structural 

changes and the extent of degradation respectively. These properties were correlated to the 

mechanical property changes, and final remarks and conclusions are presented. 
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8.2 Materials and Methods 

8.2.1 Materials 

The materials used in this study are listed in Table 8-1. The antioxidants were chosen from 

the general industry hindered phenolic compounds. Irganox was selected since it is known to be 

vulnerable to moisture and it was important to check its performance in the presence of biofillers 

such as biocarbon which will inevitably contain moisture [25]. 

8.2.2 Sample preparation 

Biocarbon was dried at 105 °C until constant weight reached and cooled to room 

temperature under vacuum prior to processing. All the constituents were premixed in a plastic bag 

before feeding to the extruder. The mixture was fed through the main feeder of the Leistritz twin 

screw extruder with L/D ratio of 48:1 (Leistritz advance technologies corp. USA) with a feed rate 

of 4 kg/h. The temperature profile of the extruder was from 180 to 200 °C from the hopper to die. 

The screw speed was set at 100 rpm with a corotating configuration to produce strands. The strands 

went through a water bath to cool down and then pelletized and kept in the oven at 80 °C before 

the injection molding. 

The injection molding of the samples was performed with ARBURG Allrounder injection 

molding machine (ARBURG allrounder 370C with model number 370 S 700-290/70, Germany). 

The melt and mold temperatures were kept at 220 and 30 °C respectively. Injection pressure was 

set to 800 bar with 20 s cooling cycle. 
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Table 8-1. List of materials used in this study with their important characteristics. 

 

Name Commercial Name/Grade Producer Characteristics* Role Content 

Homo Polypropylene PP 1350N Pinnacle Pellets, MFI =50 g/10 min (2.16 kg, 230 °C) Matrix 68 wt.% 

Poly(octene-ethylene) ENGAGE 8842 DOW Pellets, MFI = 1 g/10 min (2.16 kg, 190 °C) Toughening agent 25 wt.% 

MA grafted PP Fusabond P353 Dupont Pellets, MFI = 1 g/10 min (325 kg, 160 °C) compatibilizer 5 wt.% 

β Nucleating agent MPM 2000 MAYZO Pellets, MFI = 12-35 g/10 min (2.16 kg, 230 °C) Nucleating agent 1 wt.% 

Biocarbon Miscanthus Biocarbon CGTech Pyrolyzed at 700 °C, ball-milled particles Reinforcement 20 wt.% 

Recycled Carbon Fiber CT6 Carbiso 6mm chopped fiber Reinforcement 2 wt.% 

Irganox B225 BASF Powder Antioxidant 1 phr 

Songxtend 2124 SONGWON Pellets Antioxidant 1 phr 

Tinuvin P BASF Powder Anti-UV 1 phr 

*The characteristics are based on the materials technical datasheet.
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8.2.3 Heat aging 

Heat aging was conducted according to ISO 188 (2011) standard at 110 °C for 1000 h in 

an IsoTemp oven (Fisher Scientific, Canada). Samples were hung vertically from the oven rack. 

Test specimens were randomly distributed to minimize the walls and door effects on a specific 

sample set (Figure 8-1). Specimens were removed from the oven every 250 h and kept in a 

desiccator for 48h to equilibrate before testing. An external thermocouple (Fluke Corporation, 

USA) was used to check the temperature close to the specimens. 

 

 

Figure 8-1. Overview of sample placement on the oven rack (a) perspective and (b) top view 
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8.2.4 Characterization 

Thermal behaviors of the samples were analyzed by DSC Q200, TA instrument (USA) 

under nitrogen flow at a rate of 50 mL/min.  Flat pieces of about 9 mg were shaved from the core 

portion of an untested impact bar were used for the analysis. The sample was heated to 220 °C at 

the rate of 10 °C/min, subsequently cooling to -50 °C with 5 °C/min ramp and reheated to 220 °C 

with 10 °C/min heating rate. An average value of properties such as melting temperature (Tm), 

crystallization temperature (Tc), and crystallization enthalpy (Hc) was determined from at least 

two separate samples. 

Viscoelastic behavior of the samples was investigated using a DMA Q800 (TA instrument, 

USA) in a dual cantilever mode. Samples were tested by heating from -110 to 150 °C with a 3 

°C/min ramp rate, a 1 Hz frequency and a 0.01 % strain. The results were generated in duplicates. 

Tensile properties of the composites were measured by Instron universal testing machine 

(Norwood, MA). Type IV specimens were tested as per the ASTM D638-14 protocol with a test 

speed of 50 mm/min at room temperature and with 50% relative humidity. The impact strength of 

the samples was measured in accordance with ASTM D256-10. The samples were notched 48 

hours prior to the aging. The tests were conducted on a TMI monitor impact tester (Testing 

Machine Inc. DE, USA) with 5 ft.lb pendulum at room temperature. Five replicates were tested 

for each of the mechanical tests. 

The oxygen content of the samples was measured in three difference location along the 

thickness of the specimen using a Phenom ProX (Phenom World BV, Netherlands) scanning 

electron microscope equipped with an energy-dispersive spectrometer. The location of sampling 

area are presented schematically in Figure 8-2. 
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Figure 8-2. A schematic presentation of EDS analysis of biocomposites. 

 

8.3 Results 

8.3.1 Oxygen content: 

The oxygen content measurement results for the lab and heat aged samples are presented 

in Table 8-2. For the lab conditioned specimens, no significant difference was observed. Therefore, 

the oxygen content of the 48h lab conditioned samples was reported as the representative baseline 

value. The initial unaged oxygen content for all the samples was about 8 wt.% which could be 

related to the presence of oxygen on the other constituents of the composites such as the biocarbon, 

MAPP, and the nucleating agent. The biocarbon alone depending on its pyrolysis temperature was 

reported to have around 30 wt.% oxygen in its structure [26]. Consequently, the initial 8 wt.% 

value seems to be reasonable. After the first 250 h of heat aging, there was a negligible increase in 

oxygen content for all three composites. However, at the next testing point (500 h) the control 

showed significantly higher oxygen amounts compared to the stabilized samples. This difference 

was more pronounced in the edge area as compared to the center. A similar increase continued to 
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happen for the control sample on the following testing points while the oxygen of the stabilized 

samples had reached a plateau. The oxygen gradient between the core (center area) and the edge 

of the control sample shows the diffusion nature of the degradation process. The initial increase in 

oxygen content indicates that the oxidation reactions had started. However, the main effect 

happened sometimes between the first 250 h and 500 h of aging when the oxygen had reached into 

the core of the samples. These results demonstrate the efficiency of the chosen antioxidants in 

stabilizing the thermo-oxidative processes in the biocomposites.  

 

Table 8-2. Oxygen weight concentration for lab and heat aged samples. 

 Control IRGANOX SONGXTEND 

 Center Edge Center Edge Center Edge 

Lab 7.9 ± 0.13 7.8 ± 0.11 7.8 ± 0.10 7.7 ± 0.15 8.0 ± 0.14 7.8 ± 0.13 

250 h 8.4 ± 0.19 8.5 ± 0.22 9.1 ± 0.17 9.5 ± 0.18 8.6 ± 0.17 8.9 ± 0.34 

500 h 9.17 ± 0.28 12.9 ± 0.21 9.1 ± 0.23 9.4 ± 0.20 10.9 ± 0.34 10.8 ± 0.42 

750 h 12.7 ± 0.32 14.1 ± 0.25 8.9 ± 0.21 9.4 ± 0.27 10.3 ± 0.33 10.1 ± 0.30 

 

8.3.2 Mechanical Properties: 

The effect of heat aging on the mechanical properties of the biocomposites is depicted in 

Figure 8-3 and Figure 8-4. The horizontal red lines in the figures designate the required 

performance specifications by the end of the heat aging test. This value usually determined by the 

original equipment manufacturer, and for the car interior parts made of toughened PP composites 

a common value of ±15 % was chosen as the performance criteria.  
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Initially, it was important to check if the biocomposites were stable under lab conditions 

for the whole period of the test. The filled symbols in Figure 8-3 and Figure 8-4 represents the 

properties of the lab conditioned samples, and the results confirmed their stability throughout the 

test. In the case of heat aged samples (half-filled symbols), the tensile strength and modulus 

remained the same for all the samples except the control which showed a catastrophic failure at 

500 h of aging. This behavior suggests that the biocomposite without any stabilizer is good for 

only a quarter of the time that they are expected to function. The observed reduction in tensile 

properties is consistent with the oxygen content increase in the control sample (Table 8-2)  

confirming the direct relationship between these phenomena. The unchanged properties of the 

control composites at 250 h suggests that a considerable portion of the control sample was still 

intact from degradation. 

The tensile properties of the stabilized samples were consistent throughout the aging period 

with no significant loss of the properties. The tensile yield strength of the heat aged and stabilized 

samples were slightly improved (about 5 %) as compared to their corresponding lab conditioned 

specimens. This slight increase in the yield strength could be related to the increase in β-crystals 

content because of the annealing. The same observation was reported by Wu et al. [27] for annealed 

β-nucleated PP-Montmorillonite nanocomposites. This subject will be discussed more in details in 

the section related to the crystallinity changes.  
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Figure 8-3. Normalized tensile yield strength (a) and Young’s modulus (b) of the aged 
composites 

 

The normalized impact strength of the lab and heat aged composites are shown in Figure 

8-4. Unlike the tensile properties, all the heat aged samples (with and without stabilizers) 

underwent an initial reduction in their impact strength. This reduced value remained the same for 

the stabilized samples till the end of the test, but the control sample showed complete failure at 

500 h similar to the tensile properties.   
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Figure 8-4. Normalized Izod notched impact strength of the aged biocomposites. 

 

The observed initial reduction in impact strength is believed to be independent of the 

oxidation reactions for two main reasons. First, the reduction observed only at the beginning of 

the heat aging test and never happened again for the stabilized samples. Second, the oxygen content 

and other mechanical properties showed that thermo-oxidation reactions were not dominant until 

after the first testing period at least for the control sample. These observations suggest that other 

structural changes were involved during the first 250 h of heat aging. 

8.3.3 Crystalline phase alterations: 

Figure 8-5a shows the crystallinity changes versus aging time for the composites based on 

the first heating cycle of the DSC isotherms. The crystallinity increased monotonically for the 

control samples while it plateaued after 500 h for both stabilized composites. The larger increase 

in the crystallinity of control can be related to the thermo-oxidative chain scission and annealing. 

It has been established that PP chain scission can help to remove the hindrance on the 
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rearrangement of the chains and results in higher crystallinity of pure PP [12]. According to oxygen 

content and mechanical properties, signs of oxidative reactions first appeared at 500 h of heat 

aging. Correspondingly, the higher crystallinity of control sample started at 500 h. Therefore, one 

could deduce that the changes in the crystallinity for the first 250 to 500 h of aging was mainly 

due to annealing effect while any further increase in crystallinity due to thermo-oxidative 

degradation. 

While the first heating cycle provides information regarding the current crystalline 

structure of the composites, the second heating cycle shows the ability of a degraded material to 

recrystallize. This information would help to compare the structural similarity between the aged 

and unaged material [12]. The second heating scan results of the biocomposites are shown in 

Figure 8-5b. Unlike the stabilized composites, the PP chains in the control samples lost their ability 

to generate the same amount of crystallinity as before starting at 500 h of aging. This inconsistency 

suggests generation of new species, such as PP hydroperoxides because of degradation, which led 

to reduced capability of chains to form ordered crystals [28]. Elvira et al. report the same behavior 

for the second scan of the degraded isotactic PP [12]. 
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Figure 8-5. Normalized crystallinity of the heat aged samples (a) first, and (b) heating cycle 

 

The changes in crystallinity and its correlation with oxygen content and mechanical 

properties established that annealing was the major factor causing structural changes during the 

first 250 h of heat aging. Further insight could be achieved by studying the variations in the melting 

peaks of the composites. Figure 8-6 show the melting endotherms of the aged biocomposites. Since 

both antioxidants have similar behavior, only one of them (Irganox) is shown in the figures. Three 
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peaks at 145, 152 and 167 °C were observed in the first heating scan of the lab conditioned 

composites. The peak at 167 °C is the melting of α crystals, and the other two are known as the 

melting of crystals in the β form [29]. The β crystals with peak melting point of 152°C (β2) are 

known to be more stable and thicker than the β1 crystals [30,31]. 

The overall behavioral change of the crystalline phase can be broken down into before and 

after 250 h of aging. Considering the control samples (Figure 8-6a and c) pronounced shift in the 

melting points of both the α and βs crystals was observed after 250 h which again confirmed the 

effect of thermo-oxidative reaction on the sample. The appearance of multiple melting peaks at a 

lower temperature than the original α peak was reported to be one of the main effects of PP chain 

oxidation on the crystalline phase [12,32]. In the same way, the stability of the stabilized samples 

can be seen through the constant melting temperature of α crystals on aging time (Figure 8-6b and 

d). On the other hand, at the first 250 h, the effect of annealing process was more noticeable, where 

it mainly affected the β crystals. As a result of annealing, the intensity of β2 peak was reduced 

whereas the β1 peak intensity increased. The amount of α crystals appeared to be the same 

throughout the aging. Therefore, it can be concluded that more β crystals formed as a result of 

annealing.  
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Figure 8-6. Melting endotherms from first heating scan of the biocomposites (a, and c) Control (b, and d) with Irganox antioxidant
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Although, the annealing led to an increase in the β crystal’s population, a marked reduction 

was observed in the impact toughness of the heat aged composites (Figure 8-4). Many studied 

showed that the generation of β crystallinity alone was not sufficient to impart impact toughness 

in PP [16,19,33–35]. Sheng et al. [19] found that specific β phase morphology is required to produc 

a high impact toughness. One important observation in toughening of PP using β nucleating agents 

is that the increase in the impact toughness coincides with a reduction in yield strength and vice 

versa [18,19]. Identical correlation can be perceived from the tensile yield strength and impact 

toughness of the oven aged composites studied in this work (Figure 8-3 and Figure 8-4). This is 

suggesting that the aging altered the β crystals morphology from its impact toughness optimum 

point. 

In β-nucleated PP/POE blend, a reduction in β1 crystals coincided with a decrease in the 

impact strength and improvement of yield strength [16]. A similar trend was observed in our data. 

However, two studies [27,30] on 12 h annealed β-nucleated PP showed that annealing had a 

positive effect on the impact toughness even when a marked decrease in the β1 crystals was 

observed. It is important to note that, in both studies [27,30] improvement in the impact toughness 

caused no reduction in tensile strength. Therefore, it is more likely that the observed reduction in 

impact strength in our studies is more related to the evolution of the morphology of the β phase 

crystals as discussed in Sheng et al. [19] works. 

8.3.4 Dynamic mechanical properties: 

While the DSC experiment on the core part of the sample could provide useful knowledge 

regarding the degradation and annealing process, DMA results represent the bulk behavior of the 

whole sample. Tan delta curves of heat aged samples are shown in Figure 8-7. Similar to previous 
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data, no difference was observed between the lab conditioned samples and thus 1000 h lab aged 

sample were plotted as a reference. 

3  

Figure 8-7. Loss moduli of the biocomposites (a) control (b) with Irganox and (c) with 
Songxtend 
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The three peaks observed at about -48, 12 and 47 °C are ascribed to the glass transition of 

POE (Tg1), PP (Tg2), and α relaxation of PP chains respectively [24,36]. Significant changes can 

be observed in the control sample (Figure 8-7a) especially after 250 h of aging. The Tg1 peak 

shifted to a higher temperature resembling a stiffer rubber phase and disappearance of the Tg1 peak 

as result of excessive degradation of the PP chains. On the other hand, in the stabilized samples 

(Figure 8-7b and c) annealing was the dominant phenomena. In both stabilized samples, the Tg2 

peak has shifted to the lower temperature suggesting an easier relaxation of the PP amorphous 

domain. Bai et al. [14] showed that annealing of injection molded PP, apart from developing the 

crystal phase, can promote chain relaxation in the amorphous phase. This relaxation can shift the 

PP glass transition to a lower temperature. Similar results were also reported by other studies as 

well [18,36]. 

Furthermore, annealing has a significantly increased α relaxation temperature, which 

directly related to the rigid amorphous chains close to the crystals [37]. The annealing effect on 

the α relaxation of the stabilized samples are more pronounced in the first 500 h and become 

insignificant after. Other changes based on the intensities of Tg2 peaks are not statistically 

significant, and hence no conclusion was made based on these results. 

8.4 Conclusions 

In summary, thermo-oxidative degradation in a series of PP based biocomposites with and 

without stabilizers was investigated during 1000 h of aging. Changes in mechanical properties 

were correlated with the oxygen content build-up and annealing of the PP’s crystalline phase. The 
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thermo-oxidative degradation did not affect the mechanical properties of the control sample till 

after the first 250 h of aging. This delay was ascribed to the diffusion-controlled mechanism of 

oxygen penetration in thick samples. Alternatively, the hindered phenolic antioxidants can provide 

good resistance to the degradation until the end of testing period.  While the addition of antioxidant 

protected the samples from oxidative degradation, annealing caused a significant reduction in the 

impact toughness of the composites. Detailed DSC analysis revealed the sensitivity of β crystals 

to an annealing process. The morphology changes in the β crystal forms were believed to be the 

reason behind the impact strength failure of these biocomposites. Overall, the results show that the 

short-term improvement of impact toughness using a β nucleation needs to be verified by a 

durability test. 
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Chapter 9:  Conclusions and Future Works 

In the final chapter of the thesis, the overall key outcomes of the research project 

are summarized. Moreover, some suggestions and recommendation for future works are 

presented to improve the current work. 
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9.1 Overall Conclusion 

This research project was a scientific attempt to generate fundamental knowledge about 

opportunities and limitations of biocarbon, a byproduct of biorefinery systems, in a new field of 

application. The aim was to discover and utilize the inherent characteristics of biocarbon as 

filler/reinforcement in biocomposites used in automotive applications.  

In the first step, characterization of the biocarbon provides an insight into the bulk and 

surface properties of the particles, which can be tailored based on the biomass source or the 

pyrolysis conditions. The pyrolysis temperature was found to be the most important factor in 

forging the biocarbon structure and defining the surface properties of this material. The higher 

thermal stability, stiffness and lower moisture absorption of the biocarbon as compared to natural 

fibers were recognized as a significant advantage of biocarbon over wood and natural fibers. These 

properties allow the composites to be processed at a higher temperature which normally natural 

composites fails to withstand. Properties such as thermal and electrical conductivity of the 

biocarbon which might be useful to other composite applications were investigated and reported 

as well. 

In the next step, particulate filler composites from biocarbon and toughened polypropylene 

matrix were studied. The combined microscopic and rheometry observations revealed the 

underlying interactions between the biocarbon particles and the matrix. At this stage, with no 

compatibilizer involved, the rubber encapsulated morphology was recognized as the dominant 

factor that determined the final properties of the composites. Furthermore, the weak interaction 

between the particles and rubber phase was identified as the reason behind low impact toughness 
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of the biocomposite. According to the literature, compatibilizers are the most industrial approach 

to modifying the filler-matrix interphase.  

A statistical approach was chosen to investigate the effect of different compatibilizers, 

compatibilizer content and particle size on the properties of the composites. A full factorial design 

of experiments helped to find the correlation between the investigated factors. The results showed 

a significant improvement of the properties with the use of PP-based compatibilizer. However, the 

particle size effect was more complex than the compatibilizer. The larger particles produced better 

impact toughness, and smaller ones had a positive effect on the composite’s stiffness and strength. 

A more in-depth analysis of the morphology and phase structures was done on the 

composites that produced the optimum properties, o understand the trends observed in the previous 

study. The new results revealed a profound morphology change from rubber encapsulated fillers 

to separate dispersion of the filler and rubber in the PP matrix. The mechanical data were compared 

against well-known models to confirm the microscopic observations. 

In the next phase, with the knowledge of suitable morphology and governing factors to 

produce high impact biocarbon composites, two main strategies were applied to improve the 

performance to an equal or above the 100% petroleum-based composites currently being used in 

automotive industry. The first approach was filler hybridization in which recycled short carbon 

fiber was chosen to improve the stiffness of the composites. The second method was the utilization 

of β nucleating agent to enhance the impact toughness without significant loss of properties. The 

result of this part of the study was used to file a provisional patent on the subject matter. 
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Finally, the long-term durability of the biocarbon based biocomposites was researched by 

accelerated heat aging test. The composites with conventional stabilizers showed suitable 

resistance to thermo-oxidative reactions. However, the changes in the β crystalline phase caused 

failure of the composites against impact toughness criteria. 

9.2 Future Works 

The presented research project was an attempt to deliver practical knowledge regarding the 

use of biocarbon in the composite applications. However, the production and utilization of the 

biocarbon shall not be considered as separate processes. Additionally, some aspects of the research 

which was beyond the scope of this work are still open for more investigation in this field. 

Therefore, following recommendations are suggested to be considered for further progress in this 

area. 

• A combined research to map the properties of the biocarbon to its production 

conditions. 

• Optimizing the pyrolysis conditions to produce biocarbon with desirable properties 

for the specific polymer, considering the effects on the corresponding changes in 

the yield of the other products of the pyrolysis.  

• A comprehensive life cycle analysis from biocarbon production to composites 

application to evaluate the actual effect of this technology on the sustainability of 

the whole process. 

• Optimization of the β crystalline structure to produce stable crystals which can 

endure the heat aging test. 
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• In depth analysis of the interface and compatibility of the biocarbon with the matrix. 

• Investigation of the recyclability of biocarbon based biocomposites as compared to 

conventional composites in the automotive industry. 

• Toxicological analysis of the biocarbon after its addition to the plastics in order to 

make sure that the final products are safe to be used. 
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