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ABSTRACT 

This research project focuses on the design, manufacturing, characterization, and 

mechanical testing of a novel biocomposite by combining two materials research areas, 

namely fiber-reinforced polymer composites and renewable biomaterials. High specific-

surface-area (SSA) biochar particles were synthesized via microwave-assisted (MW) 

pyrolysis of biomass. Two feedstocks were wood-based, namely maple and spruce, and the 

third was an agricultural biomass, switchgrass. Produced biochar was characterized, with 

an emphasis on porosity and surface area properties. Wood-based feedstocks performed 

favorably compared to switchgrass, with spruce having a surface area in excess of 200 

m2/g. Biochar particles were introduced into a biocomposite design-of-experiments via an 

in-house pultrusion machine, employing E-glass fibers and a vinylester polymer resin. 

Three-point-bending tests were conducted to evaluate the flexural strength and modulus 

properties of the biocomposites and were compared to their conventional GFRP 

counterpart. Spruce-based biochar biocomposite, at 10% volume fraction, demonstrated a 

flexural strength of 970 MPa, showing a significant increase compared to the 450 MPa 

flexural strength of the control GFRP. Control GFRP composites showed a compressive-

dominant failure, where the polymer matrix folded over at the point of load application. 

Biochar particles, due to their inherent hardness, significantly enhanced the compressive 

performance of the biocomposites, allowing for higher flexural stresses to be withstood, 

yielding a tensile-dominant failure. Moreover, a mechanical interlocking was observed 

between the resin and biochar structure, describing the variation in flexural strengths of 

produced biocomposites.  
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Chapter 1 

Motivation  

Renewable energy, and value-added products, produced via biomass conversion has gained 

significant interest in recent years. Concerns related to global warming, as well as declining 

fossil fuel reserves, have acted as a catalyst to promote studies and expand the research 

field. CO2, the most prevalent greenhouse gas, has experienced an increase in atmospheric 

concentration from 280 to 396 ppmv, from pre-industrial to current levels, respectively. 

Greenhouse gas emissions, if not acted upon, will raise atmospheric temperatures 

substantially, yielding irreversible damage to the environment and human livelihood [1]. 

With knowledge of environmental issues, as well as an understanding that they will only 

continue to grow, scientists and engineers are urged to begin to develop products that are 

not only functional, but also sustainable. 

 

Biochar is a versatile material with a unique structure, which has established value in 

various applications. The most developed include: soil amendment, carbon sequestration, 

and contaminant remediation. Carbon sequestration occurs when carbon-based materials 

are converted to stable carbon instead of being released as greenhouse gases; this occurs in 

the biochar lifecycle. The plant matter that was pyrolyzed to produce biochar, absorbed 

CO2 from the atmosphere while growing, but did not release CO2 back, due to the 

conversion to stable biochar; this creates a carbon negative process [2]. 
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In order for a biochar-based system to be effective and resilient, it is necessary to develop 

multiple application routes. Research for the utilization of biochar as a reinforcing filler in 

polymer composites remains in its infancy, but early papers have shown promising results. 

The University of Auckland is the leader in this field and has published several papers 

investigating the manufacturing, characterization and testing of biochar biocomposites 

biochar-wood fiber-polypropylene. Mechanical test results showed validity to biochar use 

in composites, where increasing content of biochar continuously improved the tensile 

modulus and flexural strength/modulus of the resulting composite. Rationale for improved 

mechanical performance of biochar-enhanced composites reported was as follows: the 

porous, high surface area structure of biochar allowed the molten polymer to infiltrate the 

pores of the biochar, therefore creating a mechanical interlocking. Moreover, biochar 

addition created a more elaborate matrix to enhance fiber bonding [3]. 

 

The high porosity and surface area of biochar is what has enabled its success in many of 

the aforementioned applications. This unique structure is produced at high reaction 

temperatures with fast heating rates, which enables the rapid release of volatiles. 

Conventional pyrolysis uses electrical heating to heat the outer surface of the reactor, and 

then through conduction and convection, the heat is transferred to the biomass within the 

reactor. A novel, emerging technique is to utilize microwaves as the heating mechanism, 

which has shown several advantages. Microwave heating uses a high-frequency alternating 

electric field to cause molecular dipole rotation. Friction and collision generated by the 

molecular rotation and movement results in microwave heating. Microwave pyrolysis has 

several advantages, including: fast heating rates, selective and uniform heating, and 
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instantaneous on/off control. Therefore, microwave pyrolysis has much quicker startup and 

shutdown times, resulting in significant energy and economic savings. Moreover, pre-

treatment, such as drying and size reduction, are not necessary in microwave heating 

processes, resulting in further economic savings. Studies have also shown that a higher 

quality biochar is produced from microwave pyrolysis, with higher surface area and 

porosity; this is due to high heating rates and the quick release of volatiles [4]. Therefore, 

microwave pyrolysis is a more optimal conversion technique than conventional pyrolysis. 

To date, studies using biochar for composites have only employed conventional pyrolysis. 

 

Thus far, studies using biochar for wood-fiber biocomposites have only employed 

conventional pyrolysis. Moreover, no studies have been performed that introduce biochar 

into a conventional, well-established composite. It is obvious that wood-fibers cannot 

compare in strength to industry norms, such as glass or carbon fibers. Therefore, it is of 

interest to see how biochar will perform when added to a well-established composite. This 

study examines that effect and is set to determine the potential of biochar as a reinforcing 

agent in glass-fiber-reinforced polymer (GFRP) composites.  
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Objectives 

This research study is the first work to employ high surface area biochar particles, 

synthesized via microwave pyrolysis, as a reinforcing particulate in GFRP biocomposites. 

The following objectives outline the scope of this work: 

 

1. Synthesize high SSA biochar particles via microwave pyrolysis of biomass: 

maple, spruce, and switchgrass, under a set of microwave power levels  

2. Characterize biochar particles by porous properties, elemental analysis and ash 

content 

3. Manufacture novel biocomposites through introduction of biochar particles into 

uni-directional GRRP composites via an in-house, custom pultrusion machine 

4. Mechanically test biocomposites, and control GFRP counterparts, under 3-point-

bending and tensile loading 
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Chapter 2 

Literature Review 

2.1 Background Concepts 

2.1.1 Thermochemical Conversion 

Several strategies have been investigated for conversion of biomass into fuels, and value-

added products. These can be divided into two major categories: thermochemical and 

biochemical conversion. Biochemical processes, in general, use various microorganisms 

(bacteria, yeast, etc.) to convert biomass into value-added fuels, chemicals, and gases. 

Thermochemical conversion groups together a set of processes, including torrefaction, 

pyrolysis, and gasification, that use heat to thermally degrade the biomass into a solid, 

liquid, and gaseous product. Related to biomass, the three outputs of thermochemical 

conversion are called biochar, bio-oil, and syngas, respectively. The processes differ in 

their operating conditions, which primarily consist of reaction temperature, residence time, 

and quantity of oxygen present. Torrefaction uses lower reaction temperatures (< 300ęC) 

and longer residence times, in the absence of oxygen, to produce higher biochar yields. 

Gasification uses higher reaction temperatures (> 1000ęC) and short residence times, with 

some oxygen present, to produce higher syngas outputs. Pyrolysis falls between these two 

processes, using reaction temperatures between 300ęC ï 1000ęC, with no oxygen present, 

to produce approximately equal parts of each of the outputs.  
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2.1.2 Microwave Pyrolysis 

Pyrolysis using conventional heating methods has been significantly researched, but a 

novel part of this project is that an alternative, more economical heating method will be 

employed. Microwave heating will be used rather than reactors using conventional heating 

methods, such as conduction and convection. This will not be the first work done on 

microwave pyrolysis, but past work is limited and much more research is still needed to 

fully evaluate the potential of microwave heating in biomass conversion. Microwave 

heating is much different fundamentally, than conventional heating methods. Microwave 

heating, a subclass of dielectric heating, uses a high-frequency alternating electric field to 

cause molecular dipole rotation in the material. Friction and collision generated by 

molecular rotation and movement results in microwave heating. Microwave pyrolysis has 

shown several advantages including: fast heating rates, selective and uniform heating, and 

instantaneous on/off control [5, 6]. 

 

2.1.3 Composites: Fibers & Matrices 

A composite material is, simply put, a synthetically manufactured material comprising of 

two or more constituent materials. The purpose of composite materials is to obtain 

properties that could not be achieved alone by any of the constituent materials. Often, a 

composite material is comprised of reinforcing fibers, within a continuous matrix. The 

reinforcing fibers are chosen with high strength and stiffness properties. The resin matrix 

surrounds the reinforcing fibers and maintains them in the proper orientation, while also 

protecting the fibers from self-abrasion, as well as potentially harsh environments. 
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Properties of these fiber-reinforced composites are highly dependent on orientation, which 

is why fiber orientation is chosen dependent on specific composite application.  

 

Common fibers used include: glass fibers, carbon fibers, aramid fibers, polyethylene fibers, 

and boron fibers. Glass fibers are by far the most common, accounting for over 90% of all 

fibers used in the composite industry. This is due to their generally good properties at a 

low cost. E-glass is the most common, due to it being the cheapest, while S-glass is also 

common with improved mechanical properties but at a higher cost. High performance 

reinforcing fibers include carbon and aramid fibers, with carbon fibers being employed 

much more commonly. Carbon fibers are used extensively in the aerospace industry due to 

their very high strength-to-weight and stiffness-to-weight ratios. Aramid fibers also exhibit 

high ratios but are also very elastic and able to absorb significant energy, which has made 

their primary application bulletproof vests, protective armor, and impact resistance panels.  

 

Resins are classified either as being thermosets or thermoplastics. Thermoset means that 

the resin will undergo an irreversible chemical change when heated, or cured. 

Thermoplastics are able to be heat-softened, melted, and re-shaped as desired. Thermoset 

resins dominate the industry due to their low cost, high processability, and familiarity to 

commercial users. Major reasons for their high processability is due to their low melt 

viscosity, good fiber impregnation, and fairly low processing temperatures. Common 

thermoset resins include: epoxies, polyester resins, vinylester resins, phenolics and 

polyimides. Polyester resins are considered the general purpose, low cost, easy to use resin 

and are used in large structures such as boat hulls and storage tanks. Vinylester resins have 
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higher tensile strength, temperature resistance, but most importantly, resistance to chemical 

attack. Epoxy resins also have excellent mechanical properties, as well as low shrinkage 

and high chemical resistance. Thermoplastics are slowly gaining market share as their cost 

is lowered and processability is improved. Common thermoplastic resins include: 

polyether-ether-ketone (PEEK), polyether-ketone-ketone (PEKK), polyethylene sulfide, 

and polypropylene. These resins generally have good mechanical properties, chemical 

resistance, and fatigue resistance. Also, compared to thermosets they have better impact 

resistance. Again, their main advantage is that they can be reshaped anytime where 

thermosets cannot [7].  

 

2.1.4 Biochar Biocomposites 

When a composite is named a biocomposite, it means that one of its constituents comes 

from a biological origin. In the case of this research, the addition of biochar is what deems 

the material a biocomposite. The fabrication potential of biochar in polymer composites 

has only began to be explored, and much more research is left to evaluate its full potential. 

Biochar could be a sustainable, effective filler material that would positively affect several 

properties of the resulting composite, both mechanical and thermal. 

 

Particulate fillers are widely used as reinforcing material in the polymer composite 

industry. This reinforcing material assists in reaching desired mechanical properties of the 

service product. Biochar is a carbon rich material that has a porous honeycomb-like 

structure. The porous honeycomb like structure could have positive implications on the 
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mechanical properties as well. This is because the molten polymer, during processing, 

would be able to infiltrate the porous structure, consequently creating a mechanical 

interlocking. Another key parameter of the biochar that would allow for increased 

mechanical properties is the specific surface area (SSA). A high SSA would provide an 

elaborate matrix for the proper blending of the fiber and resin materials in processing. 

Lastly, a low ash content is also desirable for a biochar used in composite fabrication, due 

to the brittleness that is associated with significant ash content [8].  

 

2.2 Microwave Pyrolysis 

2.2.1 Product Yields  

Zhou et al. [9] analyzed the effect of reaction temperature, residence time, and particle size 

on the microwave pyrolysis of switchgrass. The yield range of volatile was found to be 

from 29.4% to 77%, the bio-oil yield varied from 13.4% to 36.3%, and the syngas yield 

ranged from 16% to 49%. Three parameter settings were chosen for residence time, 

temperature, and particle size and combined in various combinations through 16 

experiments. The temperature varied between 550, 600, and 650 ęC, the residence time 

varied between 8, 13, and 18 minutes, and the particle size varied between 1, 2, and 3 

millimeters. The maximum volatile yield occurred at a particle size of 0.5 mm, which was 

only used for this one experiment, a residence time of 13 minutes and a temperature of 

600ęC. The maximum bio-oil yield of 36.3% occurred at 650ęC, 18 minutes, and a particle 

size of 3 mm. 
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Wang et al. [10] compared the microwave pyrolysis of lignocellulosic biomass, peanut 

shell, and algal biomass, C. vulgaris. The effect of microwave power level on product 

yields for both biomass types was analyzed using three different power levels, which were 

390, 540 and 700 Watts. As expected, at higher microwave power levels the bio-oil and 

syngas yields increased, while the bio-char yield decreased. For peanut shell at 700 W, 

char, bio-oil and syngas yields were 30, 10 and 60%, respectively. For C. vulgaris at 700 

W, char, bio-oil, and syngas yields were 20, 25, and 55%, respectively.  

 

Xiaoya et al. [11] investigated the microwave pyrolysis of sawdust. The authors were 

particularly interested in the bio-oil yield for its application as a portable fuel. They looked 

at the effect of reaction temperature and residence time had on the bio-oil yield. Three set 

reaction temperatures were studied and compared, and the bio-oil yield was recorded over 

40 minutes of pyrolysis. The yield had a limited range, with all three yields at the different 

temperatures going from approximately 20 to 21.2 percent from 15 to 40 minutes. The 

yield data for each temperature were only spaced by approximately 0.2%. The optimum 

reaction temperature for bio-oil yield was determined to be 30 minutes because this is 

where the maximum yield occurred. 

 

Zhou et al. [12] analyzed the effect of process parameters on the microwave pyrolysis of 

prairie cordgrass; the article was released February 2013. The reaction temperature was 

altered between 550, 600 and 650ęC and the residence time were varied between 8, 13, and 

18 minutes. The various reaction temperatures and residence times were combined in 

different ways over 13 experiments, and the yields were analyzed. The yield of char ranged 
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from 13.8 to 47.7%, and the maximum occurred at 13 minutes and 529.3ęC. The bio-oil 

yield ranged from 20.3 to 33.1%, with the maximum occurring at 650ęC and 18 minutes. 

The syngas yield ranged from 32 to 53.7%, where the maximum happened at 600ęC and 

13 minutes. Linear models were then created based on the two process parameters, in order 

to predict yields at any temperature and time. 

 

Zhu et al. [13] studied the effect of process parameters on yields of microwave pyrolysis 

of corn stover. The effect of temperature, residence time, and particle size were studied, 

each having three chosen values, Reaction temperature varied from 550, 600, and 650ęC, 

the residence time values were 10, 15, and 20 minutes, and the particle size went from 1 to 

3 millimeters. Some parameters were chosen out of the ranges for specific experiments, 

and 20 experiments were done in total. The char yield varied from 23.4 to 26.5%, the bio-

oil yield from 25 to 35.8%, and the syngas yield went from 39.1 to 50.2%. The maximum 

yield for char occurred at 516ęC, 15 minutes and a particle size of 2 mm. The yield for oil 

was highest at 650ęC, 10 minutes, and a size of 1 millimeter. Lastly, the maximum syngas 

yield happened at 600ęC, 23.4 minutes, and a 2-millimeter particle size. 

 

2.2.2 Heating Performance 

Huang et al. [14] investigated the effect of microwave power level on the microwave 

pyrolysis of rice straw. The maximum heating rate and maximum temperature were plotted 

against microwave power level, which ranged from 50 to 550 Watts. The relationship with 

max temperature was linear ranging from 100 to 580ęC across the power level range. The 
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maximum heating rate relationship was exponential with the microwave power level, 

increasing from 30ęC/min up to 180ęC/min. At higher microwave power levels (400-500 

W) it took approximately 5-10 minutes to reach maximum temperatures, while at lower 

microwave power levels temperatures climbed slowly until the end of the experiment. The 

optimal microwave power level was found to be 400 W for this experiment. 

 

Huang et al. [15] compared the heating performance of seven different lignocellulosic 

biomasses. The feedstocks studied include: bamboo leaves, rice husk, rice straw, sugarcane 

peel, coffee grounds, sugarcane bagasse, and corn stover. The heating rates and maximum 

temperatures were determined at three different microwave power levels, 300, 400, and 

500 Watts. The ranges for heating rates were 51-69, 76-103, and 98-140ęC/min, for the 

three different power levels, respectively. The ranges of max temperatures were 346-406, 

439-503, and 478-551ęC, respectively. The best performing feedstocks were corn stover, 

sugarcane peel, and rice straw. The max temperature and heating value of these three 

feedstocks were approximately 135ęC/min and 527ęC, at 500 Watts. The average yields for 

the seven feedstocks for char, bio-oil, and gas were 20, 44, and 36%, respectively. It was 

concluded in this experiment that the heating rate and max temperature increased with 

higher polysaccharide content; this is attributed to higher thermal reactivity of 

hemicellulose and cellulose. 

 

Huang et al. [16] studied the microwave pyrolysis of rice straw. First, the group studied the 

effect that increasing microwave power level had on the heating rate and max temperature 

during the pyrolysis process. The power level was varied from 50 to 500 Watts in 50 Watt 
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increments, and the resulting heating rate and maximum temperature ranges were 5-

141ęC/min and 105-563ęC, respectively; the relationship for both parameters were 

approximately linear. Next, the effect the particle size had on heating performance was 

investigated. Four experiments were conducted using microwave power levels of 200 and 

300 Watts, and particle sizes of 20/40 mesh (0.425-0.850 mm) and <40 mesh (<0.425 mm). 

With a smaller particle size both the maximum reaction temperature and heating rate, as 

well as the mass reduction ratio, were all increased. It was concluded that for a smaller 

particle size a lower microwave power level could be used. Lastly, the paper examined the 

effect microwave power level had on the calorific value of the char yields. The calorific 

value decreased from 19.5 MJ/kg to 16.5 MJ/kg by increasing the power from 200 to 500 

W; the major drop in calorific value occurred from 350 to 400 W.  

 

2.2.3 Biochar Characterization 

Zhu et al. [13] looked at the microwave pyrolysis of corn stover. The characterization of 

biochars produced under different temperatures and residence times were performed and 

published. Tables 2.2.3.1 and 2.2.3.2 show the elemental analysis and porous properties, 

respectively. It can be seen that carbon content increased, and ash content decreased with 

increasing temperature. Porous properties also increased with increasing temperature. Both 

of these results showed that higher temperature produced higher quality biochar. 
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Table 2.2.3.1: Elemental analysis of corn stover biochar produced via microwave 

pyrolysis [10]. 

 

 

Table 2.2.3.2: Porous properties of corn stover biochar produced via microwave 

pyrolysis [13]. 

 

 

Huang et al. [16] investigated the microwave pyrolysis of rice straw. In this report, the 

elemental analysis and porous properties of biochars were presented. For elemental 

analysis, the carbon content was found to be 29.86% and the ash content was found to be 

46.21%; these results were for a biochar produced at 300 W. The specific surface area 

analysis was performed for biochars produced at 300, 400, and 500 Watts. The BET surface 

area of the biochars at the different power levels were 165, 240, and 274 m2/g, respectively. 

The total pore volumes were 0.10, 0.15, and 0.17 cm3/g, and the average pore diameter was 

approximately 25 angstroms for all power levels. 



15 

 

 

Wang et al. [17] looked at the microwave pyrolysis of pine sawdust. Five different reaction 

temperatures were used in this study, which were 400ęC to 800ęC, in 100ęC increments. At 

400ęC the biochar yield was 32%, and went down, approximately linearly, to 17% at a 

reaction temperature of 800ęC. The elemental analysis and porous properties were 

determined for the biochars produced at each temperature and can be seen in Table 2.2.3.3. 

From the table it can be seen that the carbon content increased, and the volatile content 

decreased, with increasing temperature. The study also noted that the surface areas 

observed were small compared to other literature, and attributed this to different materials, 

smaller particle size, and higher microwave power.  

 

Table 2.2.3.3: Elemental and surface area properties of pine sawdust biochar produced 

by microwave pyrolysis [17]. 

 

 

Masek et al. [18] analyzed the microwave pyrolysis of willow wood chips and mixed straw 

pellets. Microwave experiments were performed at 200ęC for the straw, and 170ęC for the 

willow chips. The resulting char yields were 33.7% and 27.3%, respectively. The carbon 

content and surface area (m2/g) were then determined for each of the biochars. These values 
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were 57.8% and 0.34 m2/g for the straw pellets and 65.2% and 0.19 m2/g for the willow 

wood chips. 

 

Mohamed et al. [19] investigated the microwave pyrolysis of switchgrass. This study used 

various solid additives in different amounts to act as a microwave absorber to aid in the 

switchgrassô microwave absorption. The elemental analysis, ash content, BET surface 

areas and pore volumes for the various resulting biochars were then determined and can be 

seen in Tables 2.2.3.4 and 2.2.3.5; the microwave absorbers can also be seen in the tables. 

From the tables it can be seen that as content significantly increased higher catalyst 

percentages, and consequently, carbon decreased. The BET surface area and pore volumes 

also showed an increase, generally, with increasing catalyst content.  

 

Table 2.2.3.4: Elemental analysis of switchgrass biochar from microwave pyrolysis with 

catalyst addition [19]. 
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Table 2.2.3.5: Porous properties of switchgrass biochar from microwave pyrolysis with 

catalyst addition [19]. 

  

 

Zhao et al. [20] looked into the microwave pyrolysis of wheat straw. Microwave 

experiments were done under three temperatures: 400, 500, and 600ęC and the resulting 

products were analyzed. For the BET surface area, pore volume, and elemental analysis 

were determined. The surface area increased from 0.89 m2/g at 400ęC to 9.81 m2/g at 

600ęC. The pore volume increased from 0.006 cm3/g at 400ęC to 0.012 cm3/g at 600ęC. 

The carbon content of the biochars stayed approximately constant at 53% for 400, 500, and 

600ęC. 

 

This section of the literature review has provided valuable insight into the range of numbers 

that can be expected for various biochar properties. The data from the reported studies will 

be used as comparison points for the data to come out of this study, and will help in 

rationalizing the results that are obtained. 
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2.3 Biochar in Polymer Composites 

2.3.1 Biochar Biocomposites 

Das et al. [21] investigated the potential of a novel biocomposite by adding biochar to 

wood/polypropylene composites. Two types of biochar were used in the experiments that 

were created at different pyrolysis temperatures, 450ęC and 500ęC. The wood (pine landfill 

wood) percentage was kept constant at 30% for all composites. The biochar percentage 

varied from 0% to 30%, by 6% increments, for six different composites. To accommodate 

the biochar addition, the polypropylene content varied from 66% to 36%, also in 6% 

increments. There was also one other constituent in all composites called MAPP (maleic 

anhydride grafted polypropylene), which had a constant loading percentage of 4%. The 

composites were manufactured in a co-rotating twin-screw extruder where the RPM of the 

screws were set at 90 and the temperature from the barrel to the die was maintained between 

175ęC and 200ęC. After being extruded the materials were fed onto a conveyor belt and 

then sent to a third party to be pelletized. The pellets were then dried and compressed in a 

heated hydraulic press to create planks. The planks were then cut into strips to be tested 

mechanically and otherwise.  

 

Three parameters of the biochar were outlined as the most influential to composite 

development, which were ash content, carbon content, and specific surface area. The ash 

content were 3% and 8.35% for the 400ęC and 450ęC biochar, respectively. The carbon 

content was 68.6% and 71.2% and the SSA was 1.2 and 1.6 m2/g, respectively. The study 

found that adding low percentages (6%) made almost no difference to mechanical, 
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chemical, or thermal properties. When the biochar content was increased up to 24%, 

improvements were seen in the tensile and flexural moduli, while the tensile and flexural 

strengths remained similar. Comparing 24% biochar to the control, the tensile strength 

remained constant around 25 MPa, while the tensile modulus increased from 3 to 3.5 GPa. 

The flexural strength increased slightly from 45 to 47 MPa, while the modulus increased 

significantly from 2.2 to 3.5 GPa. The 12% and 18% biochar composites were found to be 

the most ductile and the most thermally stable. This study demonstrated that wood-polymer 

composites (WPC) added with biochar has strong potential to mitigate wastes while 

creating biocomposites that may be suited for various ending applications [21].  

 

Das et al. [22] further analyzed the potential of biochar biocomposites. There were a total 

of six different biochars used for the manufacturing of biocomposites. Four of these 

biochars were produced from landfill pine wood. The first two were produced at a pyrolysis 

temperature of 900ęC and 350ęC, with a retention time of 60 minutes, and the second two 

were produced at 470ęC and 420ęC, with a retention time of 10 minutes. The last two 

biochars were produced from the pyrolysis of sewage sludge and poultry litter. The 

pertinent properties of the biochars are summarized Table 2.3.1. 
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Table 2.3.1.1: Properties of pine wood and poultry litter biochar produced via microwave 

pyrolysis [22]. 

 

 

The loading percentages for all biocomposite manufacturing remained constant, which 

were as follows: 42% polypropylene, 30% landfill pine wood, 4% MAPP, and 24% 

biochar. The manufacturing process used was identical to the process described in the 

previous paper review, since the study was performed by the same group. The paper 

showed that higher carbon content and specific surface area were correlated to better 

mechanical properties, where the TCP900 had the best mechanical results. Comparing the 

TCP900 biocomposite with a base WPC (wood polymer composite), the tensile strength 

increased from 24 to 26 MPa, the tensile modulus increased from 3 to 4.5 GPa, and the 

ductility decreased from 1.1 to 0.8%. Looking at flexural properties, the strength actually 

decreased from 47 to 42 MPa, but the modulus significantly increased from 2.2 to 3.8 GPa. 

In general, addition of all biochars enhanced the tensile and flexural moduli of the 

composites [22]. 

 

The number of publications using biochar in composites is very limited, which shows us 

that this is a research area that is in its infancy. The reports seen so far use biochar with 

wood fibers and polypropylene. Biochar is a particulate filler that could have comparable 
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performance to other fillers in industry, but wood fiber fall very short in performance to 

other reinforcing fibers. No studies have been found that use biochar in a well-established 

fiber-reinforced polymer configuration, such as glass fibers. This shows that the study that 

is being conducted is on to something new and could yield many follow-up research 

projects. 
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Chapter 3 

Methodology 

Figure 3.1 shows a high-level flow diagram to describe the complete scope of the research 

project.  

 

 

Figure 3.1 High-level process flow schematic of research project. 
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3.1 Materials 

The biochar potential of three different materials are being investigated in this study. Two 

of the materials are wood, namely maple, a hardwood, and spruce, a softwood. In New 

Brunswick, as well as Canada as a whole, forestry is a cornerstone industry of the economy. 

Forestry is the largest contributor to the provincial GDP, with 85% of New Brunswickôs 

land base being productive forest. Significant wood waste is created from the forestry 

industry, and related processing industries, that could be utilized to produce value-added 

products. In literature, wood-based feedstocks have been utilized much less than 

agricultural feedstocks, and the specific species of wood we are employing have not been 

tested at all. Therefore this project will provide valuable data to the scientific community. 

Moreover, from literature, wood-based feedstocks have been shown to produce higher 

quality biochars, with higher carbon content, lower ash content, and higher surface area 

[17, 23]. The third feedstock chosen is switchgrass, which is an energy crop that has already 

established substantial potential in the biomass field. Switchgrass was chosen in order to 

compare biochar and biocomposite properties developed from an agricultural feedstock 

versus wood feedstocks. All biomass has been obtained from local resources in the 

Fredericton and surrounding area.  Figure 3.1.1 shows the shredded form of each of the 

three feedstocks. The samples, from left to right, are as follows: maple hardwood, spruce 

softwood, and switchgrass. 
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Figure 3.1.1: Raw feedstocks used for biochar particle production by microwave 

pyrolysis. 

 

The fibers that will be used in the biochar-reinforced GFRP will be glass fibers. 

Specifically, E-glass fibers, as they are the most common in practice. The E-glass fiber 

rovings have been obtained from Fiber Glass Industries, and go by the trade name 

Flexstrand 700. Pertinent properties of the E-glass, continuous fibers are shown below in 

Table 3.1.1. 
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Table 3.1.1: Properties of E-glass fibers used in pultruded GFRP biocomposite 

manufacturing [7]. 

Specification Glass Roving 

Density (g/cm3) 2.54 

Diameter (microns) 23 

Tensile Strength (MPa) 2760 

Tensile Modulus (GPa) 73 

Denier (g/9000m) 39600 

tƻƛǎǎƻƴΩǎ wŀǘƛƻ 0.22 

 

The resin that will be used for the polymer matrix of the composite is vinylester. Its 

extended name is urethane modified bisphenol vinylester and is obtained from Reichold 

Chemical. The properties of the vinylester resin are shown below in Table 3.1.2. 

 

Table 3.1.2: Properties of vinylester resin used in pultruded GFRP biocomposite 

manufacturing [7]. 

Property Reichold Vinylester 

Tensile Strength (MPa) 73 

Tensile Modulus (GPa) 3.0 

tƻƛǎǎƻƴΩǎ wŀǘƛƻ 0.4 

% Elongation 4.2 

Flexural Strength (MPa) 156 

Flexural Modulus (GPa) 3.2 
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Organic peroxide initiators and an internal lubricant are required for pultrusion 

manufacturing. The initiators are mixed in with the resin in small quantities and are heat 

activated. When the resin enters the die the initiator begins the polymerization of the 

composite. An internal lubricant is also mixed in to the resin in small quantities in order to 

ensure the composite can move through and release from the die. Table 3.1.3 shows the 

initiators and lubricant employed for this study. 

 

Table 3.1.3: Organic peroxide initiators and internal lubricant used for biocomposite 

pultrusion manufacturing. 

Material Product Name 

Lubricant Technick Products 190-TG 

Initiator 1 United Initiators NOROX PULCAT AMB 

Initiator 2 United Initiators t-BPB 

Initiator 3 United Initiators 500-750MS 

 

3.2 Material Preparation 

Three steps were required for the biomass to be prepared for experimentation: drying, size 

reduction, and compaction. First, drying was completed on large amounts of material in 

order to ensure the moisture content of the samples would be below ten percent; moisture 

content tests were carried out to verify values. Moisture acts as a catalyst under microwave 

heating, since water is an effective microwave absorber. Therefore, by employing drying 

and moisture content tests, the effect of moisture in microwave heating was equal for 
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different biomass. Second, the biomass was shredded to be able to fit into the hydraulic 

press to make compacted briquettes. Figures 3.2.1 shows samples of the briquettes for each 

material, and Figure 3.2.2 shows the hydraulic press used for compaction. The pressure 

and retention time used for compaction were kept constant at 130 MPa and ten seconds, 

respectively.  

 

 

Figure 3.2.1: Briquetted biomass feedstocks after compaction with in-house hydraulic 

press. 
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Figure 3.2.2: Hydraulic press setup used in Bioenergy and Bioproducts Lab for 

briquetting process. 

 

3.3 Biochar Production 

After the material has been prepared, the experimental setup is ready to begin. This section 

details the process of producing biochar via microwave pyrolysis. Microwave pyrolysis is 

a thermochemical conversion technique that employs microwave heating, in the absence 

of oxygen, to convert biomass to biochar. There are three stages to each experiment, which 

can be defined as pre-experiment, experiment, and post-experiment. The steps completed 

and parameters monitored for each of the three phases will be described below. 
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3.3.1 Pre-Experiment 

The sample weight for each experiment was kept approximately constant at 100 grams, 

which is made up of four briquettes weighing 25 grams each. Biochar, which was 

previously produced, was placed in the reactor with the biomass in order to catalyze the 

reaction. This is due to the biochar, which is primarily carbon, having significantly higher 

microwave absorbance than raw biomass. This is common practice and is deemed a carbon 

microwave absorber (CMWA) [1].  Biochar was introduced at ten weight percent, therefore 

ten grams. The exact biomass and biochar weight were recorded for each experiment. 

 

There are two water inputs required to run the experiment. These are turned on at least one 

half hour prior to experimentation, in order to reach operating conditions. The microwave 

generator requires cooling water to run through it in order to ensure proper functioning and 

prevent overheating. This water source needs to be at 20ęC and can run at a flow rate 

between four and five liters/minute. A flowmeter is attached to the water tubing to monitor 

the flow rate, and a few adjustments are usually required in order to get both the 

temperature and flow rate right. The second water input required is for the condenser. The 

condenser water reaches a steady state temperature of about 10ęC. If future studies were 

more focused on the bio-oil output, it would be important to implement a cooling 

mechanism to bring the temperature lower in order to increase the condensation and bio-

oil output. 

 

Next, the experiment biomass and biochar need to be arranged in the reactor. There are 

three pieces to the reactor. The bottom piece has a single opening and the top piece of the 
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reactor has three openings, and their purposes will be explained later; the reactor can be 

seen in Figure 3.3.1.2. The middle piece is the main chamber of the reactor and is where 

the material and biochar sit. The middle chamber is connected to the top and bottom 

sections with specially designed clamps. Where the middle and bottom sections interface, 

a screen is inserted. This screen supports the biomass, and allow for the collection of 

pyrolyzed biochar post-experiment. After the middle and bottom section of the reactor have 

been assembled, the biomass and CMWA are inserted in the reactor. Attention is given to 

ensure the arrangement of biomass and CMWA is consistent for all experiments.  

 

The reactor is then inserted into the modified microwave cavity, where the top section of 

the reactor is connected to the reactor assembly. Three spouts extending from the top 

section of the reactor pass through the ceiling of the microwave cavity. Two of the reactor 

openings are needed for thermocouple insertion and nitrogen purging. The third opening is 

unused, and is plugged to prevent leakage. The bottom opening of the reactor passes 

through the floor of the microwave cavity, which then attaches to the condenser to allow 

condensation of volatile gas. At the end of condenser, specialized tubing connects to the 

outlet and extends up to a fume hood, to allow exhaustion of incondensable gases. The 

complete microwave cavity is covered with steel mesh in order to prevent microwave 

radiation leakage during operation. The nitrogen converter is turned on and is let run for 

approximately ten minutes before the experiment, to ensure the reaction atmosphere is 

inert. A laptop is connected to the microwave system, as well as the thermocouple, in order 

to set the power level for the experiment and to monitor and record temperature data. 

Figures 3.3.1.1 and 3.3.1.2 show the microwave system and reactor. 
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Figures 3.3.1.1 and 3.3.1.2: Microwave pyrolysis system and reactor used for biochar 

production. 

 

3.3.2 Experiment 

A schematic showing the complete pyrolysis system is shown below in Figure 3.3.2.1. 

This image shows the microwave generator employed, which operates at a frequency of 

2.45 GHz with a maximum output power of 3000 Watts. Also shown is the VHR nitrogen 

generator used for producing nitrogen to purge the reactor. A flowmeter was placed in 

series with the nitrogen supply in order to measure and ensure a constant nitrogen flowrate. 

From the top of the reactor, the Pico Technology thermocouple is shown, which connects 

to the computer for data acquisition. From the bottom of the reactor, the volatile gas outlet 

is shown extending to the condenser and then to the final exhaust. In the reactor, the 

briquettes and the CMWA are shown. 
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Figure 3.3.2.1: Microwave pyrolysis system schematic with process flow. 

 

Residence time was kept constant at 60 minutes for all pyrolysis experiments. Experiments 

ran in the temperature range of 500ęC ï 800ęC. The temperature profile showed a similar 

trend for all experiments, and an example is shown in Figure 3.3.2.2. During the initial rise 

of the temperature profile an inflection point was usually seen, where a slow rise changed 

to a rapid rise in temperature. A peak was then reached at the end of the rise, and then a 

constant section was held for the duration of the experiment. Where the constant section 

ends and temperature decreases is where the experiment had ended and microwave power 

was shut off.  

 



 

33 

 

 

Figure 3.3.2.2: Sample of a microwave pyrolysis temperature profile, experiment ID: 

HW7. 

 

It should be re-stated that the temperature measurement is not completely reliable. The 

thermocouple was placed in the same positional briquette each experiment, and can only 

accurately represent that briquettes temperature profile. It is useful guide for the 

temperature of the bulk of the material, since heating under microwave radiation is uniform 

but cannot directly represent it. Temperature measurement in microwave systems has been 

frequently documented as a problem area, and significant effort was made in this study to 

capture the temperature profile as accurately as possible [10, 15]. 

 

3.3.3 Post-Experiment 

Post-experiment consisted of the reversal of the pre-experiment process and the collection 

and recording of experiment outputs and parameters. First, the microwave power was shut 
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off at the end of the experiment, as well as the condenser water. The nitrogen was left 

running to ensure the material would not combust and would cool down properly. 

Similarly, microwave water was left running to ensure the microwave system could cool 

down properly. The cool down process was let run for approximately 45 minutes to an 

hour, until the thermocouple read in the range of 35ęC ï 45ęC. When this was met the 

nitrogen was shut off and the reactor was removed from the microwave system. The 

biochar was removed from the reactor and the bio-oil was removed from the bottom of the 

condenser, and the biochar yield was recorded. The temperature profile was saved and the 

steady-state temperature that was reached for the experiment was recorded. Any additional 

observations on the temperature profile or experiment outputs that seemed notable were 

also recorded. 

 

3.3.4 Design of Experiments 

A design of experiments was created to layout the framework of the microwave pyrolysis 

experimentation. As previously stated, two process parameters are being studied, namely 

feedstock and microwave power level, each having three levels. Table 3.3.4.1 shows the 

design of experiments. There are nine base experiments, which are defined as E1 through 

E9. In order to ensure accuracy of results, it was decided that three experiments would be 

performed for each of the base experiments. This yielded a total number of 27 microwave 

pyrolysis experiments being conducted.  

 

 



 

35 

 

Table 3.3.4.1: Microwave pyrolysis design of experiments. 

 Feedstock (Briquettes) Power Level (Watts) 

Experiment # 1 Spruce 400  

Experiment # 2 Spruce 500  

Experiment # 3 Spruce 600  

Experiment # 4 Maple 400  

Experiment # 5 Maple 500  

Experiment # 6 Maple 600  

Experiment # 7 Switchgrass  400  

Experiment # 8 Switchgrass  500  

Experiment # 9 Switchgrass  600  

 

 3.3.5 Biochar Testing and Characterization 

Before introducing the biochar into a composite structure, characterization tests needs to 

occur to define pertinent properties. Based on published literature [1, 21, 22], relating to 

microwave pyrolysis biochar and biochar introduction into composites, the necessary 

properties have been determined. These properties give insight on how the biochars should 

perform as reinforcing fillers in the composites.  

  

Porous properties are of particular interest in this study, including the Brunauer-Emmett-

Teller (BET) surface area (m2/g), and the porosity distribution (cc/g). Tests were conducted 

at the Chemistry Department at UNB, employing an Autosorb 1 gas sorption analyzer, 

performing physiosorption analysis. Scanning electron microscopy (SEM) imaging will 

also be performed to investigate the morphology of the porous honeycomb structure of the 
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biochar. Surface area and porosity of biochar is highly significant for its application in 

composite production. A higher surface area and porosity would allow for increased 

infiltration of the polymer into the biochar structure. Therefore, a stronger interlocking 

would be produced, yielding an increase in mechanical properties of the composite matrix. 

Figures 3.3.5.1 and 3.3.5.2 show the Autosorb 1 gas sorption analyzer and SEM imaging 

machines employed in this study. 

 

 

Figures 3.3.5.1 and 3.3.5.2: Autosorb 1 gas sorption analyzer (left) and SEM (right) 

used for biochar particle characterization. 

 

Elemental analysis was conducted by employing the use of a CHN Elemental Analyzer in 

the Chemical Engineering Department at UNB, and tests were performed according to 
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ASTM D5373. Carbon content is the main focus in elemental analysis since it is the 

primary constituent. The amount of carbon determines the quality of the biochar, and 

increased carbon content is indicative of a highly refined biochar. The ash (dry-basis) 

contents were measured following the ASTM D1762-84 protocol, employing the use of a 

muffle furnace. Higher ash content is associated increased brittleness; therefore a minimal 

ash content is desired. Figures 3.3.5.3 and 3.3.5.4 show the CHN Elemental Analyzer and 

the muffle furnace used for determining the composition of produced biochars. 

 

  

Figures 3.3.5.3 and 3.3.5.4: CHN elemental analyzer (left) and muffle furnace (right) 

used for biochar particle characterization. 
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Biochar particulate was grinded and sieved to ensure all particles were less than 425 

microns and to determine the average particles size of the various biochar species. This 

was a necessary step before introduction into composite fabrication as particle size is a 

common parameter associated with particulate filler materials. Grinding was performed 

using a Thomas-Wiley laboratory mill Model 4 with a filter size of 2 mm. Sieving was 

carried out employing an Endecotts Model EVL1 shaker with the following sieve sizes: 

600, 425, 300, 150 and 75 microns. Figures 3.3.5.5 and 3.3.5.6 show the grinder and sieve 

shaker that were used for size reduction and particle size determination of biochar. 

 

  

Figures 3.3.5.5 and 3.3.5.6: Grinder (left) and sieve shaker (right) used for size 

reduction and particle size determination of biochar particulate. 
















































































































































