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ABSTRACT 

This research thesis focuses on the manufacturing and characterization of biochar synthesized 

from microwave pyrolysis, as well as the manufacturing, testing, and modelling of a novel 

three-part biocomposites through the addition of biochar as a reinforcing filler to the common 

glass-fiber reinforced polymer (GFRP) composite. Biochar was produced from both softwood 

and hemp feedstocks utilizing a large batch of one kilogram of biomass mixed with 10 wt.% 

of microwave absorber, pyrolyzed at a constant residence time of 1 hour. The microwave 

power levels of 2100, 2400, and 2700 Watts were selected after several preliminary trials. 

Pyrolysis heating rates for large batch of biomass loading was found ranging from 25-50 

oC/min. A number of characterization techniques were employed for the biochars including 

physiosorption analysis, proximate/ultimate analysis, FT-IR spectroscopy, and 

nanoindentation. Overall characteristics were improved through increasing microwave powers 

during pyrolysis.  

 

Biocomposites were produced in-house through a pultrusion process, and varying the biochar 

matrix volume percentage by 5, 10, and 20%. Through mechanical testing, the addition of 

biochar was found to increase the flexural yield strength and modulus of the biocomposites to 

a maximum of 34 and 6.5% respectively at 20% hemp biochar loading. Tensile testing revealed 

that the addition of biochar had some influence on tensile properties of the biocomposites, with 

maximum tensile strength and modulus increases being 12.5 and 2.6% respectively. Rule of 

mixtures and homogenization micromechanical models were evaluated against the 

experimental results to determine their validity for these novel three-part biocomposites, with 
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the largest percent difference being 13%. A finite element model was created and analyzed 

through Abaqus FEA software for homogenization modeling. 
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Chapter 1 

Introduction 

1.1 Motivation 

Sustainability has been a common theme driving research and industry in recent years as 

we become more aware and sensitive to the changing global environment. Sustainable 

energy, fuels, and materials are becoming important research sectors as we strive to 

maintain our current levels of global infrastructure without further harming the 

environment. One sustainable approach is the thermochemical conversion of waste 

biomass to produce biofuels and bio-products.  

 

Biomass pyrolysis is a thermal conversion process in the absence of oxygen to produce 

gaseous and aqueous bio-products as well as biochar residues [1]. Biochar is known to be 

a renewable solid consisting of a porous honeycomb structure which gives it a high specific 

surface area. Due to the unique structure of this carbon-based material, it is typically used 

in carbon sequestration, soil remediation, and filtration. Recent research has considered 

another use of biochar, as a renewable filler material in biocomposites materials. The 

driving factors for the potential of these sustainable materials are that they must have 

compatible characteristics or performance properties in order to potentially replace their 

synthetic or inorganic counterparts [2]. 
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Only recently has research introduced the idea of biochar as a particle reinforcing filler to 

epoxy, and wood-laminate composite materials [3]. The studies report a favorable increase 

in flexural and tensile mechanical properties owing to addition of biochar causing a 

reinforcing effect due to the particle hardness and mechanical interlocking with the 

polypropylene matrix [3, 4]. These findings indicate that a highly porous, high specific 

surface area, biochar of large carbon content would be favorable in the development of 

biocomposites materials.  

 

Conventional pyrolysis is a direct heating method, in which biomass feedstock is heated 

through conduction or convection from hot solid or gas transfer media. Lately research 

interest has turned to microwave pyrolysis due to the benefits of faster heating rates, 

selective heating, volumetric and uniform heating which leads to a faster process and less 

energy consumption. These benefits are gained from the dielectric microwave heating 

method in which the polar molecules of the biomass continually try to rotate and align with 

the electric wave frequency, causing heat from the friction and collisions of the rotations. 

This non-contact energy transfer process from electric to thermal energy is much faster 

than the conventional pyrolysis process in which thermal energy must overcome the heat 

transfer barrier of conduction or convection [5].  Further cited benefits of microwave 

pyrolysis is the instantaneous start-up/shut down of the process leading to better control 

over the time, temperature, and energy consumption process parameters [6, 7].  

 

Comparing biochar from conventional and microwave pyrolysis, recent studies have found 

that both the surface area and pore volume are significantly higher for microwave-
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pyrolysis-biochar, attributed to a more rapid free release of volatiles during the faster-

heating-rate process [8].  Biochar with these increased structural characteristics is found to 

be of use in the development of sustainable biocomposites materials. 

 

This research study uses the microwave pyrolysis process to create large batches of highly 

porous, high specific surface area biochar which is introduced as a particulate filler in 

common glass-fiber reinforced polymer rebar. Through the use of multiple feedstocks, 

testing parameters, and characterization techniques, valuable insight is found on the 

potential of this novel biocomposites material.  

1.2 Objectives 

This study further develops the concept and understanding of microwave-pyrolysis-biochar 

as a particulate filler in glass-fiber reinforced composites. The following objectives were 

developed in order to understand the scope of work: 

1. Manufacture biochar under optimized process parameters at varying power levels 

2. Identify mechanical/chemical characteristics of biochar 

3. Manufacture quality GFRP/Biochar – biocomposites material through the use of a 

pultrusion machine 

4. Utilize analytical micromechanical models describing biocomposites effective 

elastic coefficients through rule of mixtures, and homogenization methods 

5. Test mechanical properties of novel biocomposites and compare to the analytical 

model 
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Chapter 2 

Literature Review 

2.1 Background Concepts 

2.1.1 Thermochemical Conversions 

Thermochemical conversions are the process of converting biomass to its base constituents 

using heat. Biomass is considered to be any organic material that can decompose, this 

includes all carbonaceous plant and animal matter. The main thermochemical processes 

are torrefaction, pyrolysis, gasification, and combustion. Torrefaction involves heating of 

biomass at lower temperatures (200-300°C) in the absence of oxygen. The main use of this 

mild heat treatment is to improve biomass properties prior to further conversion. There 

properties include: energy density, bulk density, and moisture reduction. Similar to 

torrefaction, the pyrolysis procedure occurs in the absence of oxygen, but at much higher 

temperatures (300-1000°C). The end products of pyrolysis are bio-oil, biochar, and synth-

gas. Finally gasification occurs at elevated temperatures to pyrolysis (800-1200°C) during 

with the presence of deficient amounts of oxygen in order to produce higher synth-gas 

yields [1].  

2.1.2 Microwave Pyrolysis  

Microwave pyrolysis has recently been gaining in research popularity due to its advantages 

over conventional pyrolysis. Conventional pyrolysis utilizes traditional heat transfer forms 

of conduction or convection which is a slower process, taking some time to travel through 
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the biomass and heat the entire feedstock. Microwave heating is considered a faster process 

due to the nature of the heating mechanism. The electric field of microwave heating causes 

polar molecules to rotate, trying to align, the rotation and movement causes increased 

friction and collision resulting in heat loss of the dipoles causing microwave heating to the 

biomass. Comparing the two heating mechanisms between conventional and microwave 

pyrolysis, it is noted that microwave heating is a significantly more controllable process. 

The electric nature of microwave heating offers a rapid and convenient start-up and 

shutdown as well as instantaneous heating, proving to hold better process and parameter 

(time, temperature, power) control over conventional heating. Although microwave 

heating can be considered a faster process, the process is highly dependent on the rate of 

microwave absorption in the feedstock. Dry biomass is prone to poor microwave 

absorption due to lack of moisture, to increase the absorption rate microwave absorbers are 

often added to the feedstock which increases the heating rate. Overall the increased heating 

rate allows for a reduced microwave power requirement needed to reach pyrolysis 

temperatures. Many different materials can be used as microwave absorbers. The chemical 

structure, shape, and size of microwave absorbers determine the absorbency [5, 7-9]. 

2.1.3 Composite Materials 

A composite material is typically a manufactured material system containing two or more 

phases, designed to hold mechanical performance properties that are superior to the 

independent base materials. The properties of each composite varies depending on the 

properties of the constituents, the geometry, and distribution of each phase material. Phases 

generally consist of a matrix material and one or more filling or fiber materials. The 
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composite material is generally described based on the number of its phases or constituents, 

such as single phase, two-phase, three phase or multi-phase. Generally two-phase materials 

are classified by the filler material. The three broad classification categories are particulate 

filler, discontinuous fibers, and continuous fibers. Each of these categories can be further 

expanded based on the fiber/particulate direction or orientation [10]. The base material 

worked with in this study is a two-phase unidirectional continuous fiber-reinforced 

composite. 

 

Continuous fiber-reinforced composites are known to contain fibers that are much longer 

than the composite materials cross-sectional width. The mechanical properties of these 

composites are independent of the fiber length and they are stronger and stiffer than short 

fiber composites. Typically reinforcing fibers are used due to their high tensile strength, 

stiffness, density, ease of fabrication and cost of production. The reinforcing fibers used in 

this study are E-glass fibers which also exhibit high-strength-to-weight ratio and typical 

glass hardness. Particle reinforced composites consist of particulates of different shapes 

(spheres, flakes) randomly distributed and embedded within the material matrix. The 

particle dimensions are typically equal sized and equally dispersed, causing the composite 

to be considered isentropic. Mechanical properties of these composites are typically weaker 

than fiber-reinforced due to the smaller size. In this study, biochar is used as a particle-

reinforcement. The matrix component of a composite maintains the structural shape and 

reinforcement alignment while also acting as a stress transfer medium and primary 

contributor to the materials shear strength and crack resistance. The matrix used in this 

study is a thermoset polymeric resin. The thermoset undergoes an irreversible chemical 
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change upon heat treatment known as curing. During the curing process polymers in the 

resin develop a network structure through crosslinking. These resins known to have low 

melt viscosity, good fiber impregnation and low process temperatures [11].    

 

Recent trends in composite material research has looked towards our renewable resources 

as sources for eco-friendly biocomposites. Biochar which typically exhibits high values of 

particle hardness, stiffness, and surface area, has been considered a sustainable filler for 

biocomposites due to its superior mechanical properties. Plastic-biochar composites have 

been manufactured and studied through injection molding. Epoxy-biochar and rubber-

biochar composites have also been attempted, and finally recent studies have attempted 

laminated wood plastic and biochar composites. Many of these studies have shown promise 

in biocomposites mechanical property enhancement when using biochar as a particulate 

filler [3, 12].  

2.2 Microwave Pyrolysis 

2.2.1 Heating Rates 

Heating rate of a procedure can vastly change the characteristic results of biochar, certain 

temperatures also need to be reached in order to guarantee full pyrolysis of the feedstock.  

The following research articles describe change in heating rates and peak temperatures as 

they pertain to microwave power levels in pyrolysis experiments.  

 

Huang et al. [13] studied the power level effect on the heating rate of microwave pyrolysis 

of rice straw. For their experiments rice straw was placed in a quartz crucible directly in 
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the path of microwaves at various power levels (50-500 W) the heating rate and peak 

temperatures were recorded and each test was done twice to ensure average results. The 

results showed that maximum temperature per power level had a fairly linear relationship 

(250 °C at 200 W, 360 °C at 300 W, 550 °C at 500 W) while maximum heating rate versus 

power level was an exponential function (80°C/min at 200 W, 100°C/min at 300 W, 

500°C/min at 500 W). The separate curve relationships show that at higher power levels, 

higher temperature can be reached faster due to the higher heating rate, allowing for shorter 

procedure times. It was noted that there is also a critical power level affected by reactor 

type and sample size, with lower than critical level power causing low heat performance. 

For this study the critical power level was found to be 400 watts. 

 

Huang et al. [14] performed further research on heating performance from studying seven 

agricultural feedstocks under microwave pyrolysis. The seven lignocellulosic feedstocks 

used were bamboo leaves, rice straw, rice husk, corn stover, sugarcane bagasse, sugarcane 

peel, and coffee grounds. Each feedstock was shredded/sieved and 3-5 grams underwent 

microwave pyrolysis at the designated power level (300-500W) for 30 minutes. The 

resulting temperature profiles show that each experiment had various heating rates and 

maximum temperature but all reached peak temperatures within the first 15 minutes, 

plateauing for the remainder of the experiment. The resulting data from 300, 400, 500 Watt 

power levels give heating values of 51-69, 76-103, 98-140°C/min respectively, as well as 

max temperatures of 346-406, 439-503, and 478-551°C. The data gathered by this study 

indicates that higher microwave power levels lead to higher heating rates and maximum 

temperatures.  
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Liu et al. [15] analyzed heating rates during microwave pyrolysis using tobacco stem as a 

feedstock. The experiments was completed using 15 grams of crushed tobacco stem at 

power levels from 400 to 700 watts. For these experiments no catalyst was used as a 

microwave absorber, and a standard thermocouple was using to record temperatures in real 

time. The resulting heating rates of 0.316, 0.471, 1.760, and 4.005°C/s were shown to rise 

with the rising power levels 400, 500, 600, and 700 W respectively. The maximum 

temperatures reached were 191, 316, 600, and 900°C. This information aligns with other 

studies stating that a rise in power level will give an increase in heating rate and maximum 

temperatures. Of note during this study is the difference in temperature profiles due to 

power level. It was found that at 400 and 500 watts, the temperature profile showed a slow 

rise followed by a steady balance, while at 600 and 700 watts, the profile consisted of a 

slow rise followed by a rapid climb and then a steady balance. 

 

The three published journal articles reviewed for this section all agree that higher 

microwave power levels lead to higher heating rates and higher maximum temperatures. It 

is important to monitor the temperature profiles in order to reach acceptable pyrolysis 

levels without excessive power levels in order to be energy efficient. The information 

found in these articles will serve as good bench marks when scaling the expected power 

levels and heating rates to our microwave reactor size.   
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2.2.2 Yield Studies 

As power levels change heating rates and maximum temperatures of the pyrolysis process, 

temperature rises also affect the yield of each constituent of the pyrolysis process. The 

following experimental research articles give some insight of how different power levels 

or temperatures will affect the end yield of microwave pyrolysis.    

 

Zhao et al. [16] conducted a study detailing the effects of temperature on the yields of 

products from microwave pyrolysis of wheat straw. The experiments performed utilized 

microwave pyrolysis on 10 grams of dried wheat straw mixed with 5 grams of residue 

biochar as a microwave absorber. The experiments were done on a temperature controlled 

system for 10 minutes after the reaction temperatures (400, 500, 600°C) were met. Each 

experiment was completed twice to get an average result. From collection and 

measurement of the resulting biochar after the experiment, the yield percentages were 

found. The results show that as temperatures increase from 400 – 500°C the yield of 

biochar decreased from 57.1 – 47.8%. When increasing from 500 – 600°C the biochar yield 

hardly changed, decreasing from 47.8 – 47.0% These results indicate that lower 

temperatures are favorable for increased char yields, while past a certain temperature, the 

char yield may not be affected anymore. 

 

Yu et al. [17] published research in which they studied microwave pyrolysis of corn cob. 

Experiments were conducted using 150 grams of dried and ground corn cob in a quartz 

glass flask inside a microwave reactor. The reactor was temperature controlled with 300, 

450, and 600°C used for each batch. Each experiment was conducted for 60 minutes and a 
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total of four times to achieve an average. Collecting and measuring the amount of biochar 

after each run gave insight to the effect of reaction temperature on char yield. Resulting 

averaged data showed that at 300°C, biochar yield was about 65% while yield dropped to 

25 and 20% at 450 and 600°C respectively. This information indicates that as reaction 

temperatures increase, biochar yield will decrease. Also, the difference in char yield at 

higher temperatures becomes less as more volatile mass has already been released during 

temperature rise. 

 

Hossain et al. [18] researched the use and benefits of microwave pyrolysis of oil palm fiber 

for biochar production. Each test was ran using 30 grams of dried oil palm fiber in a quartz 

tube microwave reactor for 15 minutes with or without a catalyst. Tests were ran in 100 

watt increments from 400-900 watts, and each test was ran three times to gain an average. 

Weighing the resulting biochar after each test and dividing it by the original feedstock 

weight gave the total biochar yield percentage for each test. The results for tests without a 

microwave absorbing catalyst show that at 400 watts the biochar yield was 28%, at 600 

watts biochar yield was 25%, and at 800 watts biochar yield was 18%. These results show 

that as power level increases, the expected biochar yield should decrease. Of note is the 

small percentage change from 400 – 600 watts (3%) followed by the large percentage 

change between 600 – 800 watts (7%), this data indicates that at lower power levels similar 

amounts of volatiles are released from the feedstock, and that there is a power or 

temperature threshold that must be surpassed for much more volatiles to be released.  
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Each of the three research articles examined on the yield of biochar from microwave 

pyrolysis detail similar findings. As power level or process temperature increase the 

percentage yield of biochar decreases. The difference in char yields between higher process 

temperatures is typically small. Overall, the results indicate that lower temperatures are 

favorable for high biochar yields. The results of these studies will be considered as power 

levels are chosen for this study.     

2.3 Biochar Characterization 

2.3.1 Chemical and Porosity 

Chemical and Porosity characterization of biochar is necessary to determine the quality of 

the char. A high quality char is typically thought to have higher carbon content and higher 

specific surface area due to its value in filtration and soils amendment. The following 

studies all detail the characterization results of microwave pyrolysis of various feedstocks 

at different power levels.  

 

Mohamed et al. [19] used increasing weights of microwave absorbers (clinoptilolite, 

K3PO4) during their research on the microwave pyrolysis process of switchgrass. 

Considering switchgrass has low microwave absorbency, the authors were interested in the 

effects of using microwave absorbers to increase heating rates of the process. The 

experiments were conducted at 750 watts for approximately 30 minutes. The three weight 

percentages of catalysts were 10, 20 and 30% and each test was done three times in order 

to get an average. The resulting biochar was tested using a Perkin-Elmer 2400Series II 
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CHNS/O analyzer to determine the heating rate effects on chemical composition, the 

results of which are given in Table 2.3.1.1. 

 
 

 

The resulting biochar was put through BET testing to determine the surface area and BJT 

testing to find the micropore volume. The results showed that increasing clinoptilolite 

amounts from 10 to 30% increased the heating rate by 40°C/min while increasing the SSA 

by 13.82 m2/g, while increasing K3PO4 amounts from 10 to 30% did not increase the 

heating rate, and changes in SSA were negligible. It should be noted that at 20% K3PO4 

weight the heating rate increased by 34°C/min and SSA by 19.82 m2/g.  A full list of results 

is given in Table 2.3.1.2 

 

 

 

Table 2.3.1.1: Elemental composition of biochar produced with various absorber loadings [19] 

Table 2.3.1.2: Porosity properties of biochar produced with various absorber loadings [19] 
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Zhu et al. [20] conducted research detailing characterization results from microwave-

assisted pyrolysis of corn stover. The experiments were performed using a 700 watt 

microwave. A 500ml quartz flask inside the microwave contained the biomass, while a 

dead end quartz tube reaching the center of the flask contained an infrared temperature 

sensor. Experiments were ran at a temperature range from 500-680°C by heating the 

biomass to the desired temperature at maximum power then lowering the power to maintain 

that temperature for the desired time. Table 2.3.1.3 details the chemical composition results 

from testing of biochar produced at 550°C compared to biochar at 650°C. It is noted that 

the carbon weight percentage raises by approximately 13% with just a 100°C heat rise. As 

shown in Table 2.3.1.4; three runs of biochar were analyzed using BET surface area 

techniques to determine the specific surface area (m2/g) and other porosity factors (average 

pore volume/width). It is noted that at increasing temperatures and operation times the BET 

surface area vastly increases, while average pore volume also increases. 

 

 

 

 

Table 2.3.1.3: Elemental composition of biochar produced at separate temperatures [20] 
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Zhao et al. [21] analyzed shredded wheat straw as a feedstock for production of microwave 

pyrolysis biochar. The research was conducted using 30grams of shredded wheat straw as 

the biomass feedstock for microwave pyrolysis experiments at varying temperatures. The 

resulting biochar was analyzed using the multi-point Brunauer, Emmett, and Teller (BET) 

method to determine the specific surface area and porosity characteristics. Table 2.3.1.5 

details the results at a range of temperatures from 400 to 600 °C. It is noted that SSA (m2/g) 

and pore volume (cm3/g) increase with a rise in residence temperature while average pore 

size (Å) reduces. This indicates that a larger number of volatiles were released with 

increasing temperatures, causing a larger number of small pores to open, giving the biochar 

a more uniform porosity. The main chemical elements of the resulting biochar were also 

measured using an elemental analyzer. The results tabulated in Table 2.3.1.6 show that as 

process temperature rises weight percentages of carbon and sulphur slowly increase while 

the weight percentages of the other three elements reduce.  

 

Table 2.3.1.4: Porosity properties of biochar produced under separate conditions [20] 

Table 2.3.1.5: Porosity properties of wheat straw biochar produced at varying temperatures [21] 
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Xian-Hua et al. [22] published an article in which they examined the properties of gas and 

char from microwave pyrolysis of pine sawdust. The experiments were conducted using 4 

grams of pine saw dust placed into a quartz glass reactor inside a laboratory microwave 

reactor. The reactor was temperature controlled and experiments took place in a range from 

400-800 °C. Elemental analysis of each sample was conducted using a CHNS/O analyzer, 

while BET surface area analysis was done using an accelerated surface area and 

porosimetry analyzer. The results shown in Table 2.3.1.7 indicate that as pyrolysis 

temperature increases carbon content increases while weight percentages of the other main 

elements reduce or stay low. The results also show BET surface area reducing which is 

contrary to other studies on the effects of microwave pyrolysis heating temperatures.  

 

 

 

Table 2.3.1.6: Elemental composition of wheat straw biochar produced at varying temperatures [21] 

Table 2.3.1.7: Elemental and porosity properties of pine sawdust biochar [22] 
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Huang et al. [23] studied the process of microwave pyrolysis on rice straw. The study used 

3-5 grams of rice straw in a quartz tube microwave reactor at power levels of 50-500 W to 

determine microwave power level effects. Of the experiments conducted three (300, 400, 

500 W) were used to determine the effect of power level on specific surface area and 

porosity of the biochar. At 300 watts, the heating rate was 55 °C/min while the BET surface 

area was 165.74 m2/g. The 400 watt test showed a heating rate of 102 °C/min with SSA of 

240.30 m2/g. Finally the 500 watt test had a heating rate of 141 °C/min and SSA of 274.49 

m2/g. Changes in total pore volume and average pore diameter were negligible throughout 

the power level. Overall these results indicate a higher heating rate causes a more rapid 

release of volatiles which produces higher surface area biochar.  

 

The five articles summarized in this section vary in their results but generally indicate that 

higher biomass heating temperatures/heating rates during microwave pyrolysis will 

produce biochar with higher BET surface area and pore volume. This data will be taken 

into consideration throughout this study as producing highly porous biochar is one of the 

main research goals. 

2.3.2 Modulus and Hardness  

Das et al. [24] conducted a study on the structure-mechanics of waste derived biochars. 

The focus of this study was to determine the hardness and elastic modulus of seven 

different biochars through nanoindentation. The first two samples (TCP900, TCP350) 

came from pine saw dust that underwent conventional pyrolysis at 900 °C and 350 °C 

respectively in a two-step auger for 60 minutes. The next two samples (PSD 470, PSD 420) 
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were also derived from pine saw dust but underwent conventional pyrolysis in a one-step 

auger for 10 minutes at 470 °C and 420 °C respectively. The fifth sample (biosolids) was 

processed in a batch reactor at 680°C for 10 minutes. The sixth biochar (Poultry Litter) 

completed pyrolysis in a continuous auger at 450 °C for 20 minutes. The final sample 

(BC_Act) was processed in a horizontal batch reactor at 500 °C for 60 minutes.  

 

All seven samples were cold-mounted in epoxy set resin and cured for a day. Each sample 

was then ground and then polished using higher grits of silicon carbide paper then finally 

diamond suspended polishing paper. Finally nanoindentation was performed on a Hysitron 

TI-950 Triboindenter by displacement controlled method with loading and unloading at the 

same rate of 2000nm/5s. Hardness and modulus was calculated from the load displacement 

data with material Poisson’s ratio assumed to be 0.3. The results of the calculations are 

shown in Figure 2.3.2.1. From the data it is apparent that high pyrolysis temperature and 

long heating time plays a direct role in high hardness and modulus values of biochar.   
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Das et al. [25] published further research detailing the nanoindentation assisted analysis of 

biochar added biocomposites. In this study pine wood was used as feedstock in an auger 

reactor at 450 °C and 10 minutes to create biochar. The biochar was used in varying weight 

percentages (6-30%) as a filler in wood/polypropylene biocomposites. The goal of the 

study was to take nanoindentation data of each constitute of the three-part biocomposites 

in order to create models accurately predicting bulk hardness and moduli. From the 

numerous individual nanoindentation testing of the biochar sample, the average hardness 

value was 0.43 GPa and the average moduli value was 4.9 GPa. The nanoindentation 

calculations were conducted while assuming the biochar Poisson’s ratio to be 0.3. 

 

Only two articles were identified for this section as the idea of using nanoindentation to 

determine the hardness and moduli values of biochar is a relatively new topic. Although 

neither article uses microwave-pyrolysis biochar, they each have data corresponding to 

Figure 2.3.2.1: Modulus and hardness data of varying biochar samples [24] 
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softwood biochar. This data will prove useful as an ideal range for modulus and hardness 

of softwood derived biochar for this study. 

2.4 Composite Testing and Modeling 

2.4.1 Biocomposites Strength Testing 

The use of biochar as a particulate filler in biocomposites materials is a relatively new 

concept. In order to prove worthwhile, the new materials will need to have material strength 

properties exceeding those of the typical composite materials. The following studies all 

detail the use and mechanical testing of biocomposites materials consisting partially of 

biochar.  

 

Ogunsona et al. [26] studied the use of biochar from pyrolyzed miscanthus fibers as a 

reinforcing filler in biocomposites with a bio-based polyamide matrix. The char was 

produced in a slow pyrolysis process at 500°C. The biocomposites was made through 

mixing a 20 wt. % of biochar with polyamide and injection molding. Five different biochar 

particles sizes were used to make the biocomposites. The first two (BC-1, BC-2) were un-

sieved and either crushed (<1 mm) or milled (<500μm). The other three (BC-3, BC-4, BC-

5) were all milled and sieved (426-500, 213-250, <63μm). The goal of this was to determine 

the effect of particle size on tensile and flexural strength of the biocomposites. 

Biocomposites were tested using on a universal testing machine (Instron machine) to 

determine the mechanical properties. First the specimens were mounted and tested for 

tensile strength at a crosshead speed of 100 mm/min. Further testing was done to determine 

the material flexural strength at a crosshead speed of 9.6 mm/min. Figures 2.4.1.1 and 
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2.4.1.2 detail the resulting strength and modulus characteristics found from testing of each 

sample. To gain insight to the overall effects of biochar addition, neat polyamide injection 

molded samples were also tested (PA).  

 

 

Figure 2.4.1.1: Tensile properties of multiple biocomposites [26] 

Figure 2.4.1.2: Flexural properties of multiple biocomposites [26] 
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Analyzing both figures it is noticeable that overall biochar greatly increased both flexural 

strength and moduli properties of the composite materials. The tensile strength was slightly 

increased by the addition of biochar in most molds, aside from the case of crushed biochar 

particles in which it is thought that the large particles size and amount of micropores caused 

a greater likelihood of cracking, thus lowering the tensile strength. The large increase in 

flexural strength properties of the biocomposites has been determined to be due to the 

addition of the harder particles in the soft matrix giving a larger resistance to collapse in 

the compression region while flexing. This larger resistance to failure is directly related to 

the higher moduli of the char and increase in surface area contact between the biochar and 

matrix [26].  

 

Das et al. [4] researched the experimental mechanical testing of biocomposites 

manufactured with biochar and polypropylene. In this test the biochar was produced from 

waste pine wood at 500°C. The average carbon content was found to be 82 wt. %, and the 

specific surface area was 335m2/g. The biochar was compounded and combined with the 

polypropylene by injection molding to create said biocomposites. The biocomposites were 

mostly polypropylene with a range in biochar weight percentage of 15-35%, also one fully 

polypropylene sample was made for comparison. For testing, the tensile strengths and 

moduli (chord moduli between 0.05% and 0.25% strain) of each sample were measured on 

an Intron universal testing machine, and flexural strength and moduli were found using a 

three-point bending rig in Instron 5567 UTM based on ASTM D790 protocol.  
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The resulting data shows that both tensile and flexural moduli greatly increase with the 

addition of biochar. For neat polypropylene tensile and flexural moduli are both 

approximately 1.5 GPa, while adding 15 wt. % biochar increases them to 2.34 and 2.2 GPa 

respectively. The largest biochar weight percentage biocomposites (35%) has average 

tensile and flexural moduli of 3.82 and 3.25 GPa, respectively. These results prove that 

increasing the amount of harder biochar filler into the soft polypropylene matrix will indeed 

raise the modulus of the biocomposites. The tensile strength of the biocomposites did not 

significantly change from the addition of biochar due to a lack of strong interfacial bonding 

between the particles and matrix, causing the composite to retain the tensile properties of 

the matrix. Finally, the flexural strength increased due to the addition of biochar, rising 

from 51.08 MPa when neat polypropylene to 58.26 MPa with 35 wt. % biochar. The 

increase in flexural strength is determined to be due to the addition of biochar causing a 

reinforcing effect due to the particle hardness and mechanical interlocking with the 

polypropylene matrix.   

 

Bowlby et al. [27] performed research on the mechanical testing of pultruded three-part 

biocomposites consisting of biochar, glass-fiber, and vinyl ester resin. Three separate 

feedstocks were used in microwave pyrolysis procedures to create the biochar. The 

feedstocks used were spruce (softwood), maple (hardwood), and Switchgrass 

(agricultural). The microwave pyrolysis procedure was kept the same for each feedstock. 

By use of 100 grams of feedstock and 10 grams of biochar as a microwave absorber at 500 

watts, an average residence temperature of 700°C was achieved. The resulting chars were 

tested for specific surface area with spruce being the highest followed by maple then 



 

24 

 

switchgrass, at 203.9, 155.7, 116.5 m2/g respectively. Following biochar production and 

testing, the biocomposites rods were manufactured by mixing the weight percentages (5, 

10%) of biochar with the batch of resin, then letting the fibers soak through the resin before 

being pulled through the heated die of the pultrusion machine. The rods were manufactured 

from each biochar feedstock species at 5 wt. % and again each at 10 wt. %. For comparison 

purpose, another six composite rods were created from just the glass fibers and resin.  

 

Flexural testing was done on Instron Model 1332 load frame driven by an Instron 8500 

series controller corresponding with ASTM D790 procedure. The resulting strength data is 

shown in Table 2.4.1.1. The data shows that the addition of 5% biochar vastly increased 

the flexural strength properties of the biocomposites rods compared to the composite 

control rods, while increasing to 10% biochar practically doubled the flexural strength. Of 

note is the correspondence between specific surface area (SSA) of the biochar types and 

the flexural strength of each. Spruce had the largest measured SSA, and also the largest 

increase in flexural strength, while switchgrass had the smallest increase in flexural 

strength and also smallest SSA. This data aligns with the previous literature studies stating 

an increase of surface area contact between the biochar particles and matrix causes an 

increase in flexural strength due to potential mechanical interlocking between the two 

components.   
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This section contained three separate studies on the use of biochar as a particle filler in 

biocomposites materials. Although the studies were written on biocomposites consisting 

of different constitutions, the mechanical testing data all agreed that the inclusion of 

biochar can increase both the moduli and flexural strength parameters of the material. The 

impact of biochar on composite mechanical properties was determined to be dependent on 

material hardness and specific surface area of the biochar. The introduction of the hard 

biochar particles to the softer matrix can increase the material compression resistance 

during flexural testing as well as provide a mechanical interlocking of the matrix and filler 

due to high surface area adhesions. These parameters will need to be taken into account 

while creating the biochar and biocomposites of this study.  

2.4.2 Micromechanical Modeling  

In order to understand the mechanical properties of composite materials, mathematical 

models are necessary to predict how a composite will behave under various mechanical 

loadings. Micromechanical models are powerful tools to understand these properties as a 

structure will act differently based on its geometry and across the thickness. When 

discretizing the final structure into unit cells one can pinpoint the local properties, and then 

using homogenization, connect with the macro-scale global behavior of the composite 

Table 2.4.1.1: Flexural Strength of biocomposites at varying biochar loadings [27] 
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structure. The following papers relate to the use of asymptotic homogenization in solving 

the effective coefficients of fiber-matrix and three-part composite materials. 

 

Kalamkarov et al. [28] proposed and solved an asymptotic homogenization model for 

three-dimensional composite structures containing a periodic grid of generally orthotropic 

reinforcements. This micromechanical model is used to solve for the general elastic 

properties of the composite structure. The basis of the solution make use of the model 

shown in the left of Figure 2.4.2.1 in which a general composite structure representing an 

inhomogeneous solid occupying domain Ω with boundary 𝜕Ω that contains a large number 

of periodically arranged reinforcements. It is noted that this model is derived from 

repetition of small unit cell Y in the domain of Ω. The unit cell comprised of a matrix and 

reinforcing fiber is shown in the right of Figure 2.4.2.1. 

  

 

 

Figure 2.4.2.1: Inhomogeneous solid composite (left) and unit cell matrix model (right) [28] 
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The elastic deformation of the structure were described by the following boundary value 

equations.  

 

𝛛𝛔𝐢𝐣
𝛆

𝛛𝐱𝐣
= 𝒇𝒊   in   Ω,   ui
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The summation convention is used throughout this paper with all indexes assuming values 

of 1, 2, and 3. The value Cijkl is the tensor of elastic coefficients, ekl is the strain tensor as 

a function of the displacement field ui, and 𝑓𝑖 represents the body forces. The final 

parameter 𝜀 is a non-dimensional unit made by dividing the characteristic size of the unit 

cell by a characteristic dimension of the overall structure. When analyzing the composite 

structure on the macroscopic scale, the material constituents are rapidly varying, due to this 

occurrence a microscale variable was introduced. The inclusion of the fast variable y 

caused a transformation of the derivatives. 
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The boundary-value problem and corresponding stress field were then transformed to 

accept both the slow and fast scale variables. All functions in y are collectively periodic 

with the unit cell Y. 
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ε
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1

ε

∂σij
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σij
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Second order asymptotic expansions were then setup in terms of the small parameter 𝜀 for 

the displacement field and stress field. Solving these from the use of the boundary-value 

and stress field equations, a series of differential equations was found.  
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Upon combining equations (7a) and (8a) and then separating variables, the following 

equation was found for the solution of the displacement field 𝑢1. 

 

𝑢𝑚
1 (𝑥, 𝑦) =

𝜕𝑢𝑘
0(𝑥)

𝜕𝑥𝑙
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𝑘𝑙(𝑦)       (2.3.2.9) 

 

Where functions 𝑁𝑚
𝑘𝑙 are periodic in y and satisfy  
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Equation (2.3.2.10) is referred to as the unit cell problem as it depends entirely on the fast 

variable y and is solved on the domain Y of the unit cell. Both 𝐶𝑖𝑗𝑘𝑙 and 𝑁𝑚
𝑘𝑙 are Y-periodic 

in y. The homogenization procedure was then carried out by substituting (2.3.2.10) into 

(2.3.2.8a) then integrating over the domain Y of the unit cell (with volume |Y|) treating 𝑥𝑖 

as a parameter for integration with respect to 𝑦𝑗. Homogenization yielded 
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Where the following definition was introduced 
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The coefficients �̃�𝑖𝑗𝑘𝑙 denote the homogenized or effective elastic coefficient. These 

effective coefficients are universal in nature and can be used to study a wide variety of 

boundary value problems associated with a given composite structure. The paper goes on 

to numerically solve some examples of effective elastic coefficients of grid reinforced 

structures based upon volume fraction of the reinforcements [28].  

 

De et al. [29] analyzed the use of asymptotic homogenization techniques to predict the 

elastic properties of unidirectional fiber-reinforced composites. Starting with the same 

homogenized effective coefficients derived by Kalamkarov et al. [28], the authors solve 

for auxiliary displacement fields from which they then solve for stiffness and load vectors. 

The composite material analyzed for this study was comprised of E-Glass 21xK43 Gevetex 

(glass fiber) and LY556/HT907/DY063 (epoxy matrix). Elastic properties of the individual 

constituents were known from the supplier. Using finite element method software and 

known stiffness values of the materials, elastic properties calculated through asymptotic 

homogenization were found based upon the hexagonal FEM mesh and representative 

volume element (RVE) in Figure 2.4.2.2. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.2.2: Composite mesh and RVE [29] 
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The resulting elastic properties was compared with experimental data published by Soden 

et al. [30] detailing their work with composite materials comprised of the same constituent 

materials. The resulting data was a comparison of the elastic properties derived from the 

asymptotic model and from experimental results for varying fiber volume fractions. For 

the following results E, G, and v are respectively the elastic modulus, shear modulus, and 

Poisson ratio. The comparison for calculated and experiments results was closest at a 69% 

fiber volume fraction with 4.8, 9.8, 1.5, 8.3, and 14.4 % difference for E1, E2, G12 (GPa), 

v23, and v12 respectively. The average percent difference between the calculated and 

experimental elastic properties for this composite was 7.7%. This data gives proof that the 

asymptotic homogenization method can be used in micromechanical modeling to 

accurately predict fiber-reinforced composite elastic properties. 

 

The two scholarly articles summarized in this section give some insight into the use of 

homogenization as a micromechanical modeling tool for fiber-reinforced composite 

materials. Further articles go on develop these models to predict mechanical properties of 

other two and three-phase composite shapes and structures.  

 

 

 

 



 

32 

 

Chapter 3 

Methodology 

This section is dedicated to providing a detailed explanation of the requirements and 

processes carried out to complete the research methodology of this study. Figure 3.1 

below shows a high level process flow of the methodology steps. Each step will be 

further expanded on throughout the section.  

 

 Figure 3.1: Research process flow 
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3.1 Microwave Pyrolysis 

3.1.1  Materials  

Two biomass feedstocks were chosen for use in this study. The first feedstock is a 

combination of spruce and fir softwood chips donated by Devon Lumber Company. New 

Brunswick has a large softwood industry, and the use of waste softwood chips for this study 

could provide the industry with another option for the recycle and use of waste chips.  

Additionally, the use of softwood biomass for microwave pyrolysis is well documented 

with the resulting biochar showing quality surface area and porosity characteristics [22, 

27]. Shown on the left side of Figure 3.1.1.1 the chips were in a variety of non-uniform 

sizes. Moisture content was tested using ASTM E1756 standard procedure. The samples 

used for this study were found to be at a moisture content of approximately 12%.  

 

The second feedstock used in this study is hemp straw. Hemp is a promising energy crop 

due to its rapid growth rate and high biomass yield [31]. The donated hemp arrived in a 

large bail which was stored and dried. For each sample, dried hemp was pulled from the 

Figure 3.1.1.1: Biomass feedstocks 
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bail and hand shredded to the state shown on the right side of Figure 3.1.1.1. Using the 

same testing method, moisture content for the hemp was found to be approximately 13%. 

3.1.2  Experiment Preparation 

The microwave pyrolysis experiments in this study were ran in a large single-batch reactor 

as shown in Figure 3.1.2.1. Microwaves are generated by a Muegge GmbH microwave 

generator and sent through a waveguide into the insulated reactor. As the feedstock is 

heated, vapor and oil exit through the bottom outlet into the condenser. Prior to and 

throughout the experiments, nitrogen gas was fed through the top in order to expel any 

oxygen out of the reactor. For each experimental test, 1000 grams of biomass was weighed 

and used as feedstock. Considering that the dryness of each feedstock gives poor 

microwave absorption, biochar from previous experiments was added to the reactor as a 

microwave absorbing catalyst at 10 weight percentage. In order to give a relatively even 

spread of the microwave absorbers, 500 grams of the feedstock was placed in the 

cylindrical reactor, followed by 100 grams of the absorber, then the final 500 grams of 

feedstock. 
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.  

Following feedstock preparation, the top lid of the reactor was sealed by a combination of 

aluminum foil tape and clamps. The two thermocouples were then fed through small lid 

inlets and taped into place with the aluminum foil tape. The hose of the nitrogen generator 

screwed into a threaded inlet of the lid and the nitrogen generator was started. In order to 

ensure an anaerobic environment, the nitrogen flowed for approximately 45 minutes prior 

to testing and continued to flow throughout. Once the nitrogen had been flowing long 

enough, condenser water and microwave cooling water were both ran. The condenser water 

flowed from a tap and was generally 14˚C. The microwave cooling water was kept at 20˚C 

and a flow rate of 4.5L/min. 

Figure 3.1.2.1: Microwave pyrolysis system used in the study 
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3.1.3 Design of Experiments 

Based on multiple preliminary experiments, three power levels of 2100, 2400, and 2700 

watts were chosen for experimentation in this study. These power levels were deemed 

suitable because they give a good spread of 300 watts each and also represent 70, 80, and 

90% of the microwave generators maximum 3000 watt power level. This separation of 

chosen power levels also provided insight into microwave pyrolysis power efficiencies of 

the experiments.  

 

Due to the difficulties in measuring temperature data during microwave experiments, the 

designated power levels were each tested a minimum of three times in order to achieve 

acceptable temperature data for a minimum total of 18 tests. The microwave generator was 

ran for one hour each test, and only microwave power level varied as all other parameters 

were kept the same. The design of experiments for microwave pyrolysis is displayed below 

in Table 3.1.3.1 

Table 3.1.3.1: Microwave pyrolysis design of experiments 

Experiments Feedstock Power Level (Watts) 

1  Softwood 2100 

4 - 6 Softwood 2400 

7 - 9 Softwood 2700 

10 - 12 Hemp 2100 

13 - 15 Hemp 2400 

16 - 18 Hemp 2700 

 

 

During experiments temperature data was actively recorded and monitored using the Pico 

Technology data logger and thermocouple.  The recorded temperature profiles varied from 
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experiment to experiment due to the difficulties of using a metal thermocouple in a 

microwave reactor. The position of the thermocouple was highly important as it must be 

placed in densely packed feedstock in order to accurately measure the reaction temperature. 

The temperatures may also spike or settle based on areas of random microwave hot spot 

inside the reactor, as well as the possibility of hot spots occurring from reactions between 

the metal thermocouple and electromagnetic waves [6]. These temperature measurement 

issues are common to microwave pyrolysis studies [6, 27], and every effort was made to 

ensure the accuracy of recorded data. 

3.1.4 Post-Experiment 

After stopping the microwave generator and closing the recording software, the resulting 

biochar was allowed to cool inside the reactor for at least 4 hours. During this time the 

nitrogen is still running and the reactor is kept sealed to ensure the environment is 

anaerobic. Once the condenser bulb is cool enough, it is removed and the collected bio-oil 

was measured then stored. The emphasis of this study was not on bio-oil but the collected 

weight data is useful for yield studies and to estimate the efficiency of the condenser. Once 

the biochar has cooled inside the reactor for long enough, it was also removed and weighed. 

Again this weight data was used to determine the yield percentage of biochar at each power 

level. The biochar was then packaged in reusable containers and stored for future 

characterization. 

     3.2  Biochar Characterization 

The biochar samples produced in this study underwent a number of common 

characterization tests in order to compare the qualities of the produced char with that of 
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previous studies, as well as gain insight on how the varying microwave system power levels 

affect certain key biochar properties. The results of the characterization tests were also used 

in comparison with biocomposites testing data to develop an assessment of biochar factors 

affecting its use as a particulate filler. 

3.2.1  Porous Properties 

Surface properties of the biochar were analyzed using the Brunauer, Emmett, and Teller 

(BET) surface area analysis method in which nitrogen gas is used as an absorbent in a 

physiosorption procedure. The resulting data from this test includes specific surface area 

(m2/g), porosity distribution (cc/g), and average pore size (Å). Further insight to the quality 

of the biochar surface structure was found through scanning electron microscopy (SEM) 

in which high resolution images of the char is taken at large magnifications. Analysis of 

these images for cracks on the honeycomb structure or adhesions from unwanted volatiles 

in the pores helped determine the quality of produced biochar. 

3.2.2 Elemental and Ash Analysis 

Elemental analysis of biochar was performed using a CHN Elemental Analyzer according 

to ASTM D5373 standard procedure. High weight percentage of carbon content is an indicator 

of higher strength quality biochar and therefore the main interest of this characterization test. 

Ash content of biochar is also an important characteristic as a high ash content is associated 

with a more brittle biochar which is prone to cracks and fissures. Ash content (dry basis), along 

with other proximate analysis characteristics, was measured in a muffle furnace using ASTM 

D1762-84 standard procedure. Fourier transform infrared spectroscopy was also performed 
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to determine the composition of the chars and feedstocks, and evaluate the loss of major 

functional groups in the feedstock after pyrolysis.  

3.2.3 Hardness and Modulus 

The hardness of a material is a measure of the materials resistance to deformation by 

indentation, while the elastic modulus is a measure of the materials resistance to elastic 

deformation. Both of these properties were measured for biochar by cold-mounting the 

char is an epoxy resin, grinding and polishing the sample with decreasing grit sizes from 

500 to 1200 microns, and testing the sample through a nanoindentation technique. Results 

from this characterization test provided key correlations between the pyrolysis heating 

levels and mechanical properties of the biochar, and also between the mechanical 

properties of the biochar and mechanical properties of the biocomposites. 

3.3 Biocomposites Manufacturing and Testing 

  3.3.1 Pultrusion Machine and Materials 

The biocomposites rebar rods for this study were manufactured with a pultrusion machine, 

specifically the modified in house pultruder shown in Figure 3.3.1.1. Roving from 22 

spools of E-Glass fiber were pulled through the vinyl ester resin bath, then through the 

heated die by the end pulleys as shown. The finished rods exited the pulley with an 

approximate diameter of 9.3mm and were cut to preferred lengths. The steel die is heated 

by 12 electric strip heaters, in pairs of two along both the top and bottom portions. Each 

pair of strip heaters is controlled through feedback of a thermocouple with a PID controller. 

The programmed temperatures and nominal pulling speed of the motor driven pulleys is 
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shown in Table 3.3.1.1. These optimal parameters were found through previous research 

utilizing the machine [27]. 

 

 

 

Table 3.3.1.1: Pultrusion operational parameters 

Parameter Operating Value 

Pull Speed 30 cm/min 

Heater Set (1) 120°C 

Heater Set (2) 150°C 

Heater Set (3) 150°C 

 

 

The base constituents of the composite rods were E-glass fibers, sourced from Fiber Glass 

Industries under the trade name Flexstrand 700, and vinyl ester resin sourced from 

Reichold Chemical under the trade name urethane modified biphenyl vinyl ester. Material 

mechanical information for the two constituents is found below in Table 3.3.1.2. 

 

Figure 3.3.1.1: Pultrusion machine, Nanocomposites and Mechanics Lab 
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Table 3.3.1.2: Composite materials properties  

E-Glass Fibers Vinyl ester Resin 

Tensile Strength (MPa) 2760 Tensile Strength (MPa) 73 

Tensile Modulus (GPa) 73 Tensile Modulus (GPa) 3 

Poisson's ratio 0.22 Poisson's ratio 0.4 

Diameter (microns) 23 Flexural Strength (MPa) 156 

Density (g/cm3) 2.54 Flexural Modulus (GPa) 3.2 

 

Along with the vinyl ester resin, three organic peroxide initiators and a lubricant were 

mixed into the resin bed. The purpose of the peroxide initiators are to initiate the 

polymerization reaction of the resin through heat activation in the die. The lubricant was 

also used in small quantities to ensure easy movement of the fibers through the die. The 

organic peroxides and lubricant used are summarized in Table 3.3.1.3. 

 

Table 3.3.1.3: Pultrusion initiators and lubricant 

Material Product 

Initiator 1 Technick Products 190-TG 

Initiator 2 United Initiators NOROX PULCAT AMB 

Initiator 3 United Initiators t-BPB 

Lubricant United Initiators 500-750MS 

 

3.3.2 Design of Experiments 

As the purpose of this study was to research the mechanical property effects when using 

biochar as a particulate filler in glass-fiber reinforced polymers, different weight 

percentage loadings of biochar were needed for comparison. In order to compare the 

transverse and axial properties of the biocomposites with the plain glass-fiber polymer 
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control rods, every biocomposites had the same fiber loading as the control rods. Keeping 

the glass fiber loading the same for every rod caused the matrix loading to decrease as 

biochar loading increases. In order to control the range of experiments, only biochar from 

the 2700 watt pyrolysis runs was used for biocomposites manufacturing. A summary of the 

design of experiments as it pertains to biochar/matrix material percentage loadings is 

shown in Table 3.3.2.1.  

 

Table 3.3.2.1: Biocomposites manufacturing design of experiments 

Specimen 
Biochar 

Feedstock 

Vinyl ester Resin 

Volume Fraction 

(%) 

Biochar Particle 

Volume Fraction 

(%) 

S.C1 None (control) 100 0 

S.S1 Softwood 95 5 

S.S2 Softwood 90 10 

S.S3 Softwood 80 20 

S.H1 Hemp 95 5 

S.H2 Hemp 90 10 

S.H3 Hemp 80 20 

 

 

As shown in the design of experiments, three biochar particle loadings were chosen for this 

study. The first two loadings of 5, and 10%, were picked in for comparison purposes with 

previous studies [27]. The final loading of 20% was determined in order to gain some 

insight of maximum loading values. Due to the fact that increase in biochar loading 

percentages causes a decrease in the amount of vinyl ester matrix, there was some concern 

of biocomposites rod matrix quality at high biochar levels, therefore the 20% volume 

fraction not only gave insight to rod quality but also helped determine if there is an optimal 
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biochar loading for the biocomposites in relation to improved material properties. 

Furthermore, the biochar used for biocomposites manufacturing will be first grinded, then 

sieved to ensure that biochar particles less than 425 microns are used for production. The 

mean particle size of each biochar will also be measured prior to use.  

 

3.3.3 Biocomposites Testing 

In order to gain an understanding of the mechanical effects of biochar as a particle filler in 

GFRP biocomposites, the manufactured rods underwent both flexural and tensile testing 

using an Instron testing machine. Flexural testing is performed in a three-point-bending jig 

with test parameters (strain rate, sample length, and span) set to accordance of ASTM 

D790. Composite stress and strain data was gathered and analyzed, for six tests per sample, 

to describe a statistical average of the effects from biochar loading on the flexural yield 

strength and modulus of the biocomposites.  

 

Tensile testing setup was complex owing to the smooth, cylindrical shape, and high tensile 

strength of the biocomposites. Three test specimen for each biochar type and loading were 

first selected at 760mm lengths. Anchorage lengths of 270 mm were coated at each end of 

the biocomposites with epoxy, then sand coated with course sand, previously sieved to pass 

through a 1.25mm and retained by a 1.18mm sieve. Two lengths of schedule 160, 1-inch 

steel piping were cut to 270mm for each of the biocomposites. Pin holes of 9/16 inch 

diameter were drilled through the bottom of each pipe for later testing. Once the sand-

coating had cured, the composite were placed one end at a time, into the steel piping, held 

up by the curing jig in Figure 3.3.3.1. The piping was filled with RockFrac expanding 
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mortar, which then was allowed to cure a minimum of 48 hours to its maximum expanded 

pressure specified to be 150 MPa.  

 

Tensile testing was performed by pinning each end of the composite/pipe setup to the base 

and crosshead of an Instron universal testing machine. Displacement controlled testing was 

performed at a loading rate of 2mm/min. An integrated load cell measured tension force 

while a 50 mm gauge length Instron extensometer placed at mid-span of the bars measured 

strain. Testing was performed two times per biocomposites type, with an additional tensile 

test performed for each sample, with the same test parameters, using a digital image 

correlation (DIC) technique measure strain. DIC has been shown to provide accurate 

measurements of strain on composites in this application [32]. 
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Figure 3.3.3.1: Tensile curing jig  

3.4   Biocomposites Modeling 

Biocomposites modeling for this study was completed using two separate micromechanical 

models, the first being the rule of mixtures. For two-part composites a common predictive 

method is the rule of mixtures (Equation 3.4.1). This theory builds off of the iso-stress 

model and indicates that the composite modulus (Ec) is a combination of the fiber (Ef,) and 

matrix constituent’s individual moduli (Em) versus their individual composite volume 

fractions (Vf, Vm) [10].  

 



 

46 

 

Ec = EfVf + EmVm   (3.4.1) 

 

Assumptions made when using the rule of mixtures equations include: uniform dispersion 

of fibers, perfect bonding between fibers and matrix, and matrix is free of voids [10]. In 

order to utilize the rule of mixtures model for the current three-part biocomposites, further 

assumptions were made that the mixture of biochar powder into the vinyl ester resin prior 

to pultrusion created a new complex matrix for which rule of mixtures could also be used 

to calculate the new matrix modulus as in Equation 3.4.2, where subscripts bc, and r 

indicate the biochar and resin contributions. Using the new matrix modulus, the total 

biocomposites modulus was calculated from rule of mixtures as in Equation 3.4.1. 

 

Em = EbcVbc + ErVr   (3.4.2) 

 

A more advanced predictive method used for finding the effective elastic moduli of the 

biocomposites was also employed through homogenization of a representative volume 

element (RVE). RVE models for both the biochar/resin matrix, and the total biocomposites 

were compiled and analyzed through Abaqus FEA software [33], by applying a uniform 

strain to each RVE and solving to find the individual nodal stresses and strains of the RVE 

mesh. Homogenization calculations [34] were completed, according to Equations 3.4.3 and 

3.4.4, to find the effective stress (𝜎11) and strains (𝜀11) in the fiber direction of the models, 

where 𝑣𝑘 is the integration point volume of the mesh, and V is the total volume of each 

RVE. 
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The effective elastic modulus of the composite was then found by dividing the 

homogenized stress by the homogenized strain. In order to use these micromechanical 

models, the individual modulus of the E-glass fibers and vinyl ester resin (Table 3.3.1.2) 

was used in conjunction with the experimental modulus of biochar samples found through 

nanoindentation method. 

 

Biocomposites modeling consisted of two components the first being the biochar-matrix 

RVE model, and the second being the single fiber biocomposites RVE model. Some 

assumptions were made in-order to simplify the FEA models, including: periodic and 

regularly spaced fibers and biochar particles, all constituents are elastic in nature, fibers 

and particles are homogeneous and perfectly bonded to the matrix, biochar particles are 

spherical and solid, the composite is free of voids or irregularities [35]. Assuming a 

homogenous and periodic biochar mixture inside the resin, a square RVE model was 

chosen for the biochar/resin matrix model as shown in Figure 3.4.1. Abaqus models were 

then made by using a 100 unit3 cubed matrix model, and adjusting the spherical biochar 

particle dimensions to represent 5, 10, and 20% char volume inside the matrix. Figure 3.4.2 

displays the Abaqus RVE model used to represent 10% biochar matrix.  
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Figure 3.4.1: Particle - matrix RVE model 

 

 

Figure 3.4.2: Abaqus particle-matrix RVE model 

 

For homogenization of unidirectional fiber reinforced composites, single fiber unit-cell 

models are often chosen due to the simplicity of the RVE model allowed by the assumption 

of periodically spaced fibers [34]. Figure 3.4.3 displays the unit-cell RVE model, 

containing a single cylindrical fiber surround by matrix material. The fiber-matrix model 
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was created in Abaqus, as a cubic RVE of dimensions 50x50x10 units3, and the fiber 

diameter calculated to represent 62% of the composite volume fraction. The length of the 

fiber was chosen as 10 units in order to reduce computational time by reducing the total 

mesh size [35]. In order to develop the RVE into the biocomposites model, the 

biochar/resin model was positioned periodically to create the cubic shape into which the 

fiber is centered (Figure 3.4.4). 

 

 

Figure 3.4.3: Single fiber RVE model 
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Figure 3.4.4: Abaqus composite RVE model 

The biocomposites models were created representing 5, 10, and 20% biochar matrix 

volume percentage, and material properties (young’s modulus, poisons ratio) were 

assigned to all the components based on their individual constitute properties. Owing to 

the spherical shape of the biochar particles, a tetrahedron mesh was assigned to the models. 

Assuming perfect bonding of all the biocomposites constituents, cohesive bonding 

constrains were added to the model components. Finally, in-order to facilitate the usage of 

Hook’s Law to solve for the effective modulus in the fiber-direction, a uniform strain was 

given according to Equation 5, as shown in Figures 3.4.5 and 3.4.6.  

(
𝑥
𝑦
𝑧

) =  [
0 0 0
0 0 0
0 0 1

] (
𝑥
𝑦
𝑧

) =  (
0
0
𝑧

)   (3.3.5) 
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Figure 3.4.5: Abaqus particle-matrix uniform strain 

 

Figure 3.4.6: Abaqus composite uniform strain 
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Upon solving each model through Abaqus, data files were processed and compiled in 

Matlab through the usage of the Abaqus2Matlab plug-in [36]. Matlab code was included 

to first extract the stress (E33), Strain (ε33), and integration point volume (IVOL) data for 

the solved RVE model, which was then used for homogenization calculations (Equations 

3.4.3., 3.4.4) to compute the composite model effective stress, strain, and finally 

homogenized modulus. The Matlab homogenization code can be found in Appendix D. 

 

Chapter 4 

Results & Discussion 

The following section describes and discusses all results pertaining to the goals of this 

study. Figure 4.1 below are samples from the collected biochar. For both softwood and 

hemp developed char has a shiny black tint and mostly retained its original structure. Prior 

Figure 4.1: Softwood (left) and hemp (right) biochar samples 
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to biocomposites manufacturing, biochar from each was grinded and sieved to a mean 

particle size of 190 and 230 microns for softwood and hemp respectively. Figure 4.2 

displays a single control rod alongside a biocomposites containing 20% biochar loadings. 

Noticeably biocomposites rods follow the same black tint under their glassy surface finish.  

 

Figure 4.2: Biocomposites and control rod 

4.1 Pyrolysis Temperature Profiles and Data 

Figures 4.1.1 and 4.1.2 detail the average temperature profiles for the tests varying power 

level and for each biomass feedstock. The temperature profiles represent an average of 

three data sets at each power level. The profiles all follow a similar trend of varying heating 

rates followed by long lengths of residence temperatures when scaled-up, as power 

increases. The existence of more erratic peaks at higher power levels is a common 

occurrence and can be attributed to the increasing presence of potential microwave 

hotspots, as well as the potential for reaction between the metal thermocouple and 
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electromagnetic field at these elevated power levels [6, 27], as well as the thermocouples 

maximum temperature rating of 1300 °C. Comparing the hemp temperature profiles to the 

softwood temperature profiles it is noted that overall the hemp profiles are more uniform 

throughout each power level, this could be due to a more uniform contact between the 

thermocouple and biomass for hemp compared to softwood, as the shredded hemp can be 

more densely packed into the reactor than the non-uniform softwood chips. Individual 

temperature profiles for each test per power level can be found in Figures B1 through B6 

in Appendix B. 

 

Figure 4.1.1: Softwood pyrolysis temperature profiles 
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Figure 4.1.2: Hemp pyrolysis temperature profiles 

 

 

Table 4.1.1 details the average heating rate and residence temperature of each test. For this 

study, the heating rate is considered to be rate of rise in temperature during the first ten 

minutes of the experiment (oC/min) and the residence temperature is considered to be the 

average temperature during the last thirty minutes of the hour long experiment (oC). For 

the softwood, there is a notable increase in residence temperature when power level 

increased from 2100 to 2400 Watts, and even a larger rise from 2400 to 2700 Watts. On 

the contrary, hemp profiles display a large increase in residence temperatures between 2100 

to 2400 Watts, with a smaller but steady increase between 2400 and 2700 Watts. The power 

levels of 2100, 2400, and 2700 Watts were selected upon completion of several preliminary 

tests determining the minimum power required to convert the biomass to biochar through 

pyrolysis. These power levels are correspondingly 70, 80, and 90 percentage of the 

microwave’s maximum power supply limit. The range of heating rates and residence 
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temperatures of pyrolysis during this study will be important when describing the 

characteristics of the produced biochars. 

Table 4.1.1: Pyrolysis temperature data  

Sample designation Heating rate, oC/min Residence temperature, 

oC 

SW-2100W 

SW-2400W 

SW-2700W 

24.5 ± 4.9 

35.1 ± 3.6 

42.8 ± 13.4 

348.4 ± 33.9 

427.5 ± 31.2 

659.8 ± 60.0 

HM-2100W 

HM-2400W 

HM-2700W 

25.4 ± 3.9 

35.5 ± 12.6 

49.1 ± 10.8 

398.8 ± 38.7 

528.7 ± 13.2 

604.2 ± 10.8 

 

Studies performing microwave pyrolysis in small-batch quartz crucible reactors, utilizing 

softwood feedstocks, have shown similar residence temperature at much lower microwave 

powers of 300 to 700 Watts [13-15]. These same studies, which usually utilized 5-15 grams 

of raw biomass, reported the large heating rates ranging 120-240 oC/min. Comparing the 

literature results with the current results in the large batch, 1000 gram reaction, indicates 

the need for much higher microwave power levels, as well as longer residence times (due 

to the slower heating rates) in order to attain similar residence temperatures in a large-batch 

microwave pyrolysis process. 
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4.2 Biochar Yield Data 

Table 4.2.1 contains the average biochar yield data from each power level per feedstock. 

This data was recorded from collecting and weighing the solids after each pyrolysis 

reaction and comparing to the original weight of the solid feedstock in the reactor. As 

shown for both feedstocks, an increase in power level leads to decreases of char yield 

percentages. The elevated heating rates and residence temperatures cause a faster and larger 

release of volatiles in the form of liquids and gas, leaving smaller weight percentages of 

solids [5]. The data found from these experiments follow trends from similar studies [13, 

14]. 

Table 4.2.1: Biochar yield per microwave power level 

Microwave power level, Watts Softwood biochar, wt.% Hemp biochar, wt.% 

2100 40 37 

2400 30 33 

2700 24 27 

 

4.3 Biochar Chemical Properties 

4.3.1 Ultimate and Proximate Analysis 

Table 4.3.1.1 provides the proximate and ultimate analyses of the biochar produced at 

different power levels. Proximate analysis details the weight percentages of moisture 

content, volatile matter, fixed carbon, and ash in the char samples. The results indicate a 

decline in volatile matter and increase in fixed carbon content as power level increases, 
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relating to higher heating rates and residence times. This reverse trend between volatile 

matter and fixed carbon is often reported [23], and is due to the decomposition of 

lignocellulosic functional groups [20] which exit the biomass at higher rates correlated to 

the heating rate of the pyrolysis process [8]. Comparing the volatile matter in the raw 

feedstock to their biochar, there is a large decline. This is again due to the major loss of 

lignocellulosic groups exiting the microwave system as bio-oil and gaseous products while 

the biomass carbonizes. 

Table 4.3.1.1: Comparative analysis of chemical properties in biochar obtained from softwood and hemp 

 

 

Sample 

Proximate analysis, wt.%  Ultimate analysis, wt.% 

Moisture 

content 

Volatile 

matter 

Fixed 

carbon 

Ash C H2 N2 O2 

Softwood (raw) 11.5 67.3 19.5 1.7 44.43 6.16 0.18 49.23 

Hemp (raw) 10.7 69.6 18.8 0.9 45.71 5.89 - 48.40 

SW-2100 4.8 32.1 60.0 3.1 79.97 3.53 0.01 16.49 

SW-2400 4.7 29.2 61.3 4.8 79.82 3.55 0.01 16.62 

SW-2700 3.9 25.0 69.1 2.0 77.48 3.64 0.10 18.78 

HM-2100 2.8 27.6 66.8 2.8 78.19 3.22 0.69 17.90 

HM-2400 4.8 26.1 68.1 1.0 76.95 3.32 0.74 18.99 

HM-2700 2.7 25.0 71.3 1.0 78.54 3.25 0.59 17.62 

 

Considering the ultimate analysis of both feedstocks, the carbon content weight percentage 

vastly increased after pyrolysis, while both hydrogen and oxygen content decreased. For 

softwood, the carbon weight percentage increased by about 42%, while hydrogen and 
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oxygen weight percentages decreased between 38.2-40.1% and 61.2-65.9%, respectively. 

Hemp biochar analysis follows identical trends with that of softwood data, with a 42.3-

43.4% increase in carbon content after pyrolysis and 46.1-47.7% and 61.4-64.2% reduction 

in hydrogen and oxygen content, respectively. Similar results are well-documented [23], 

owing to the rapid release of volatiles during pyrolysis which escape as gas containing 

CO2, CO, CH4, and H [20]. Comparing the two biochar studied, there is little variance in 

elemental weight composition between the microwave power levels, owing to the hour-

long pyrolysis residence time which allows the majority of the volatiles exit. These 

concepts are further explored examining the FT-IR results of the chars and raw species in 

subsequent paragraph. 

4.3.2 Fourier Transform Infrared Spectroscopy 

Figure 4.3.2.1 shows the FT-IR spectra of raw softwood and hemp feedstocks. It is seen 

that both softwood and hemp display similar curves containing stretches and peaks at key 

points where specific chemical bonds are present. This is attributed to the fact that both 

correspond to lignocellulosic biomass of similar chemical composition. The larger stretch 

from 3600 to 3200 cm-1 is attributed to the O-H stretching, a characteristic peak of 

crystalline cellulose [37]. C-H stretching is found near 2850 to 2890 cm-1 and 700 to 800 

cm-1 relating to aliphatic and aromatic compounds [36]. Carbon-dioxide (O=C=O) is also 

present near 2400 cm-1 [21]. The C=O peak at 1735 cm-1 is credited to the vibration of the 

carboxylic acids in hemicellulose [37], while the C=C stretching from 1600 to 1740 cm-1 

is a characteristic of cellulose compounds [20]. A stretch from the presence of C-C 

aromatic rings occurs near 1435-1475 cm-1 [20]. C-O stretching and deformation is notable 
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at 1215 and 1060 cm-1, while the stretching vibration near 1160 cm-1 from C-O-C 

functional group is associated with lignin [38]. The organic compounds and their associated 

functional groups referenced are presented in Table 4.3.2.1. 

 

Figure 4.3.2.1: FT-IR spectra of raw softwood and hemp feedstocks 
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Table 4.3.2.1: Organic compounds and associated functional groups [20-21, 37-38] 

Compound Functional group Wave number, cm-1 

Cellulose O-H 

C=C 

3600-3200 

1600-1740 

Hemicellulose C=O 1735 

Lignin C-O-C 1160 

 

 

Figure 4.3.2.2: FT-IR spectra corresponding to softwood biochar as a function of microwave power level 
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Figure 4.3.2.3: FT-IR spectra corresponding to hemp biochar as a function of microwave power level 

 

Figures 4.3.2.2 and 4.3.2.3 display the FT-IR spectra corresponding to softwood and hemp 

biochars with respect to their individual microwave processing power. Across all spectra 

there is a major loss in transmittance of infrared radiation, most notably in the functional 

groups and compounds associated with lignocellulosic biomass. The large O-H stretch 

associated with cellulose experiences varying degrees of degradation between the power 

levels, with the largest being at 2700 Watt for both the woody and non-woody biomasses. 

The aliphatic and aromatic C-H compounds display different results, with the largest 

aliphatic loss occurring at 2700 Watt, and largest loss of aromatic occurring at 2100 Watt. 

These observations indicate that the individual compounds may degrade at separate rates 

based on the processing temperatures of pyrolysis. An increase in CO2 transmittance occurs 
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as temperatures increase due to C=O bonds more readily breaking at elevated temperatures 

to form CO and CO2 [21]. Major changes occur throughout the region from 700 to 1740 

cm-1, as the dehydration of hemicellulose and lignin lead to a loss of aliphatic C-H, C-O-

C, and olefinic C=C groups. The loss of organic compounds during pyrolysis promoted a 

growth of organic chemical structures containing aromatic compounds as feedstock 

carbonized [20]. While each feedstock experiences similar loss of lignocellulosic 

compounds throughout pyrolysis, the spectra results show varying levels of loss based on 

processing temperatures, further proving that softwood and hemp biomasses have 

characteristic pyrolysis conditions for production of quality biochar [37]. 

4.4 Biochar structural properties 

 4.4.1 Scanning electron microscopy images 

Figure 4.4.1.1 shows the SEM images of SW-2100 (A), SW-2400 (B), SW-2700, (C) HM-

2100 (D), HM-2400 (E), and HM-2700 (F) samples. These secondary SEM images were 

taken at 2000x magnification to examine the structural morphology. Evidently, each 

sample exhibited a porous structure including pore size, shape, and their distribution. 

Comparing Softwood (A, B, C) with Hemp (D, E, F) biochar samples it is clear that 

softwood biochar contains larger pore size, while the hemp biochar has the presence of 

higher volume of smaller pores. Further, as power level increased there is less evidence of 

pore cracking and residual tars present inside the pores for both softwood and hemp 

samples. This observation can be attributed to a more rapid release of volatiles during the 

increased heating rates at corresponding power levels, leaving to larger and healthier pores 

[7]. 
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4.4.2  BET surface area and porosity analysis 

The physiosorption analysis provided in Table 4.4.2.1 include found porosity 

characteristics of the raw hemp and softwood samples. Comparing these raw samples to 

the biochar indicates a large increase BET surface area after pyrolysis. Most notably the 

raw feedstocks have no applicable micropores, while new micropores were developed in 

the char during pyrolysis. For both feedstock types, porosity results, including BET surface 

area and micropore area, improved as power level increases from 2100 watts to 2400 watts, 

owing to the faster rate of residual volatile release, and increased development of 

micropores at the elevated heating rates [8, 21]. This occurrence is often stronger in 

Figure 4.4.1.1: SEM images of softwood (A, B, C) and hemp (D, E, F) biochar 
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microwave pyrolysis over conventional as the microwaves heighten tar vaporization 

lending to faster release of volatiles, opening clearer pores [39]. Further indication of 

micropore development is the large decrease in average pore diameter from comparison of 

the raw feedstock to their biochars, and the 2100 watt chars to the 2400 watt chars.  

 

Table 4.4.2.1: Physiosorption analysis results 

Sample BET 

Surface 

Area 

(m²/g) 

Average Pore 

Diameter 

(Å) 

Micropore Area 

(m²/g) 

Average Pore 

Volume 

(cm³/g) 

Hemp 2.97 78.06 N/A 0.0058 

Softwood 0.76 134.86 N/A 0.0026 

SW - 2100W 14.44 40.52 4.89 0.0146 

SW - 2400W 28.65 30.53 16.07 0.0219 

SW - 2700W 9.96 46.44 1.63 0.0116 

HM - 2100W 11.72 65.34 0.75 0.0191 

HM - 2400W 12.26 59.65 2.97 0.0183 

HM - 2700W 12.18 52.75 2.58 0.0161 

 

Considering the physiosorption results from 2400 to 2700 watt for both biochars, the BET 

surface area and micropore area reduces, with a larger decline for softwood char than hemp 

char. This phenomenon has been previously reported, with surface pore size of biochars 

decreasing with increased pyrolysis temperature, explained as the potential for biochar to 

melt and deform causing pores to shrink or potentially close at elevated temperatures [40]. 

Deformation or melting of the biochar could have indeed occurred for the 2700 watt 

experiments considering the large recorded residence temperatures of biochar production, 

600 °C and 650 °C for hemp and softwood respectively. Considering the recorded results 

it is reasonable to conclude there may be optimal temperature conditions for biochar 

production, which is under 600 °C.  
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4.5 Biochar mechanical properties 

Material Young’s modulus and hardness properties are the measures for its ductility and 

strength behavior. When it comes to biochar particles since many of its applications are 

targeting it to be as filler material it is imperative that these properties are evaluated at their 

nano-scale. Figure 4.5.1 shows the comparative nanohardness and Young’s modulus 

properties of both softwood and hemp char particles. 

 

 

Figure 4.5.1: Hardness and Young’s modulus values for biochars at different power levels 

 

The hardness values for both softwood and hemp biochars remained virtually unchanged 

throughout the power level variations, 0.35 GPa for the former and 0.24 GPa for the latter. 

This could be due to the hour-long pyrolysis processing, as well as similar weight 

percentages of hard carbon element present, as reported in Table 5 (‘Ultimate analysis’ 
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results). On the other hand, the modulus values are found to increase with power level 

increment, with the peak values resonating at 5.64 GPa and 5.98 GPa for respective 

softwood and hemp biochars, processed at 2700 Watt. Similar data were recorded on 

biochar originating from pine sawdust, another softwood species [24, 25]. It was 

hypothesized that pyrolysis heating rate and temperature are the most significant indicators 

of underlying mechanical properties when it comes to biochar particles. This is explained 

due to the presence of residual pyrolytic tars and carbon molecules at lower processing 

temperatures, resulting in lower hardness and Young’s modulus [41]. Furthermore, as 

heating rate increases these volatiles exit the char at a faster rate, promoting the growth of 

healthy pores resulting in added strength in char particles [8]. This is apparent when 

comparing the higher peak modulus of hemp to softwood and their corresponding heating 

rates. Further explanation for this upward trend observed is given as a gradual transition 

from a visco-plastic biomaterial into a brittle, glass-like carbonaceous residue at 

temperatures above 400oC [41]. This discussion is further reinforced linking with biochar 

elastic behavior under the load-depth curve, as shown in Figures 4.5.2 and 4.5.3. 
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Figure 4.5.2: Elastic behavior of softwood biochar particles at 2700 Watts 

 

 

Figure 4.5.3: Elastic behavior of hemp biochar particles at 2700 Watts 
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Comparing these two feedstocks, it is noted that while the curves take similar shapes, the 

average recovery of penetration depth for the hemp sample is slightly larger compared to 

that of the softwood sample, owing to the higher elasticity associated non-woody biomass. 

This is an important finding for them to be utilized in the biocomposites manufacturing 

and gain flexural strength properties. 

4.6 Biocomposites Mechanical Testing Results 

4.6.1  Flexural Testing 

Unidirectional fiber reinforced composites are characteristically strong in tension due to 

the high tensile strength of the fiber reinforcements. As flexural strength is a more elaborate 

property, with dependence on both tensile and compressive regions, many unidirectional 

pultruded composites are much weaker in flexure than tension, relying on the weaker 

matrix for support in the compression region of flexural bending. Adding biochar as a 

particulate filler provides opportunity to improve the flexural strength of the overall 

biocomposites as the hard, porous particles contribute to a more elaborate and stiffer 

biocomposites matrix [4, 42]. To further investigate the benefit of biochar as a reinforcing 

filler, three-point bending tests were performed six times and statistically averaged for each 

biocomposites sample, as well as the control samples lacking biochar. While three-point 

bending failure still occurred in the compressive region for all samples, the results 

displayed in Figure 4.6.1.1 reinforce the theory the biochar provides strong support in the 

compressive region, and increases the overall flexural strength of the biocomposites.  
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Figure 4.6.1.1: Flexural strength results 

Table 4.6.1.1 summarizes the averaged flexural strength values and percentage of strength 

increase found through three-point bending of the control and biocomposites rods. It is 

important to note that the flexural strength increase is not linear with increased biochar 

addition.  As higher volume percentages of biochar is added to the matrix mixture, the 

bonding strength of the overall composite may decrease owing to a reduction of interfacial 

bonding between the matrix and reinforcements as resin volume fraction decreases [43].  

Table 4.6.1.1: Flexural strength results with percentage increase 

Composite Flexural Strength 

(MPa) 

Percent Increase (%) 

Control 735  ± 19 - 

Sw_5 843  ± 34 14.6 

Sw_10 889  ± 18 20.9 

Sw_20 939  ± 44 27.7 

Hm_5 849  ± 23 15.5 

Hm_10 893  ± 42 21.5 

Hm_20 985  ± 38 34.0 
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Flexural modulus of the biocomposites was found from analysis of the stress-strain curves 

generated from three-point bending. Figure 4.6.1.2 displays the averaged modulus of each 

biocomposites and control rods for comparison. For both softwood and hemp biochar 

reinforced biocomposites, flexural modulus increased as biochar volume percentage 

increased, the maximum increase was 6.5% from 20% hemp biochar addition. While it is 

well known that the inclusion of hard particles to the matrix of unidirectional fiber 

composites will increase the flexural strength [43] it is important to acknowledge the role 

of  the higher young’s modulus of the biochar introduced to the softer vinyl ester resin 

matrix. Notably, the hemp biochar biocomposites performed better in flexure and had a 

similar or higher experimental flexural modulus than the softwood char biocomposites, 

while also having a higher individual experimental modulus found during nanoindentation 

(Figure 4.5.1), as well as being significantly more porous than the softwood samples (Table 

4.4.2.1).  
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Figure 4.6.1.2: Flexural modulus results 

 

Table 4.6.1.2: Comparison of experimental and Rule of Mixtures flexural modulus 

Biocomposites Experimental 
Modulus (GPa) 

RoM Modulus       
(GPa) 

Percent 
Difference 

(%) 

Control 42.63 ± 0.52 46.48 9.03 

Sw_5 44.26 ± 0.82 46.52 5.11 

Sw_10 44.76 ±  1.44 46.57 4.04 

Sw_20 45.21 ± 1.10 46.66 3.21 

Hm_5 43.98 ± 1.05 46.53 5.79 

Hm_10 44.42 ± 0.64 46.58 4.86 

Hm_20 45.38 ± 1.17 46.69 2.89 

 

Table 4.6.1.2 contains rule of mixtures calculations for flexural modulus of the 

biocomposites. Hemp biochar biocomposites were found to have a higher theoretical 

flexural modulus owing to the larger modulus of the hemp biochar, while this was actually 
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true for the 20% biochar samples, the theoretical results were not as aligned to experimental 

for the 5, and 10% samples. Considering the percentage differences between the 

experimental and rule of mixtures results, it is apparent that while the rule of mixtures 

model is somewhat effective at predicting the flexural modulus, it over predicts from the 

actual modulus. Rule of mixtures calculations are often considered to be the upper-bounds 

estimate of the composite modulus, as it does not take into consideration composite defects 

such as bonding or voids [44].  

4.6.2 Tensile Testing 

Tensile testing was performed three times on each biocomposites sample type, with load 

data collected through load cells in the Instron Universal Testing machine and strain data 

collected through an Instron clip-on extensometer for two tests, and digital image 

correlation technique for one test per biocomposites sample. A tensile stress-strain curve 

found through DIC tensile testing of the 20% Softwood biocomposites type is presented in 

Figure 4.6.2.1 along with some digital images collected and analyzed throughout the test. 

The resulting curve presents a linear increase of strain as the loading increased (A through 

C) until fracture (D). These results are expected and follow the conventional glass-fiber 

reinforced polymer curves as the majority of strain during longitudinal loading is held in 

the reinforcing fibers rather than matrix [45]. Failure of the biocomposites was 

characterized by initial single fiber failures followed by violent reaction as the remaining 

fibers collectively failed from the increased stress.  
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The averaged tensile stress results displayed in Figure 4.6.2.2 indicate that while the 

addition of biochar increased the ultimate strength, there is no significant relationship 

between amount of biochar addition and increase of strength. While it has been stated that 

the majority of tensile stress is held in the fibers, the increase of yield strength is explained 

from the addition of biochar to the GFRP matrix creating a more elaborate matrix from 

which to hold some of the tensile stress during longitudinal loading [26]. Overall maximum 

increases in tensile strength were 10.1% increase from softwood biochar addition, and 

12.5% from hemp addition compared to that of the control rebar [46]. 

 

Figure 4.6.2.1: Digital Image Correlation results from tensile testing 
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Figure 4.6.2.2: Tensile strength results 

Considering the experimental tensile modulus results presented in Figure 15 there is small 

significance in change of modulus from the addition of biochar to the resin matrix. The 

highest increase is noted at 10% volume addition for each biochar species. The small 

increase of composite tensile modulus with biochar addition is again due to the influence 

of the stiff reinforcing-fibers contributing the majority of resistance to deformation. Studies 

on the composite matrix, combining neat polypropylene and biochar report that biochar 

addition can increase the overall tensile modulus due to enhanced stress transfer properties 

between the polypropylene and stiffer biochar from mechanical interlocking [47]. 

Mechanical interlocking is described to occur when the molten polypropylene flows 

through the porous char, creating a stronger matrix upon curing [47].  The results in Figure 

4.6.2.3 also indicate a decline in tensile modulus from 10% to 20% volume addition of 

biochar to the matrix. As the biochar load increases, concern on the quality of interfacial 
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bonding arises, due to potential agglomeration of particles inside the matrix decreasing 

overall bonding strength [43].  

 

 

Figure 4.6.2.3: Tensile modulus results 

Comparing the rule of mixtures calculations with experimental tensile results in Table 

4.6.2.1 indicates a somewhat large percent difference (8.05 to 13.11 %) between the 

composites and model. As stated earlier, the rule of mixtures is considered an upper-bounds 

limit of the modulus found through ideal conditions and neglecting composite defects such 

as voids or non-perfect bonding [44]. Additionally from comparison of the control rod 

results with the rule of mixtures it can be argued that there may be additional defects in the 

fibers themselves which have had a lengthy storage-life.  
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Table 4.6.2.1: Comparison of experimental and Rule of Mixtures tensile modulus 

Biocomposites Experimental 

Modulus (GPa) 

RoM Modulus       

(GPa) 

Percent 

Difference 

(%) 

Control 42.24 ± 0.89 46.40 9.85 

Sw_5 42.35 ± 0.24 46.45 8.05 

Sw_10 42.99 ± 0.23 46.50 8.16 

Sw_20 41.20 ± 0.33 46.60 13.11 

Hm_5 41.71 ± 0.54 46.46 11.39 

Hm_10 42.80 ± 0.49 46.51 8.67 

Hm_20 41.90 ± 0.76 46.63 11.29 

 

4.7 Finite Element Analysis and Modeling  

Figure 4.7.1 displays visual stress results in the z-direction from the Abaqus simulation of 

the biochar-resin matrix model. Owing to the assumed spherical shape of the particles and 

isotropic nature of the vinyl-ester resin, young’s modulus is the same is each direction. The 

homogenized modulus found through FEA simulation is compared to the rule of mixtures 

calculated modulus in Table 4.7.1. 
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Figure 4.7.1: Abaqus particle-matrix stress results 

 

Table 4.7.1: Comparison of FEA and Rule of mixtures particle-matrix results 

Biochar/Resin 

Model 

FEA Modulus    

(GPa) 

Rule of Mixtures 

Modulus (GPa) 

Percent 

Difference (%) 

Sw_5 3.132 3.132 
0.0 

Hm_5 3.149 3.149 

Sw_10 3.266 3.264 
0.06 

Hm_10 3.3 3.298 

Sw_20 3.532 3.528 
0.11 

Hm_20 3.6 3.596 

 

Evaluating the finite element analysis models versus the rule of mixtures calculations in 

Table 4.7.1 indicates a very small percentage of difference between the two 

micromechanical modeling techniques. The close similarity between the findings from the 
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two techniques is due to the fact that both models are built off of the same assumptions of 

perfect bonding between the matrix and inclusions, and hard spherical biochar particles. 

Larger difference in models, and more accurate homogenization modeling could be found 

through accounting for the biochar porosity characteristics. Percentage of difference 

between the FEA modulus and rule of mixtures calculations was found to be the same for 

each biochar loading percentage as the same model was used for each test, while changing 

the material properties in the simulation.  

 

Figure 4.7.2 displayed the visual stress results due to simulation of uniform strain in the 

fiber-direction of the biocomposites representative volume element. As the fiber 

reinforcements have the highest tensile strength of the three constituents, the majority of 

stress is held in the fibers. Table 4.7.2 contains the homogenized modulus along the fiber 

direction for each biocomposites type, compared to the rule of mixtures model calculations.  
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Figure 4.7.2: Abaqus composite stress results 

 

Table 4.7.2: Comparison of FEA and Rule of mixtures composite results 

Biocomposites  
FEA Modulus    

(GPa) 

Rule of Mixtures 

Modulus (GPa) 

Percent 

Difference (%) 

Control 46.417 46.400 0.04 

Sw_5 46.465 46.450 
0.03 

Hm_5 46.519 46.500 

Sw_10 46.628 46.601 
0.04 

Hm_10 46.472 46.457 

Sw_20 46.532 46.513 
0.06 

Hm_20 46.656 46.626 

 

 



 

81 

 

Modulus (E11) values for the biocomposites in the fiber direction closely align when found 

through each micromechanical model, with the largest percent difference being 0.06%. 

Again, this is because both models are based off of the same assumptions. When comparing 

the micromechanical modeling results to the experimental results found through tensile 

testing in Table 4.7.3, it is apparent that both models far overestimate the tensile modulus 

of the biocomposites. Explanations owing to the ideal assumptions of the models compared 

to potential defects of the composites have been stated throughout this study. The FEA 

model could also further be improved through advanced modeling of the porous properties 

of the biochar and flow of the resin through said pores. It is further noted that results may 

improve by adopting a model that better represents the randomness of the biochar particle 

distribution inside the resin matrix [45].  

 

Table 4.7.3: Comparison of experimental and FEA composite results 

Biocomposites  
Experimental 

Modulus (GPa) 

FEA Modulus    

(GPa) 

Percent 

Difference (%) 

Control 42.24 ± 0.89 46.417 9.89 

Sw_5 42.35 ± 0.24 46.465 9.72 

Hm_5 42.99 ± 0.23 46.519 8.21 

Sw_10 41.20 ± 0.33 46.628 13.17 

Hm_10 41.71 ± 0.54 46.472 10.25 

Sw_20 42.80 ± 0.49 46.532 8.72 

Hm_20 41.90 ± 0.76 46.656 11.35 
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Chapter 5  

Conclusions and Recommendations 

5.1 Conclusions 

The following conclusions have been made based on the data collected and discussed in 

this study: 

1. Microwave pyrolysis of large batch required high microwave power levels (> 2000 

Watt) to reach the needed pyrolysis temperatures (> 300oC). 

2. Pyrolysis heating rates for large batch sizes are low, ranging 25-50oC/min, due to the 

amount of biomass the microwaves must penetrate. 

3. Biochar yield was achieved up to 40 wt.% of the raw biomass, and volatile matter 

content decreased to as low as 33 wt.%, as heating rates increased due to faster release 

of bio-oil and bio-gas from the system. 

4. Softwood and hemp biochars have similar elemental weight percentages after pyrolysis 

as they both came from lignocellulosic feedstocks. 

5. With the power level increase the pores showed higher structural integrity, in terms of 

cracking and residual tars present inside them for both softwood and hemp samples. 

6. Porosity results displayed an increase of BET surface area and micropore area from 

pyrolysis, owing to the rapid release of volatiles and development of new micropores 

relating to the heating rates of pyrolysis. 



 

83 

 

7. A decline in porosity results at elevated microwave power levels (2700 watts), 

indicated an optimal production temperature under 600 °C, owing to the shrinkage and 

deformation of pores at elevated temperatures. 

8. Both softwood and hemp samples showed higher Young’s modulus (5.64 GPa vs. 5.95 

GPa, respectively) with the increase in pyrolysis temperatures, the maximum being 

2700 Watt. This is due to the decrease in the residual volatiles and increase in the fixed 

carbon content upon pyrolysis at elevated temperatures (>300oC). 

9. The mechanical load-depth behavior from the nanoindentation tests indicated the 

‘quasi’ elastic behavior of the biochar particles, an important finding for them to be 

utilized in the biocomposites manufacturing and gain flexural strength properties. 

Therefore, upon comprehensive mechanical tests of these biocomposites materials 

under 3-point bend tests the potential for biochar as a composite filler material in 

high-strength application is promising. 

10. The addition of biochar as a reinforcing filler to the matrix of GFRP composites 

significantly increases the flexural strength of the biocomposites (up to 34% at 20% 

hemp biochar volume loading) 

11. The addition of biochar also significantly increases the flexural modulus of the 

biocomposites rods (up to 6.5% at 20% hemp biochar volume loading). 

12. As shown when comparing the hemp and softwood biocomposites, main factors for the 

potential increase of flexural properties is the biochar modulus and porosity, owing to 

the mechanical interlocking of the biochar/resin creating a stiffer matrix. 

13. The addition of biochar increased the tensile strength of the biocomposites by creating 

an elaborate matrix for bonding (Up to 12.5% at 20% hemp biochar volume loading) 
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14. The addition of biochar does not significantly change the biocomposites tensile 

modulus as the majority of stress is held in the stiff fibers during tensile loading.  

15. Hemp biochar was found to be more beneficial for biocomposites manufacturing than 

softwood owing to the greater modulus and porosity/surface area characteristics.   

16. Micromechanical models can be used with some success for this novel three-part 

composite but overestimate the composite properties due to the ideal-case assumptions 

of these models.   

5.2 Recommendations 

Based on the results and conclusions of this study, there is strong potential for the use of 

biochar as a reinforcing filler in pultruded fiber reinforced polymers. The following future 

work is suggested in order to further the understanding and potential of these novel 

biocomposites: 

1. Develop a wider-array of experiments pertaining to the effects of biochar as an 

additive filler in the biocomposites. Most importantly would be the effects of 

varying particles size as larger particles may increase the flexural strength of the 

biocomposites or might have negative effects due to a reduction in quality of 

interfacial bonding between the constituents. 

2.  Perform more comprehensive testing of the biocomposites pertaining to their 

potential uses in industry. This would include compressive and fatigue loadings for 

mechanical strength, as well as testing of the biocomposites chemical properties. 

Glass-fiber reinforced composites are known to be noncorrosive as well as having 
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beneficial thermal qualities, the biocomposites will need to be tested to understand 

the effects of biochar on these properties prior to industrial use. 

3. A more advanced finite element analysis model should be developed in order to 

better predict the mechanical properties of the biocomposites under various loading 

conditions. In this study the developed model had between 8 to 13 percent 

difference in tensile modulus from the experimental data. An advanced model 

would take into consideration the porous properties of the biochar as well as the 

randomness of the biochar particle distribution.   
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Appendices 

Appendix A: Microwave Pyrolysis Experiment Data 

Table A1: Softwood pyrolysis experiment data 

Experiment #  Power Level (W) 
Residence 

Temperature (°C ) 
Char (g) 

SW 1 2100 350-400 429.16 

SW 2 2100 350 426.14 

SW 3 2100 300-380 343.7 

SW 4 2400 400-450 304.99 

SW 5 2400 400-500 273.66 

SW 6 2400 350-450 327.75 

SW 7 2700 600 246.49 

SW 8 2700 600-650 227.52 

SW 9 2700 600-700 235.6 
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Table A2: Hemp pyrolysis experiment data 

Experiment #  Power Level (W) 
Residence 

Temperature (°C ) 
Char (g) 

H 1 2100 350-450 371.77 

H 2 2100 300-400 350.95 

H 3 2100 400-450 388.95 

H 4 2400 430-530 305.7 

H 5 2400 500-550 333.4 

H 6 2400 500-570 356.02 

H 7 2700 550-650 274.67 

H 8 2700 550-650 285.76 

H 9 2700 570-680 272.72 
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Appendix B: Temperature Profiles and Data 

 

Table B1: Softwood 2100 watt temperature data 

Experiment 
# 

Residence Temperature  
( °C ) 

Heating Rate 
(°C/min) 

1 375.83 29.98 

2 358.76 20.59 

3 310.51 22.967 

Average 348.37 24.51 

Standard 
Deviation 

33.88 4.88 
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Figure B1: Softwood 2100 watt temperature profiles 
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Table B2: Softwood 2100 watt temperature data 

Experiment 
# 

Residence Temperature  
( °C ) 

Heating Rate 
(°C/min) 

1 403.36 34.01 

2 462.67 39.15 

3 416.32 32.187 

Average 427.45 35.12 

Standard 
Deviation 

31.18 3.61 
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Figure B2: Softwood 2400 watt temperature profiles 
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Table B3: Softwood 2700 watt temperature data 

Experiment 
# 

Residence Temperature  
( °C ) 

Heating Rate 
(°C/min) 

1 594.09 32.79 

2 673.83 57.95 

3 711.44 37.652 

Average 659.79 42.79 

Standard 
Deviation 

59.92 13.34 
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Figure B3: Softwood 2700 watt temperature profiles 
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Table B4: Hemp 2100 watt temperature data 

Experiment 
# 

Residence Temperature  
( °C ) 

Heating Rate 
(°C/min) 

1 408.35 20.89 

2 356.26 27.72 

3 431.84 27.61 

Average 398.82 25.41 

Standard 
Deviation 

38.68 3.91 
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Figure B4: Hemp 2100 watt temperature profile 
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Table B5: Hemp 2400 watt temperature data 

Experiment 
# 

Residence Temperature  
( °C ) 

Heating Rate 
(°C/min) 

1 514.29 27.737 

2 531.41 28.741 

3 540.33 50.139 

Average 528.68 35.539 

Standard 
Deviation 

13.23 12.65 
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Figure B5: Hemp 2400 watt temperature profiles 
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Table B6: Hemp 2700 watt temperature data 

Experiment 
# 

Residence Temperature  
( °C ) 

Heating Rate 
(°C/min) 

1 601.19 36.817 

2 603.75 53.808 

3 607.77 56.811 

Average 604.23 49.15 

Standard 
Deviation 

3.32 10.78 
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Figure B6: Hemp 2700 watt temperature profiles 
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Appendix C: Scanning Electron Microscopy Images 

 

Figure C1: Hemp biochar produced at 2100 watts. SEM images - 1000x (A), 2000x (B) 

 

Figure C2:  Hemp biochar produced at 2400 watts. SEM images - 1000x (C), 2000x (D) 

 

Figure C3: Hemp biochar produced at 2700 watts. SEM images - 1000x (E), 2000x (F) 
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Figure C4: Softwood biochar produced at 2100 watts. SEM images - 1000x (A), 2000x (B) 

 

Figure C5: Softwood biochar produced at 2400 watts. SEM images - 1000x (C), 2000x (D) 

 

Figure C6: Softwood biochar produced at 2700 watts. SEM images - 1000x (E), 2000x (F)  
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Appendix D: Matlab Homogenization Code 

%%Solved ABAQUS RVE point stress, strains, and integration point 

volumes   
%%imported through ABAQUS2Matlab app 

  
i = 1; %% Looping interval 

  
StressVol = 0; %Homogenization stress component 
StrainVol = 0; % Homogenization strain component 
Volume = 180*20*5; %Total volume of RVE model 
Stressmtx=cell2mat(SP); %Importing RVE stresses 
Strainmtx=cell2mat(EP); %Importing RVE strains 
S11 = Stressmtx(:,3); %Choosing correct stresses 
E11 = Strainmtx(:,3); %Choosing correct strains 
a = length(Stressmtx);  
IVOL = 6.6667; %Ivol same across matrix 

  

  
while i < length(S11) %While loop performing homogenization 

calculations 
    StressVol = StressVol + (S11(i)*IVOL); 
    StrainVol = StrainVol + (E11(i)*IVOL); 
    i = i+1; 
end 

  
STR11 = StressVol/Volume %Final effective stress calculation 
Eps11 = StrainVol/Volume %Final effective strain calculation 

  
MOD11 = STR11/Eps11 %Homogenized composite modulus calculation 
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