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ABSTRACT

This researchproject focuses on the design, manufacturing, characterization, and
mechanical testing of a novel biocomposite by combining two materials research areas,
namely fiberreinforced polymer composites camenewable bimaterials High specifie
surfacearea (SSA biochar particles weresynthesizedvia microwaveassisted(MW)
pyrolysis of biomassTwo feedstocks were wodzhsed, namely maple and spruce, and the
third wasan agricultural biomasswitchgrass. Produceddgharwas characterizeayith

an emphasis oporosity and surface area properties. Wbaded feedstocks performed
favorably compared to switchgrassith sprucehavinga surface area in excess of 200
m?/g. Biocharparticleswere introducednto abioconposite desigrof-experimentwia an
in-housepultrusion machine, employing-glass fibers and a vinylesteolymer resin.
Threepointbendng tests were conducted to evaluate the flexural strengthreodulus
properties of thebiocomposites andvere compare to their conventional GFRP
counterpartSpriwce-basediochar biocomposite, at 10% volume fraction, demonstrated a
flexural strength of 970 MPa&howing a significant increassmpared to the 450 MPa
flexural strength of the control GFREontrol GFRP compositeshowed a compressive
dominant failurewhere the polymer matrix folded over at the point of load application.
Biochar particles, due to their inherent hardness, significantly enhanced the compressive
performance of the biocomposites, allowing for higher flexural stresses to be withstood
yielding a tensiledominant failure Moreover, amechanical interlockingvas observed
between the resin and biochar structure, describing the variation in flexural strengths of

produced biocomposites
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Chapter 1

Motivation

Renewable energy, and valadded products, produced via biomass conversiogdiasd
significant interest in recent years. Concerns related to global watsiagell as declining

fossil fuel reserveshave acted as a catalyst to promote studies and expand the research
field. CO, the most prevalent greenhouse @jas, experienceah increase in atmospheric
concentration from 280 to 396 ppmv, from jmmdustrial to current levels, respectively.
Greenhouse gas emissions, if not acted upon, will raise atmospheric temperatures
substantially, yielding irreversible damage to the envirartraad human livelihood].

With knowledge of environmental issues, as well as an understanding that they will only
continue to grow, scientists and engineers are urged to begin to develop products that are

not only functional, but also sustainable

Biochar is aversatile matrial with a unique structurewhich has establisheghlue in
variousapplicationsThe most developeidclude: soil amendment, carbon sequestration,
andcontaminant remediatioi€arbon sequestratiooccurs when carbebased materials

are converted to stable carbon instead of being released as greenhouse gases; this occurs in
the biochar lifecycle. fie plant matter that was pyrolyzed to produce biochar, absorbed
CO; from the atmosphere while growingut did not release GOback, due to the

conversion to stable biochdhis creates a carbon negative process [2].



In order for a biochabased system to be effective and resilient, it is necessary to develop
multiple application routesResearch for thatilization of biochar as a reinforcing filler in
polymer composites remains in its infancy, but early papers have shown promising results.
The University of Aucklands the leader in this field angies published several papers
investigatingthe manufactung, characterization and testing of biochar biocomposites
biocharwood fiberpolypropylene Mechanical testesultsshowed validity to biochar use

in composites where increasing content of biochar continuously improved the tensile
modulus and flexural stngth/moduls of the resulting compositRationale for improved
mechanical performance of biockamhanced composites reporteds as follows: the
porous, high surface arstructureof biochar allowedhe molten polymer to infiltrate the
pores of the luchar thereforecreatinga mechanicainterlocking Moreover, biochar

addition created a more elaborate matrix to enhance fiber bojdding

The high porosity and surface area of biochar is what has enab¢edtcessn many of

the aforementioned appétions. This unique structure is produced at high reaction
temperatureswith fast heating rateswhich enables theaapid release of volatiles.
Conventional pyrolysis uses electrical heating to heat the outer surface of the reactor, and
then through conddion and convection, the heat is transferred to the biomass within the
reactor. A novel, emerging technique is to utilize microwaves as the heating mechanism,
which has shown several advantages. Microwave heating usesfedgjgbncy alternating
electricfield to cause molecular dipole rotation. Friction and collision generated by the
molecular rotation and movement results in microwave heating. Microwave pyrolysis has

several advantages, including: fast heating rates, selective and uniform heating, and
2



instantaneous on/off control. Therefore, microwave pyrolysis has much quicker startup and
shutdown times, resulting in significant energy and economic savings. Moreover, pre
treatment, such as drying and size reduction, are not necessary in microwave heating
processes, resulting in further economic savings. Studies have also shown that a higher
quality biochar is produced from microwave pyrolysis, with higher surface area and
porosity; this is due to high heating rates dmddquick release of volatiles [4Therefore,
microwave pyrolysis is a more optimal conversion technique than conventional pyrolysis.

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

Thus far, studies using biochar for woditber biocomposites have only employed
conventional pyrolysis. Moreovemp studies have been performed that introducehair

into a conventional, welkstablished compositdt is obvious that woodibers cannot
compare instrength to industry norms, such as glass or carbon fibers. Therefore, it is of
interest to see how biochar will perform when added to aestdiblished composite. This
study examines that effect and is set to determine the potential of biochar asraingnf

agent in glas$iber-reinforced polymer (GFRP) composites.



Objectives

This research study is the first work to employ high surface aimzhdr particles,
synthesizedia microwave pyolysis, as a reinforcing particulate GFRP biocomposites.

The following objectives outline the scope of this work:

1. Synthesizénigh SSAbiocharparticles viamicrowave pyrolysis of biomass
maple, spruce, and switchgragader a set of microwave power levels

2. Characterize biochararticles by porous propertieglementabnalysisandash
content

3. Manufacturenovel biocomposites throughtroduction ofbiocharparticlesinto
uni-directionalGRRPcompositewvia an in-house custom pultrusion machine

4. Mechanically test biocompositeand controGFRP counterpast under 3point

bending and tensile loading



Chapter 2

Literature Review

2.1 Background Concepts

2.1.1 Thermochemical Conversion

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

added products. These can be divided into two major categories: thermochemical and
biochemical conversion. Biochemical processes, in general, use various micrgosganis

(bacteria, yeast, etc.) to convert biomass into valigded fuels, chemicals, and gases.
Thermochemical conversion groups together a set of processes, including torrefaction,
pyrolysis, and gasification, that use heat to thermally degrade the biortmass salid,

liquid, and gaseous product. Related to biomass, the three outputs of thermochemical
conversion are called biochar, Wd, and syngas, respectively. The processes differ in

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

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

Gasi fication wuses hi ghe}Jandshatcesidercatimesewitip er at ur
some oxygen present, to produce higher syngas outputs. Pyrolysis falls between these two
processes, using reactibdhO0O@epewiat uresc ey gve

to produce approximately equal parts of eafctine outputs.



2.1.2Microwave Pyrolysis

Pyrolysis using conventional heating metholdas been significantly researched, hut
novel part of this project is that an alternative, more economical heating method will be
employed Microwave heating will beised rather than reactors using conventional heating
methods, such as conduction and convection. This will not be the first work done on
microwave pyrolysis, but past work is limited and much more research is still needed to
fully evaluate the potential aficrowave heating in biomass conversion. Microwave
heating is mch differentfundamentally, than conventional heating methods. Microwave
heating,a subclass aflielectric heating, uses a higtequency alternating electric field to
causemolecular dipolerotation in the materialFriction and collision generated by
molecular rotation and movement results in microwave heating. Microwave pyrolysis has
shown several advantages including: fast heating rates, selective and uniform heating, and

instantaneous oaoff control[5, 6].

2.1.3Composites: Fibers & Matrices

A composite material jsimply put, a synthetically manufactured material comprising of
two or more constituent materials. The purpose of composite materials is to obtain
properties that could notebachieved alone by any of the constituent materials. Often, a
composite material is comprised of reinforcing fibev#thin a continuous matrix. The
reinforcing fibers are chosen with high strength and stiffness propditiegesin matrix
surrounds theeinforcing fibers and maintains them in the proper orientation, while also

protecting the fibers from setibrasion, as well as potentially harsh environments.

6



Properties of these fib@einforced composites are highly dependent on orientation, which

is why fiber orientation is chosen dependenspecific composite application.

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

and boron fibers. Glass fibers are by far the most common, accounting for over 8i0% of
fibers used in the composite industry. This is due to their generally good properties at a
low cost. Eglass is the most common, due to it being the cheapest, whlksSis also
common with improved mechanical properties but at a higher cost. péighrmance
reinforcing fibers include carbon and aramid fibers, with carbon fibers being employed
much more commonly. Carbon fibers are used extensively in the aerospace industry due to
their very high strengtho-weight and stiffnes$o-weight ratios. Aamid fibers also exhibit

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

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

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

the resin will undergo an irreversible chemical change when heated, or cured.
Thermoplastics are able to be heaftened, melted, and-slhaped as desired. Thermoset
resins dominate the industry due to thew loost, high processability, and familiarity to
commercial users. Major reasons for their high processability is due to their low melt
viscosity, good fiber impregnation, and fairly low processing temperatures. Common
thermoset resins include: epoxies, ygsiter resins, vinylester resins, phenolics and
polyimides. Polyester resins are considered the general purpose, low cost, easy to use resin

and are used in large structures such as boat hulls and storage tanks. Vinylester resins have
7



higher tensile strenly, temperature resistance, but most importantly, resistance to chemical
attack. Epoxy resins also have excellent mechanical properties, as well as low shrinkage
and high chemical resistance. Thermoplastics are slowly gaining market share as their cost
is lowered and processability is improved. Common thermoplastic resins include:
polyetheretherketone (PEEK), polyethéketoneketone (PEKK),polyethylenesulfide,

and polypropylene. These resins generally have good mechanical properties, chemical
resistanceand fatigue resistance. Also, compared to thermosets they have better impact
resistance. Again, their main advantage is that they can be reshapigdeawhere

thermosets cannot].7

2.1.4Biochar Biocomposites

When a composite is named a biocompogitmeans that one of its constituents comes
from a biological origin. In the case of this research, the addition of biochar is what deems
the material a biocomposite. The fabrication potential of biochar in polymer composites
has only began to be explorethd much more research is left to evaluate its full potential.
Biochar could be a sustainable, effective filler material that would positively affect several

properties of the resulting composite, both mechanicattaardhal.

Particulate fillers are wiely used as reinforcing material in the polymer composite
industry. This reinforcing material assists in reaching desired mechanipalies of the
service productBiochar is a carbon rich material that hap@ous honeycomtbke

structure The poroushoneycomb like structure could have positive implications on the



mechanical properties as well. This is because the molten polymer, during processing,
would be able to infiltrate the porous structure, consequently creating a mechanical
interlocking. Anotler key parameter of the biochar that would allow for increased
mechanical properties is the specific surface area (SSA). A high SSA would provide an
elaborate matrix for the proper blending of the fiber and resin materials in processing.
Lastly, a low asltontent is also desirable for a biochar used in composite fabrication, due

to the brittleness that is associated with significant ash cdfent

2.2Microwave Pyrolysis

2.2.1Product Yields

Zhou et al. [9analyzed the effect of reaction temperatuesidence time, and patrticle size

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

from 29.4% to 77%, the bioil yield varied from 13.4% to 36.3%, and the syngas yield

ranged from 16% to 49%. Three parameter settingee chosen for residence time,
temperature, and particle size and combined in various combinations through 16
experiments. The temperature varied between
varied between 8, 13, and 18 minutes, and the particlevaized between 1, 2, and 3

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

only used for this one experiment, a residence time of 13 minutes and a temperature of
600eC. The -ohgeldioM36.3% obcurced & 5 0 e C, e%,&ndmparticlet

size of 3 mm



Wang et al. [10jcompared the microwave pyrolysis of lignocellulosic biomass, peanut
shell, and algal biomass, C. vulgaris. The effect of microwave power level on product
yields for both biomass types wasatyzed using three different power levels, which were
390, 540 and 700 Watts. As expected, at higher microwave power levels -bié dnd
syngas Yyields increased, while the-blwar yield decreased. For peanut shell at 700 W,
char, bieoil and syngas wlds were 30, 10 and 60%, respectively. For C. vulgaris at 700

W, char, bieoil, and syngas yields weg®, 25, and 55%, respectively

Xiaoya et al. [11]investigated the microwave pyrolysis of sawdust. The authors were
particularly interested in the bial yield for its application as a portable fuel. They looked

at the effect of reaction temperature and residence time had on b Yeld. Three set
reaction temperatures were studied and compared, and tbé Yireld was recorded over

40 minutesof pyrolysis. The yield had a limited range, with all three yields at the different
temperatures going from approximately 20 to 21.2 percent from 15 to 40 minutes. The
yield data for each temperature were only spaced by approximately 0.2%. The optimum
readion temperature for btoil yield was determined to be 30 minutes because this is

where the maximm yield occurred

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

prairie cordgrass; the article was released Felpra013. The reaction temperature was
altered between 550, 600 and 650eC and the r
18 minutes. The various reaction temperatures and residence times were combined in

different ways over 13 experiments, and tletds were analyzed. The yield of char ranged
10



from 13.8 to 47. 7%, and the maxi mumiloccurre
yield ranged from 20.3 to 33.1%, with the m:
The syngas yield ranged from 32to 53. 7%y er e t he maxi mum happenec
13 minutes. Linear models were then created based on the two process parameters, in order

to predict yield at any temperature and time

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

of corn stover. The effect of temperature, residence time, and particle size were studied,
each having three chosen values, Reaction te
the residence time values were 10, 15, and 20 minutes, andftickesze went from 1 to

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

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

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

yield for char occurred at 516eC, 15 minutes
was highest at 650eC, 10 minutes, and a si ze

yield happened at a&2nlligdler pakicdsiz¢ mi nut es, and

2.2.2 Heating Performance

Huang et al. [14]nvestigated the effect of microwave power level on the microwave
pyrolysis of rice straw. The maximum heating rate and maximum temperature were plotted
against microwave power level, which ranged from 50 to 550 Watts. The relationship with

max temperature’)as | i near ranging from 100 to 580¢e¢C
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maximum heating rate relationship was exponential with the microwave power level,
increasing from 30eC/min up to 1806&@M min. Af
W) it took approxmately 510 minutes to reach maximum temperatures, while at lower

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

optimal microwave power level was foundie400 W for this experiment

Huang et al. [15compared e heating performance of seven different lignocellulosic
biomasses. The feedstocks studied include: bamboo leaves, rice husk, rice straw, sugarcane
peel, coffee grounds, sugarcane bagasse, and corn stover. The heating rates and maximum
temperatures wereetermined at three different microwave power levels, 300, 400, and

500 Watts. The ranges for heating rates wer€%176103, and 98. 4 0 e C/ mi n , for
three different power levels, respectively. The ranges of max temperatures w&@6346
439503,and 48551 e C, respectively. The best perfor
sugarcane peel, and rice straw. The max temperature and heating value of these three
feedstocks were approximately 135eC/ min and
the severfeedstocks for char, bioil, and gas were 20, 44, and 36%, respectively. It was
concluded in this experiment that the heating rate and max temperature increased with
higher polysaccharide content; this is attributed to higher thermal reacti¥ity o

hemicelulose and cdlilose

Huang et al. [16$tudied the microwave pyrolysis of rice straw. First, the group studied the
effect that increasing microwave power level had on the heating rate and max temperature

during the pyrolysis process. The power level warged from 50 to 500 Watts in 50 Watt
12



increments, and the resulting heating rate and maximum temperature ranges were 5
141eC/ mi n56a3nedC, 1 0r5espectivel y; the relations
approximately linear. Next, the effect the particleediad on heating performance was
investigated. Four experiments were conducted using microwave power levels of 200 and

300 Watts, and patrticle sizes of 20/40 mesh (6@850 mm) and <40 mesh (<0.425 mm).

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

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

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

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

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

W; the major drop in calorific vakioccurred from 350 to 400 W

2.2.3 Biochar Characterization

Zhu et al. [13]looked at the microwave pyrolysis of corn stover. The characterization of
biochars produced under different temperatures and residence times were performed and
published.Tables 2.2.3.1 and 2.2.3show the elemental analysis and porous properties,
respectivey. It can be seen that carbon content increased, and ash content decreased with
increasing temperaturBorous properties also increased with increasing temperature. Both

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

pyrolysis[10].
Characteristics Biochar - 550°C Biochar - 650°C
Elemental analysis (wt.%)
C 68.01 81.47
H 1.84 0.72
N 0.74 0.69
0 5.94 438
S 0.05 0.04
0/C molar ratio 0.12 0.07
H/C molar ratio 0.32 0.11
Ash (wt.%) 23.42 12.70

Table 2.2.3.2 Porous properties of corn stoveotharproduced via microwave

pyrolysis[13].
Run  Conditions BET surface Average pore Average pore
area (m?/g) volume (cm?/g) width (nm)
3 550¢C, 10 min 9.1 0.009 14.7
5 550°C, 20 min 18.3 0.011 8.7
15 600+-C, 15min 45 0.021 6.6

Huang et al. [16]nvestigated the microwave pyrolysis of rice straw. In this report, the
elemental analysis and porous properties of biochars were presented. For elemental
analysis, the carbon content was found to be 29.86% and the ash content was found to be
46.21%; theseesults were for a biochar produced at 300 W. The specific surface area
analysis was performed for biochars produced at 300, 400, and 500 Watts. The BET surface
area of the biochag the different power levelgere 165, 240, and72 m?/g, respectively.

The total pore volumes were 0.10, 0.15, and 0.1%g;rand the average pore diameter was

approximately 25 angstroms for all power levels.
14



Wang et al. [17]ooked at the microwave pyrolysis of pine sawdEste different reaction
temperatureswereusedi t hi s study, which were 400eC to
400eC the biochar yield was 32%, and went d
reaction temperature of 800e¢eC. The el ement
determined for the biocheiproduced at each temperature and can be séabl®2.2.3.3

From the table it can be seen that the carbon content increased, and the volatile content
decreased, with increasing temperature. The study also noted that the surface areas
observed were si@ompared to other literature, and attributed this to different materials,

smaller particle size, and higher microwave power.

Table 2.2.3.3 Elemental and surface area properties of pine sawthgtdrproduced

by microwave pyrolysi§l7].

Temperature / °C 400 500 600 700 800

Volatile 3645|1974 | 16.10 | 11.23 | 8.72

Fixed Carbon 63.55 | 80.26 | 83.90 | 88.77 | 91.28
C 89.35 19159 | 9240|9285 | 93.12
H 246 | 220 | 139 | 112 | 0.98

N 014 | 020 | 017 | 024 | 0.23
S 034 | 029 | 031 | 0.27 | 0.20
o 7.71 502 | 5.4 | 553 | 47
BET specific surface area/m?g" | 0.347 | 0.276 | 0.238 | 0.13 .

Masek etal. [18]analyzed the microwave pyrolysis of willow wood chips and mixed straw
pell et s. Mi crowave experiments were perfor me
willow chips. The resulting char yields were 33.7% and 27.3%, respectively. The carbon

content and surface area¥) were then determined for each of the biochars. These values
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were 57.8% and 0.34%yg for the straw pellets and 65.2% and 0.1%gnfor the willow

wood chips.

Mohamed et al. [19hvestigated the microwave pyrolysis of switchgrd$ss study used

various solid additives in different amounts to act as a microwave absorber to aid in the
switchgrassod microwave absorption. The el em
areas and pervolumes for the various resulting biochars were then determined and can be

seen inTables 2.2.3.4 and 2.2.3the microwave absorbers can also be seen in the tables.

From the tables it can be seen that as content significantly increased higher catalyst
percentages, and consequently, carbon decreased. The BET surface area and pore volumes

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

Table 2.2.3.4 Elemental analysis of switchgrass biochar from microwave pyrolysis with

catalyst additiori19].

Biochar type 10 wt.% 30 wt.% 10 wt.% 30 wt.%

Clinoptilolite Clinoptilolite K3sPO4 K3PO4
Elemental composition (wt.%)"
€ 57.31 35.83 42.88 25.86
H 0.38 0.10 0.36 1.39
N 1.10 0.82 0.54 0.31
(& 1224 14.62 20.41 12.76
Ash (wt.%) 28.97 48.63 35.81 59.68
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Table 2.2.3.5 Porous properties of switchgragedharfrom microwave pyrolysis with

catalyst additiori19].

Biochar type BET surface area Average diameter  Micropore area Pore volume
(m*[g) (nm) (m’/g) (cm®/g)

10 wt.% Clinoptilolite 3311 2.15 10.89 0.0091

20 wt.% Clinoptilolite 34.06 243 14.68 0.0107

30 wt.% Clinoptilolite 4693 2.22 26.76 0.0141

10 wt.% K3PO4 3351 2.15 20.12 0.0107

20 wt.% K;PO4 5333 2.11 37.92 0.0275

30 wt.% K3PO4 39.21 2.19 24.33 0.0128

Zhao et al. [20]looked into the microave pyrolysis of wheat straw. Microwave
experiments were done under three temperatul
products were analyzed. For the BET surface area, pore volume, and elemental analysis

were determined. The surface area incredssd 0.89 nt/ g a't 9.810ngCat t o
600eC. The pore volumeg iantcreBegtf atoM6 @D DOG!T
The carbon content of the biochars stayed approximately constant at 53% for 400, 500, and

600¢eC.

This section of the literatureview has provided valuable insight into the range of numbers
that can be expected for various biochar properties. The data from the reported studies will
be used as comparison points for the data to come out of this study, and will help in

rationalizingthe results that are obtained.
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2.3Biochar in Polymer Composites

2.3.1 BiocharBiocomposites

Das et al. [21]nvestigated the potential of a novel biocomposite by adding biochar to
wood/polypropylene composites. Two types of biochar were used in theregptsithat

were created at different pyrolysis temperat
wood) percentage was kept constant at 30% for all composites. The biochar percentage

varied from 0% to 30%, by 6% increments, for six different compoditeaccommodate

the biochar addition, the polypropylene content varied from 66% to 36%, also in 6%
increments. There was also one other constituent in all composites called MAPP (maleic
anhydride grafted polypropylene), which had a constant loading pageeof 4%. The

composites were manufactured in arotating twinscrew extruder where the RPM of the

screws were set at 90 and the temperature from the barrel to the die was maintained between
175eC and 200eC. After beiontgamneyorbaitandl t he m
then sent to a third party to be pelletized. The pellets were then dried and compressed in a
heated hydraulic press to create planks. The planks were then cut into strips to be tested

mechanically and otherwise.

Three parametersf the biochar were outlined as the most influential to composite
development, which were ash content, carbon content, and specific surface area. The ash
content were 3% and 8.35% for the 400eC and
content was 68.6%nd 71.2% and the SSA was 1.2 and 12Rymespectively. The study

found that adding low percentages (6%) made almost no difference to mechanical,
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chemical, or thermal properties. When the biochar content was increased up to 24%,
improvements were seen tine tensile and flexural moduli, while the tensile and flexural
strengths remained similar. Comparing 24% biochar to the control, the tensile strength
remained constant around 25 MPa, while the tensile modulus increased from 3 to 3.5 GPa.
The flexural stength increased slightly from 45 to 47 MPa, while the modulus increased
significantly from 2.2 to 3.5 GPa. The 12% and 18% biochar composites were found to be
the most ductile and the most thermally stables $tudy demonstrated that wepdlymer
composies (WPC) added with biochar has strong potential to mitigate wastes while

creating biocomposites that may be suited for various endingatms P1].

Das et al. [22further analyzed the potential of biochar biocomposites. There were a total
of six different biochars used for the manufacturing of biocomposites. Four of these
biochars were produced from landfill pine wood. The first two were produced at a pyrolysis
temperature of 900eC and 350eC, with a reter
were produced at 470eC and 420¢C, with a re
biochars were produced from the pyrolysis of sewage sludge and poultry litter. The

pertinent properties of the biochars are summarzadde 2.3.1
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Table 2.3.11: Properties of pine wood and poultry litter biochar produced via microwave

pyrolysis[22].

Biochars Ash (wix?) Carbon (wi®*) S5A" [ fg)
TCP 900 1341 g32.2 33591

TCP 350 263 71.8 2865

PsD 470 1.E1 4.5 0498

sl 420 2,06 6a. 7 0.75
Biosolids 1746 55.0 1.10
Poultry litter 31.04 482 9.07

The loading percentages for all biocomposite manufacturing remained constant, which
were as follows: 42% polypropylene, 30% landfill pine wood, 4% MAPP, and 24%
biochar. The manufacturing process used was identical to the process described in the
previous paper review, since the study was performed by the same group. The paper
showed that higher carbon content and specific surface area were correlated to better
medianical properties, where the TCP900 had the best mechanical results. Comparing the
TCP900 biocomposite with a base WPC (wood polymer composite), the tensile strength
increased from 24 to 26 MPa, the tensile modulus increased from 3 to 4.5 GPa, and the
dudility decreased from 1.1 to 0.8%. Looking at flexural properties, the strength actually
decreased from 47 to 42 MPa, but the modulus significantly increased from 2.2 to 3.8 GPa.
In general, addition of all biochars enhanced the tensile and dleruwduli of the

composites [2].

The number of publications using biochar in composites is very limited, which shows us
that this is a research area that is in its infancy. The reports seen so far use biochar with

wood fibers and polypropylene. Biochar is a mautte filler that could have comparable
20



performance to other fillers in industry, but wood fiber fall very short in performance to
other reinforcing fibers. No studies have been found that use biochar inestadllished
fiber-reinforced polymer configation, such as glass fibers. This shows that the study that
is being conducted is on to something new and could yield many fajovesearch

projects.
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Chapter 3

Methodology

Figure 3.1showsa highlevelflow diagram to describe the complete scope of the research

project.

[
v @- MAM
:rr‘f.'ﬂ L3

Biomass

Microwave Pyrolysis Biochar Characterization
Spruce Softwood. Maple Hardwood,

400 W, 500 W, 600 W
Switchgrass

BET Surface Area, Porosity
Distribution, Elemental Analysis,
Ash Content

eO(Os
cO|O>
¢

Pultrusion Manufacturing Biocomposite Testing
Biochar, E-glass Fiber, Vinylester Tensile Strength & Modulus,
Thermoset Resin Flexural Strength & Modulus, SEM

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

The biochar potential of three different materials are being investigated in this study. Two
of the materls are wood, namely maple, a hardwood, and spruce, wamdt In New
Brunswick as well as Canada as a whole, forestry is a cornerstone inalitbieyeconomy
Forestry is the | argest contributor to the
land kase being productive foresignificant wood waste is aed from the forestry
industry,and related processing industries, that could be utitzgaoduce valuadded
products In literature woodbased feedstocks have been utilized much less than
agricultural feedstocksand the specific species of wood we are employing have not been
tested at all. Therefore this project will provide valuable data to the scientific community.
Moreover, from literature, woelased feedstocks have been shown to prodigieer

guality biochars, with higher carbon content, lower ash content, and higher surface area
[17, 23] The third feedstock chosen is switchgrass, which is an energy crop that has already
established substantial potential in the bionfeedd. Switchgras was chosen in order to
compare biochar and biocomposite properties developed from imnlagal feedstock
versus woodfeedstocks. All biomass has been obtained from local resources in the
Fredericton and surrounding areBigure 3.1.1shows the shread form of each of the

three feedstocks. The samples, from left to right, are as follows: mamle/ood spruce

softwood andswitchgrass.
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Figure 3.1.1 Raw feedstocks used for biochmarticleproduction by microwave

pyrolysis.

The fibers that will be used in the biockrainforced GFRP will be glass fibers.
Specifically, Eglass fibers, as they are the most common in praclite E-glass fiber
rovings have been obtained from Fiber Glass Industries, and go by the trade name

Flexstrand 700Pertinent properties of the-dlass, continuous fibeere shown below in

Table 3.1.1
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Table 3.1.1 Properties of Eglassfibers used in pultruded GFRP biocomposite

manufacturing7].

Specification Glass Roving
Density (g/cr) 2.54
Diameter (microns) 23
Tensile Strength (MPa) 2760
Tensile Modulus (GPa) 73
Denier (g/9000m) 39600
t2Aaaz2yQa wlki 0.22

The resin that will be used for thmolymer matrix of the composite is vinylester. Its
extended name is urethane modified bisphenol vinylester and is obtained from Reichold

Chemical. The properties tfe vinylester resiare shown below iffable 3.1.2

Table 3.1.2 Properties of vinylesteesinused in pultruded GFRP biocomposite

manufacturind7].

Property Reichold Vinylester
Tensile Strength (MPa) 73
Tensile Modulus (GPa) 3.0
t2Aaa2yQa wlk (A 0.4
% Elongation 4.2
Flexural Strength (MPa) 156
Flexural Modulus (GPa) 3.2
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Organic peroxideinitiators and an internal lubricant are required for pultrusion
manufacturing. The initiators are mixed in with the resin in small quantities and are heat
activated. When the resin enters the die the initiator begins the polymerization of the
composite. A internal lubricant is also mixed in to the resin in small quantities in order to
ensure the composite can move through and release from the die. Table 3.1.3 shows the

initiators and lubricant employed for this study.

Table 3.1.3:0rganic peroxide initi@rs and internal lubricant used toiocomposite

pultrusion manufacturing.

Material Product Name

Lubricant Technick Products 190G

Initiator 1 United Initiators NOROX PULCAT AME
Initiator 2 United Initiators tBPB

Initiator 3 United Initiators500-750MS

3.2 Material Preparation

Three steps were requitéor the biomast be preparetbr experimentationdrying, size
reduction, and compactiofirst, dying was comfeted on large amounts of material in
order to ensure the moisture content of the samples would be teglgercentmoisture
content tests were carried ouwerify values. Moisture acts as a catalyst under microwave
heating, since water is an effectivecrowave absorber. Therefore, by employing drying

and moisture content tests, the effect of moisture in microwave heating was equal for
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different biomassSecond, thédiomasswas shreddetb be able tdit into the hydraulic
press to make compacted britjes.Figures3.2.1showssamples of the briquettes for each
material,and Figure 3.2.2showsthe hydraulic press used for compactidhe pressure
and retention timeised forcompaction wer&ept constant at30 MPaand ten seconds

respectively.

Figure 3.2.1 Briquetted biomasstdstocks aftesompactiorwith in-house hydraulic

press
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Figure 3.2.2 Hydraulic pesssetupused in Bioenergy and Bioproducts Liai

briquetting process.

3.3 Biochar Production

After the material has been prepared, the experimental setup is ready td besgsection
details the process of producing biochar via microwave pyrolysis. Microwave pyrolysis is
a thermochemical conversion technique that employs microwave heatihg, abgence

of oxygen, to convert biomass to biochEmnere are three stages to each experiment, which
can be defined as pexperiment, experiment, and p@&tperiment. The steps completed

and parameters monitored for each of the three phases will bébdddoelow.
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3.3.1 PreExperiment

The sample weight for each experiment was kept approximately constant at 100 grams,
which is made up of four briquettes weighing 25 grams each. Biochar, which was
previously produced, was placed in the reactor with the &ssnm order to catalyze the
reaction. This is due to the biochar, which is primarily carbon, having significantly higher
microwave absorbance than raw biomass. This is common practice and is deemed a carbon
microwave absorber (CMWAL]. Biochar was intsduced at ten weight percent, therefore

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

There are two water inputs required to run the experiment. These are turned on at least one
half hour prior to experimentation, imder to reach operating conditions. The microwave
generator requires cooling water to run through it in order to ensure proper functioning and
prevent overheating. This water source nee
between four and five litefminute. A flowmeter is attached to the water tubing to monitor

the flow rate, and a few adjustments are usually required in order to get both the
temperature and flow rate right. The second water input required is for the condenser. The
condenser watceraches a steady state temperature
more focused on the bumil output, it would be important to implement a cooling
mechanism to bring the temperature lower in order to increase the condensation and bio

oil output.

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

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

seen in Figure 3.3.1.2. The middle piece is the main chamber of the reactor and is where
the material and biochar sit. The middle chamber is connected to the top and bottom
sections with specially designed clamps. Where the middle and botttonsenterface,

a screen is inserted. This screen supports the biomass, and allow for the collection of
pyrolyzed biochar postxperiment. After the middle and bottom section of the reactor have
been assembled, the biomass and CMWA are inserted in ttierre&ttention is given to

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

Thereactoris theninsertedinto the modified microwaveavity, where the top section of

the reactor is connected to the reactor asseniiiyee spouts extending from the top
section ofthe reactor pass through tbeiling of the microwavesavity. Two of the reactor
openingsareneededor thermocouplénsertionand nitrogerpurging The third opening is
unused, and is plugged to prevent leakage bottom opening of the reactgrasses
through thefloor of the microwavecavity, which then attachée the condensdo allow
condensation of volatile gast the end of condensespecializedubing connects to the
outlet and extends up tofame hood to allow exhaustion of incondensable gasSdse
complete microwaveavity is covered with steel mesh in order to prevent microwave
radiationleakage during operation. The nitrogen converter is turned on and is let run for
approximately ten minutes beforeet experiment, to ensutbe reaction atmosphere is
inert A laptop isconnected to the microwave system, as well as the thermocouple, in order
to set the power level for the experiment andrionitor and recordemperaturedata

Figures 3.3.1.2nd 3.3.12 show the microwave system am@ctor
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Figures 3.3.1.1 and 3.3.1:Microwave pyrolysis system and reactor usedfochar

production

3.3.2 Experiment

A schematic showing the complete pyrolysis system is shown below in Figure 3.3.2.1.
This imageshows the microwave generator employed, which operates at a frequency of
2.45 GHz with a maximum output power of 3000 Watts. Also shown is the VHR nitrogen
generator used for producing nitrogen to purge the reactor. A flowmeter was placed in
series with tle nitrogen supply in order to measure and ensure a constant nitrogen flowrate.
From the top of the reactor, the Pico Technology thermocouple is shown, which connects
to the computer for data acquisition. From the bottom of the reactor, the volatile lgas out

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

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

Residence time was kept constant at 60 minutes fpyadlysis experiments. Experiments

ran in the tempeBdtOerCe IMTaregd eanfpes @@e@aCe pro
trend for all experiments, and an example is shown in Figure 3.3.2.2. During the initial rise

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

to a rapid rise in temperature. A peak was then reached at the end of the rise, and then a
constant section was held for the duration of the experiment. Where the constant section

ends and temperatureateases is where the experiment had ended and microwave power

was shut off.
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Figure 3.3.2.2:Sample of a microwave pyrolysis temperature profile, experiment ID:

HWY.

It should be restated that the temperature measurement is not completely reliable. Th
thermocouple was placed in the same positional briquette each experiment, and can only
accurately represent that briquettes temperature @rofil is useful guide for the
temperature of the bulk of the material, since heating under microwave radgatioform

but cannot directly represent it. Temperature measurement in microwave systems has been
frequently documented as a problem area, and significant effort was made in this study to

capture the temperature profile as accurately as pogsinlé5]

3.3.3 PostExperiment

Postexperiment consisted of the reversal of thegxperiment process and the collection

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

running to ensure the material would not combust and would cool down properly.
Similarly, microwave water was left running to ensure the microwave system could cool

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

hour , unt il t he ther mocioduSpel . rWhaedn itnhitsh ewar
nitrogen was shut off and the reactor was removed from the microwave system. The
biochar was removed from the reactor and theoldiavas removd from the bottom of the

condenser, and the biochar yield was recorded. The temperature profile was saved and the
steadystate temperature that was reached for the experiment was recorded. Any additional
observations on the temperature profile or experimeiputs that seemed notable were

also recorded.

3.34 Design of Experiments

A design of experiments was created to layout the framework of the microwave pyrolysis
experimentation. As previously stated, two process parameters are being studied, namely
feedstock and microwave power level, each having three levels. Table 3.3.4sltehow
design of experiments. There are nine base experiments, which are defined as E1 through
E9. In order to ensure accuracy of results, it was decided that three experiments would be
performed for each of the base experiments. This yielded a total nofri&microwave

pyrolysis experiments being conducted.
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Table 3.3.4.1 Microwave pyrolysis design ofkgeriments

Feedstock (Briquettes) Power Leve(Watts)
Experiment # 1 Spruce 400
Experiment # 2 Spruce 500
Experiment # 3 Spruce 600
Experiment# 4 Maple 400
Experiment # 5 Maple 500
Experiment # 6 Maple 600
Experiment # 7 Switchgrass 400
Experiment # 8 Switchgrass 500
Experiment # 9 Switchgrass 600

3.3.5 Biochar Testing and Characterization

Before introducing the biochar intocamposite structure, characterization tests needs to
occur to define pertinent properties. Based on published litefdtugd,, 22] relating to
microwave pyrolysis biochar and biochar introduction into composites, the necessary
properties have been detened. These properties give insight on how the biochars should

perform as reinforcing fillers in the composites.

Porous properties are of particular interest in this study, including the BreBaumsett
Teller (BET) surface area fg), and theporosity dstribution (cc/g). Tests were conducted

at the Chemistry Bpartment at UNB, employing an Autosorb 1 gas sorption analyzer,
performing physiosorption analysis. Scanning electron microscopy (SEM) imaging will

also be performed to investigate therghology of the porous honeycomb structure of the
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biochar. Surface area and porosity of biochar is highly significant for its application in
composite production. A higher surface area and porosity would allow for increased
infiltration of the polymer imt the biochar structure. Therefore, a stronger interlocking
would be produced, yielding an increase in mechanical properties of the composite matrix.
Figures 3.3.5.1 and 3.3.5.2 show the Autosorb 1 gas sorption analyzer and SEM imaging

machines employed ihis study.

* AUTOSORB-1 ®

) e

Figures 3.3.5.1 and 3.3.5.Autosorb 1 gas sorption analyzer (left) and SEM (right)

used for biochaparticlecharacterization.

Elemental analysis was conducted by employing the use of a CHN Elemental Aralyzer

the Chemical EngineerinBepartment at UNBand tests were performed according to
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ASTM D5373.Carbon content is the main focus in elemental analysis since it is the
primary constituent. The amount of carbon determines the quality of the biochar, and
increased carbon content is indicative of a highly refined biodhae.ash (drybasis)
contents wex measured following the ASTM D17&2 protocol, employing the use of a
muffle furnaceHigher ash content is associated increased brittleness; therefore a minimal
ash content is desireBligures 3.3.5.3 and 3.3.5.4 show the CHN Elemental Analyzer and

themuffle furnace used for determining the composition of produced biochars.

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

used for biochaparticlecharacterization.
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Biochar particulate was grinded and sievecetsure all particles were less than 425
microns and to determine the average particles size of the various biochar species. This
was a necessary step before introduction into composite fabrication as particle size is a
common parameter associated with ioafate filler materialsGrinding was performed

using a ThomadViley laboratory mill Model 4 with a filter size of 2 mm. Sieving was
carried out employing an Endecotts Model EVL1 shaker with the following sieve sizes:
600, 425, 300, 150 and 75 microRgyures 3.3.5.5 and 3.3.5.6 show the grinder and sieve

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

Figures 3.3.5.5 and 3.3.5.65rinder (left) and sieve shaker (right) used for size

reduction and patrticle size téemination of biochaparticulate
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3.4 Biocomposite Manufacturing

The composites will be manufactured using the pultrusion technique. The pultrusion
machine employed is custom built anehiouse. Biochar particulate will be introducatbi
uni-directionad glassfiber-reinforced, polymer matrikomposite rods. Fiber loading will
remain constant, while biochparticle content within the polymer matrixis increased.
Mechanical testing will then be performed to evaluate thexedf biochar on the flexura

and tensilanechanical properties of the biocomposite. The primary objective is to@nhan
the flexural performance of wdlirectionatiber biocompositesby adding a second

reinforcement, biochar particles, to the polymer matrix.

3.4.1 Pultrusion

Urethane modified, bisphenol vinylester was employed for use as the resin izuadi i,
glass fibers were used for fiber reinforcement, as they are both common in practice.
Biochar, of different types, was introduced into the composite in increasing loading rates

to perform as a particulate reinforcement.

The basic operation of pultsion is simple in corapt but quite complex in detailhe resin

bath contained a uniform mixture of vinylester resin and biochar particles. An organic

peroxide catalyst was introduced in the resin mixture in order to cure the resin while it

moved througltthe shaping die. Moreover, an internal lubricant was used to ensure the

composite would be able to move through, and release from the die. The fibers were

thoroughly wetted with resin and biochar in the dipping tank, and the polymerization took
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placeinhe heated die at a temperature of 150¢
set of counterotated wheels, which provided a consistent pulling speed of 30 cm/min. A

rigid, cured composite rod exited the die with a circular profile of diameter 9.5 nmen. Th
finished products were then cut off to desired length by -@ffigaw. The quality of the

rods was checked by visual inspection, with any defects being clearly visiglees

3.4.1.1 througlB.4.1.3 show the schematic of the process as well as tledispeachine

in use.
naNn
=202 00
—>

———' 00
Glass Fiber Fiber Feed o AVAV)

%DViln £ Clarzr & gll:c:r\gghs trip Roller Pulling

reels _
Resin Wet- System Heaters Mechanism

Out Bath

Figure 3.4.1.1 Schematic of the custom pultrusion machine used for biocomposite

manufacturing.
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Figure 3.41.2 Customin-housepultrusion machine ilNanocomposites and Mechanics

Lab.

Figure 3.4.1.3 Produced pultruded composéad biocomposite rods showiagsthetic

difference with biochaparticulateaddition.
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3.4.2 Loading Rates

There will be two different loading rates of biochar, employed for the three different
specienf biochar. Therefore, #re will be six distinct biocomposite rods, as well as the
control composite rodd.he effect of type and volume fraction of biochar particles, on the
mechanical properties of produced biocomposites, will be deternBasdd on literature,

the fiber and ratrix volume fraction were set at 62% and 38%, respect[Vélyl he fiber
content will be kept constant to preservettresileproperties of the pultruded composites.
The matrix will then be comprised of increasing biochar content, and decreasingteinyles
rein. Varying biochar types will be introduced into the matrix at five and ten percent

volume fraction, and the resin will be reduced accordingly.

3.4.3 Design of Experiments

For composite manufacturing, biochars will be introduced only based otygée of
biochar and not the power levels they were produced at. Based on results from the biochar
characterization, significant property differences were only found between the feedstock
used and not the power level employed; this will be elaborated e iresults section.
These three biochars will then be introduced into the composite in the loading rates
described irthe previous section. Table 341 summarizes the design of experiments for

composite manufacturing.
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Table 3.43.1 Biocomposite pltrusion manufacturing design okgeriments

Specimen Biochar Vinylester Resin | Biochar Particle
Designation Reinforcement Volume Fraction | Volume Fraction
Type (%) (%)
S.1 None (control) 100 0
S.2 Spruce 95 5
S.3 Spruce 90 10
S4 Maple 95 5
S5 Maple 90 10
S.6 Switchgrass 95 5
S.7 Switchgrass 90 10

3.4.4 Biocomposite Testing

Two fundamental mechanical tests will be performed on the biocomposite rods. Flexural
performance will be determined by carrying otgdntbending tests. This will allow the

flexural modulus and strength to be determined for control and bioeimdorced
conmposites. Moreover, tensile testimgil be performed to ensure tensjpeoperties have

not been compromised by biochar addition. Test parameters for flexural andtestisitg

including strain rate, sample length, and span were set in accordance with the
corresponding ATSM standards. Speci fical/l
Reinforced Plastico and ASTM D3 9Reifforaed ensi |

Plast ¢ Rodso. Mechani cal testing was perforn
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driven by an 860 series controller. Figure 341 shows the setup for@intbending
testing. Lastly, SEM imaging will be completed on cresstions of the biocomposites to
get a more irdepth understanding of the morphology and bonding characteristics of the

materials.

Figure 3.4.4.1: 3-point-beningflexural test performed obiocomposite.

Anchoring of the biocomposite rods for tensile testing was a major hurdle fatled in
completion of this study. ASTM methods for sample gripping of GFRP rods are very
difficult to employ and are not used in practice. Industry members in the GFRP market
were reached out to for consultation in the anchoring methodology. The industrgrmemb
were very helpful and provided valuable insight into how the tensile testing of GFRP rods
is regularly performed. Both ends of the GFRP sample are placed in steel piping, where
the inner diameter of the pipe is significantly larger than the sampletiarfor the case

of this study, 9.2 mm biocomposite rods we
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piping, having an inside diameter of approximately 20 mm. Expansive mortar, otherwise
known as roclsplitting mortar is then poured into the vacaneyween the sample and

steel piping and is let cure for 24 hours. In construction, expansive mortar is used to break
rocks or other concrete when explosive means cannot be emplbyedbrands of
expansive mortar were tried for tensile testing. Betonansttuied first because of its local
availability, and it has a curing pressure of 12,000 psi. Betonamit was not strong enough,
which then lead us to try the mortar RockfrRockfrac is the strongeskpansive mortar
availableon the market, curing to an gansive pressure of over 20,000 psi. The bottom

of the steel piping was sealed and the sample was centered in place with polyethylene rings,
before pouring in the mortar. The bottom inch of each end of piping was then threaded in
order to attaclan eye btt, which is connectetb modifiedInstron adapters. Figure 3.4.4.2
through 3.44.4show the anchoring methodology and the final sample being tensile tested

in the Instrommachine

Figures 3.4.4.2 and 3.4..3: Anchor preparatiofor tensile testingf biocomposite rods

pouring expansive mortar, sealing and curing.
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Figure 3.4.4.4: Tensile testing obiocomposite rod on Instron testing machine.
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Chapter 4

Results and Discussion

4 1 Biochar Production

Biomass feedstocksnaple, spruce, and switchgragerformed well undemicrowave
pyrolysiswith high SSAbiocharparticles beinguccessfully produced main obstaclef

this project was obtaining a consistent experiment temperature prdidels a frequently
documentd issue in microwave pyrolysis literature. The various microvpmweer levels
studied producesimilar reaction temperatws.€l herefore, biochar particlgsoduced from

differentspecies of biomass wése focal point of study

4.1.1 Heating Performance ad Yields

A total number o#0 microwave pyrolysiexperimers have been conducted in order
complete this stud¥ight preliminary experiments were conducted ttedaine the proper
guantity of already producdalocharto act as a carbon microwave alimar(CMWA), as
well as the power levels that were safe to run on the lab setup. @&Esgmentesults
will not be included in the resulésxd were simply necessdnydefine starting parameters.
The base 27 experiments required for analysis were deafing nmethodology section
under Design of Experimentsloreover, aradditional five experiments were conducted

for meeting the required quantities needed to complete the biocomposite manufacturing.

47



As biomass is a low microwave absorber, a high miex@absorber was needed to help
catalyze the reaction. Carbon based materials are strong candidates for microwave
absorbers since their dielectric loss tangent parameter (DLTP) is much higher than raw
biomass. The DLTP of a material represents its inhatessipation of electromagnetic
energy into heat. Therefore, already produced biochar from microwave pyrolysis was
recycled into the system to act as a cost effective microwave absorber; this is a common

practice.

The reaction temperature was dependerivath the microwave power level and the ratio

of microwave absorber to raw biomass. The objective was to obtain a reaction temperature

in the vicinity of 7@ e €incehigher reaction temperatures and heating rpteduce a
moreporous biocharn contrastif the reaction tempeature is too high the yield of biochar

will be limited, due to mostly syngas being producBca s ed on | i terature
determined to be a reaction temperature that would produce a significant quantity of
biocharwhichwould be inherently porous [1, 1Tsing a power level of 500 W and 10%

C MWA , reaction temperatures i nTharefoe,bevi ci ni
biochar addition was identified at #0(weighf) and the power levels were deterndrie

be 400, 500and 600 WattsThe goal for each feedstock was to obtain three consistent
results for each power level, yielding 27icrowave pyrolysisexperiment resultsAs

previously mentioned, significance difference was not observed between the power levels.
Therefae, focus was placed on analyzing tinends seen in producing biochar from

different biomass feedstockBigure 4.1.1shows a comparative graph of microwave

pyrolysis temperature profiles from different feedsgek 500 W and 10% CMWA
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MW Pyrolysis: Temperature vs. Time
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Figure 4.1.11: Temperature profiles observed in microwaveobygis experiments for

varying biomasseedstocks

As evident, all of the three feedstocks performed well under microwave pyrolysis. Reaction
temperatures in the vVvicini edyorthefdutodttheC wer e
conversion proces3.he pyrolysis of woody biomass is a complex process, where many
chemical reactions are undergone to produce biochar. When wood is heated without
oxygen, biopolymers, namely cellulose, hemicellulose and liglgpplymerize and exit

as tars and volatiles leaving biochd&ach of the biopolymers undergo the same
depolymeriation process, which is depicted below kigure 4.1.2for cellulose. As

cellulose is heated from 1&850e C it i s s e pfarms &cdvd celiubbse,o i t s

molten cellulose and crodimked cellulose. At higher pyrolysis temperatures of-350
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650eC, the active and molten cellulose und
converted to various sugars. Créised cellulose, catgzed by alkanes present in the

wood, undergoes condensation to form bio¢8ar

Figure 4.1.1.2 Chemical reactions undergone in pyrolysisigfiocellulosicbiomass

feedstock to produce biochgarticulate [8]

From Figure 4.1.1the steep initial @ent of the temperature profiles consisted of two
sections. The initial slope is smaller, which is correlated with the low microwave
absorption of the raw biomass. During thistial stage ofpyrolysis, the CMWA is
absorbing microwaves and heating the t@amass through conduction. This period is
short due a series ¢dw temperaturgeactions occurring rapidlyseen in Figure 4.1.2,

which change the physichemical properties of the biomaBsmary volatilesbegin to be
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releasedand the raw biomass hieg to convert to biochahe microwave absorbance of

the biomass increases as it begins to convert to biogharh accelerates the reaction and
yields an increase in the temperature sléfigh temperature reactions then occur above
350e C asgused.2.2Thd carvegthen peak at a maximum temperature, slightly
fall and remain at an approximately constant reaction temperature. The temperature
decrease, aftgreaking can be attributed to the significat@mperature difference between

the sample rad the reactor and ambient, which led to heat loss until steady state. Similar
temperature profiles and phenomenon have been obserlieztature [19] Table 4.1.1
shows average heating rate values observed in the high temperature seactiom for

varying feedstocks.

Table 4.1.11: Average heating rate values of varying biomass feedstocks under

microwave pyrolysis.

Biochar Feedstock Heat i ng Ra

Spruce 150.2
Maple 135.6
Switchgrass 122.4

Heating rate was observed to vary widedstock, with spruce performing the best at
150eC/ mi n. Ac c or tbiapgwertlevel gf 500 W rheating tateshave u r e ,
been observed in the range of P8 C/ mi n f or di f f.&hesendasultd ee d st
were primarily related to agrittural and grassy biomass, where the switchgrass results

fall in mid-range. As evident, woody biomass proves to have enhanced heating
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performance in microwave pyrolysisoreover, high heating rates are a significant of
microwave pyrolysis over conventidnayrolysis, where heating rateseagenerally less
t han 20 e C/. Highnhealing dates piay 4 significant role in creating the highly

porous honeycomb structure of biochar.

Biochar yield was observed to be in the range e220vt. % for all expements. Higher

yields were produced at the minimum power level of 400 W, while lower yields were seen

at 600 W Biochar yield did not show to be dependent on feedstock Typs.agrees with

literature, where lower temperatures and power levels are atsbevith higher biochar
yields [10, 12]Mor eov er , for the obtained temperat
biochar yields were produced as expedted9]. Tables showing the sample weights,

biochar yields and average residence temperatures fox@riments can be seen in
Appendix A Temperature profiles for all microwave pyrolysis experiments can be seen in

comparative graphs iippendix B

4.1.2 Biochar Characterization

The main focus of this study was to analyze the highly porous, honeyldadtructure
of the biochars, which has enabled its success in various application touwtes. of
interest to accurately visualize the porous biochar structure. Therefore, sv&tau
images of samples were taken, and are presented below in Figure 4. Below, rows identify
the feedstock source, while the columns indicate the magnification level. Spruce, maple,

and switchgrass biochar SEM i madyedésd@)r,e odlvw
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two (images Ob6 and 06ed), and column thr ece
consists of images of magnification 2000x, while images in row two were taken at 1000x
magnification. As evident, all biochar structures are highly pofoutscontain significant

variation in pore sizes. Biochar produced from maple showed the cleanest pores, being
almost free of carbehke adhesives; these results agree with SEM biochar structures seen

in a study perfomed on cylindrical wood blocks [23%pruce images showed, on average,

smaller pores but in a higher quanti&nlarged SEM images can be seen in Appendix E.

Figure 4.1.2.1 SEM micrographs of sprude6 a 6 amaple( 6 86) aandd 6 e 6)

switchgrasg 6 ¢ 6 bhased bidchaiarticlestructures at 2000x an@QOx.
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The BET surface area and porosity distribution of biochars were found through
physiosorption analysis, and are shown in Table2.1below. As evident, biochar from
spruce wood (softwood) showed the most promising results with a surface area of 200
m?/g. Hardwood followed with a result of 15CG4g, and switchgrass showed the lowest of

116 nt/g. Previous studies givingurface area reffs have shown a veryige range of
values, withthemajority of results n the range of 50 nf/g anda fewoutliers in the range

of 200400 nt/g [17, 20]. Moreover, woodybased feedstocks have performed better than
grassy and agricultural residugz3, 26} Thisst udy i s the first one,
knowledge, that compares woody feedstocks with grassy biomass under the same
microwave configuratiorErrors in Table 4.1.2.1 are in the range 6f B0% of the mean

value. The Autosorb has an inherent error ppraximately £ 5 %. Moreover, where
different biochars were produced at slightly different temperatures, this could result in

varying porosity.

Table 4.1.2.1:Pore volume and BET surface amdanicrowave pyrolysis biochar

particles
Biochar Pore Volume  BET Surface Aree
Feedstock (x102 cc/g) (m?/g)
Spruce 12.12 203.9+ 17.5
Maple 7.712 155.7+11.4
Switchgrass 5.394 116.5+ 14.7
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Porosity distribution agreed with surface area results, with spruce being the highest
performer, followed by maple arsvitchgras. In Fgure4.1.2.2 the vertical axis shows

the cumulative pore volume in cubic centimeters per gram. It can be seen that all the
biochars show very amorphous structures with a range of pore sizes. The vast majority of
the pores are below 50 gstroms (5 nanometers), and virtually all pores are below 100
angstroms (10 nanometers). The steady state value of pore volume (cc/g) is shown in Table
4.1.2.1, while the complete distributions are presented below in Figure 4.1.2.2. Cumulative
porosity digribution represents the amount of nitrogen absorbed in pores of increasing
magnitude,during physiosorption analysis. The complete set of porosity distribution

graphs can be seen in Appendix C.

Biochar Particle Porosity Distribution
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Figure 4.1.2.2:Cumulative porosity distributions f@pruce, mapland switchgrass

basediochargparticlesproduced via microwave pyrolysis.
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The primary goal of elemental analysis, related to biochar characterization, is to determine
the carbon content. Higher carbon content depicts a higher quality, aredrefined
biochar. Wooebased biochars produced the highest carbon contents of 80 wt. %.
Switchgrass had a significant lower carbon content of 69 wt. %. Ash content is an
additional pertinent biochar property, where higher ash content portrays a nitlee bri
biochar. Wooebased biochars had exceptionally low ash contents in the vicinity of 1 wit.
%. Switchgrass showed a sizeable difference, exhibiting an ash content 9.50 wt. %. Table
4.1.2.2presents the complete results for elemental analysis and ashidaten. Previous
studies confirm these results, showing higher carbon and lower ash content for woody
feedstocks, compared to grassy and agricultural biofd&ssl7] Moisture content was
observed to be low for all produced biochars, with wbaded mchars being exceedingly

low with valuesof less than 1 wt. %.

Table 4.1.2.2:Elemental analysis and ash contehinicrowave pyrolysis biochar

particles
Biochar Feedstock C H N o Ash Content
(wt. %)  (wt. %) (wt. %) (wt. %) (wt. %)
Spruce 80.1 2.90 .03 16.0 0.98
Maple 79.5 3.37 .04 155 1.56
Switchgrass 69.6 2.36 .05 18.5 9.50

Grinding and sieving of biochar particulate also occurred in order to ensure all particle

sizes were below 425 microns for consistency. Moreover, to determine the average particle
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size for each biochar specidsable 4.1.2.3 shows the particle size disttibn and mean
particle size for each biochar species; the entire table is in the units of mithensean
particle sizes were all relatively close within the range of2@D microns.

Table 4.1.2.3:Particle size distribution and mean particle size wfowave pyrolysis

biochar particulates.

Biochar 0<75 75<150 150<300 300<425 Mean

Feedstock (microns) (microns) (microns) (microns) Particle Size

(microns)
Spruce 28% 15% 32% 25% 190
Maple 34% 20% 28% 18% 165
Switchgrass 16% 17% 48% 19% 200

4.2 Biocomposite Manufacturing

Biocharreinforced GFRP composites were successfully manufactured using the pultrusion
technique. Glass fibers were wdirectional and ran the entire length of the biocomposite.
Biochar particles were uniformly mixed with vingker resin to produce an elaborate
composite matrixVarying biochar species were introduced at different loading rates and
tensile and flexural properties were evaluated. Bicchiaforced biocomposites,
compared to control GFRP rods, have significaetifhanced flexural properties while
having equal tensile performance. Biochar reinforcement showed to greatly increase the

bending energy and deflection of the biocomposites compared to control composites.
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4.2.1Pultrusion Machine Modifications

The custonpultrusion machine employed in this project was originally designed and built
at the Dalhousie University and recently acquired by the University of New Brunswick.
When the machine arrived at UNB several frame components were missing as well as the
entireelectrical hadlware and circuitry. The main efforts required to bring the pultrusion
machine to be functional include: producing missing frame parts, grinding and refurbishing
of top and bottom die faces, altering resin bath to produce smaller batclagisgcnew

tracks in the roller wheels, and reproducthg entire electrical control§igures 4.2.1.1
through4.2.1.4 show the PID control electlccircuitry for the die heaters, the speed
control and the rollers. The final custom pultrusion machineahtathl length of 5 meters,

a pulling force of 9000 N and a variable

Figures 4.2.1.1 and 4.2.1.21D controllerand display used for control of die

temperatureluring pultrusion manufacturing.
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Figures 4.2.1.3 and 4.2.1.45peed controller and rollers for pulling mechanism for

pultrusion manufacturing.

4.2.2 Operating Parameters

Once the pultrusion machine was assembled and mechanically functional, various
preliminary testing occurred to detemaiproper operating speedse temperaturesand
guantities of organic peroxidmitiators and lubricant. Initiators are mixed with the
vinylester resin and are heat activated. When the resin enters the dnitjdter begins

the polymerization of theesin. The lubricant is mixed with the resin in order to make sure
the composite rod can smoothly run through and release from thén dieeliminary

testing, two main issues were faced that prevented proper composite production. One was

the composite roavould get stuck in the die and would not be able to be pulled through.
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Until the proper amount of lubricant was determined this would continually occur. Second,
there would be flakes ofured resin coming off the composite rod. This was due to
improper cuing and was solved through proper die temperatures, pulling speed, and
catalyst additionThrough various testing and insight from industry, proper manufagtur
parameters were determined. Table 4.2.2.1 and 4.2.2.2 highlight the necessary operating
paraneters and mixture ratios required for producing pultruded composite Thés.
proportion in Table 4.2.2.2 is in terms of parts per hundred resin (Fjpta)complete set

of logs for each pultrusion manufacturing run can be seen in Appendix F.

Table 4.2.2.1:Operating parameters for pultrusionmméacturing of biocomposites

Parameter Operating Value
Pulling Speed 30 cm/min
Heater Set 1 Temperature 120eC
Heater Set 2 Temperature 150eC
Heater Set 3 Temperature 150eC
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Table 4.2.2.2:Mixture composition fopultrusion maufacturing of biocomposites

Material Product Name Proportion (pphr)
Resin Reichold DION 310380 100
Lubricant Technick Products 190G 1
Initiator 1 NOROX PULCAT AMB 0.5
Initiator 2 t-BPB 0.25
Initiator 3 500-750MS 0.25

4.2.3 Biocomposite Production

Biocomposite rods were successfully produagger the Design of Experimemrisection

3.4.3 Six distinct specimens of biocheginforced biocomposite rodgere manufactured,
consisting of three biochar speci@stroducedat five and ten percent volume fraction.
Control rods were also successfully produced in order to compare performance. A high
guantity of both biocomposite and control rods were produced to ensure there was enough
to complete a significant nurab of flexural and tensile tests. Figure 4.2.3.1 shows the
majority of composite rods produced. Figures 4.2.3.2 through 4.2.3.4 show the different

biochar species rods at the different loading rates compared with a control rod.
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Figure 4.2.3.1:Biocomposite and control rods produced via pultrusion manufacturing.

Figures 4.2.3.2, 4.2.3.3, and 4.2.3 Biocompositeproduced using three species of

biochar (left to right: spruce, maple and sWwgrass) compared to control
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The biocomposite performed better than the control rods during pultrusion processing. On
occasion, when producing the control rods, the composite would become stuck in the die.
This is due to excessive friction between the outer surface of the composite and the die
profile. This never occurred when manufacturing the biocomposites, which is likely due to
the biochar acting as a solid lubricant in the biocomposite. Biochar, which is primarily
carbon, provided lubrication between the outer surface of the composite ance.the di
Graphene, which is also primarily carbon, is a common solid lubricant in industry. This
was an unexpected and advantageous observation to employing biochar as a particulate

reinforcing filler in pultruded composites.

The biochaireinforced biocompositeods were all similar to each other in appearance.
When analyzed closely the ten volume percent biocomposites did appear darker than their
five volume percent counterparts. Moreover, the woody biochars (spruce and maple) were
denser than the agricultufadsed switchgrass biochar, which resulted in kestesurface

finish for the wooebasedviochar biocomposites.

4.2 .4 Flexural Performance

The primaryobjective of this studyvas to enhance the flexunatoperties of pultruded
GFRP biocomposites throughse of a particulate reinforcement. Pultrusion produces
composites thatontain unidirectional fibers that run the entire length of the composite.
The strength in the direction of fibers is especially high,dan be weak in the flexural

direction due to poor compression performancéo evaluate the effect of biochar
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partiaulate addition on the flexurgroperties3-point-bending tests were carried out using

an Instron machingzive 3-pointbending tests were carried out for each composition of
biocompose, as well as the control composigand average values were tak€he results

were very promising, and show significant potential for biochar as a sustainable reinforcing
particulate. Figures 4.2.4.1 and 4.2.4.2 show the flexural stress versus dgpitice
behavior for five and ten percent volufngction,of different species of biochaeinforced
biocompositesFlexural stress was calculated using Equation 4.2.4.1 shown bEhaw.

complete set of flexural testing graphs can be seéppendix G

" — Equation 4.2.4.1

Where:

Gt = stress at outer surface at midpoint, (MPa)

F = load at a given point on the load deflection curve, (N)
L = support span, (mm)

R = radius of the composite, (mm)
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Figure 4.2.4.1:5% biochar biocomposites flexursttress vs. deflection behavior under 3
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Figure 4.2.4.2:10% biochar biocomposites flexural stress vs. deflection behavior under

3-point-bending.
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Table 4.2.4.1:Flexural strengths of different species of biochar reinforced biocomposites

compared to control composites.

Biochar Flexural StrengttiMPa) Flexural StrengttiMPa)
Reinforcement 5% (vol.) 10% (vol.)
Control 450+ 12 450+ 12
Spruce 880+ 17 970+ 17
Maple 830+ 16 900% 16
Switchgrass 760+ 14 860+ 14

The addition ofhigh SSA (specific surface arebjochar particulatento the vinylester
matrix resulted in a significanibcrease in the flexural strength of the biocomposite rods.
The control GFR composites (no biochar) yieldatla flexural stress of approximately

450 MPa. All biochar biocomposites, both five and ten percent volume fraction of three
different species of biochar, showed significantly enhdfiegural strengthFrom Figures
4.2.4.1 and 4.2.4.2, and Table 4.2.4.1 it can be seen that 5% biocomposits 316160,

830 and 880 MPa for switchgrass, maple, and spruce biochar particulate reinforcement,
respectively. For 10% biocomposites, the failure flekstr@ngths were 860, 900 andd97

MPa for switchgrass, maple and spruce biochar particulate reinfentemspectivelyror

maple and spruce 10% biocomposite ras over 100% increase was seen in flexural

failure strength.

The above resudtindicate thatomposite properties have been obtainBue flexural

strength of the vinylester resin is 156 MPa, while the tensile strength ofglasgfibers
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is 2760 MPa.The produced composites are showing flexural strengtistermediate
values, being between the respective strengths of the indiiolstituentsBy combining

these constituents we were able to obtain a composite with high strength behavior, from
the glass fibers, with the naorrosive behavior of the polymer matrix. The low weight of

both constituents give the overall composite \@gh strengtkto-weight ratios.

The 3point-bending of the control and biocomposites rods are behaving under plane stress
and plane strain. This infers that during bending the stress/strain is constant across the
width of the crossection and varies liegly, from compression to tensipacross the
height of the composite. This is a valid assumption due to the highepadth ratio that

was employedFigure 4.2.4.3 shows theendingstressdiagram of a bearthathas equal
tensile and compressive behayiwith the neutral axis (N.A.) being at the cen&ince

the performance of fibers in compression is significantly lower than in tertis@oyerall
composite performs much better in tension than in compresems causes the N.A. to

shift significartlly downwards during bending. It should be noted that there is still an effect
from the fibers in compression, due to them being held in place by the nrathe. case

of the control compositesa compessiordominant failure was observedhere the top
surface of the rod folded over at a flexural stress of 450. NIRia is a result of the poor

performance of the composite in compression.

The addition of biochaparticlesin the composite structureesulted inthe produced
biocomposites having significipm enhancedompressive performancehis isdue to the

inherert hardness of biochar particles, as wellaasechanical interlockingccurring
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between the porous structure of the biochar and the polymer ntaguxes 4.2.4.4 and
4.2.4.5 show the mechaal interlocking, where the darker porous area is the biochar
structure and the lighter material is the interlocked polymer resin [3, 21,Exffjanced
compressive performance of the biocompostassed the N.A. to shifsubstantially
upwardscomparedd the control caseesulting ina tensiledominant failure. In this case,

the biocomposite rods continued to bend until therdiliers started to break at a flexural
stress of 700 to 970 MPa, depending on the specific biocomposite. Once fibers began to
break, rapid failure occurred due to a reduction in area. The addition of bpzotiates
caused the composite to have increased compressive performance, skiftiigith mode

from compressiv@&lominant, for the control, to tensddominant for the lmcomposites.

compression

A
C
Y
A
C
h 4

tension

Figure 4.2.4.3:Homogeneous beam in plane stress bending.
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Figure 4.2.4.4 Mecharical interlockingbetween biochgparticlestructure and polymer

resin during processirig?2].

An increasen biochar volume fraction resulted @am incease in flexural strength faul
specimens of biocompositeBicreased biochar content resulted in better compressive
performance of tabiocomposite. Moreover,maincrease in biochar particulate results in
more of the vinylester resin being mechanically interlocked witingrbiochar structure.
Thereforethebiocomposite matrixould retain its structur@reventing deformation, until
higher flexural stresse# relationshipwas also observeoetween the species of biochar
employedandthe flexural strengthsThis performance can be related wiltie inherent
biochar properties. Spruce biochmocompositeperformed bestollowed by maple and
then switchgrass. This order follows with t88A results (n¥/g) givenin Table 4.1.2.1.
Spruce had the highest surface area of 203§, followed by maple at 155.7%gy and
switchgrass at 116.5%g. Higher porosity in the biochatructure allowed for an increased

amount of molten polymer to infiltrate and cure, yielding a stronger mechanical bond.
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Increased mechanical interlockingelded biocompositeperforming to higher flexural

stresses

Errors in Table 4.2.4.1 fall in themge of 5 15 % of the meamalue. A primary source

of erroris likely calibration issues in thedtton machine. The Instron uses a linear variable
differential transformer (LVDT) to capture displacement, while the force is determined
from a strain gagenithe Instron load cell. Both could have calibration errors causing a bias
error in data. Random errors could also occur due to inconsistency of product or defects on

the surface of failure.

4.2.5 Tensile Performance

Tensile testing of biocomposite rod®ped to be a major obstacle in this stublyere are

two major issues with pultruded GFRP composites that make tensile testing very
challenging. First, the hardness of the polymer matrix of the composite is low. Therefore,
if the composite rod is placedrekctly in an Instron gripas the grip compresses during
testing the rod will crush resulting in failure. Moreover, the typicatiboige shape that is
commonly employed in tensile testing cannot be produced in pultrusion manufacturing.
The dog bone shapontrols the fracture location of the tensile specimen by having a
section of reduced width betweemo sections of larger width. The smaller width section
would have a smaller area, which would produce higher stresses and cause failure. Due to
these issug industry members that produce pultruded GFRP composites were reached out

to in order to determine common industry practices.
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The industry standard methodology that was employed was described in detail in the
Biocomposite Testing section. The methodsuadength of steel piping that is placed on
each end of the pultruded GFRP biocomposite, in which parnskve mortar is poured and
cured. Upon curing, the mortar exerts a pressure of over 20,000 psi in order to hold the
composite rod in place. The secasoof the piping at each end of the composite are then
attached to modified Instron adapters to conduct testing. Initially, Betonamit mortar was
used and then Rockfrac mortar was used. Betonamit was tested due to its local availability,
but after failing Rckfrac was employed, as it is thigongest mortar in the market. Figures
4.2.5.1 and 4.2.5.2 show the tensile test stress versus strain curve for the control and

biocomposite rods using the Rockfrac mortar.

Control Composite Tensile Test

900
800
700
600
500
400
300
200
100

0
-0.005 190 0 0.005 0.01 0.015 0.02 0.025
Strain

Stress MPa)

Figure 4.2.5.1:Tensile testruestressss. strain curve of control pultruded GFRP

composite.
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HW Biocomposite Tensile Test

900
800
700
600
500
400
300
200
100

Stress MPa)

-0.005 0 0.005 0.01 0.015 0.02
Strain
Figure 4.2.5.2:Tensile testruestress vs. strain curve of biockhainforced pultruded

GFRP biocomposite.

For both cases, attensile stress of just over@MPa the rods slipped out of the mortar.
For the case of the tensile tests uddgjonamit mortar, the same phenomencaourred

but at a lower tensile stress#if5 MPa; this is due to a lower mortar presstiable 4.2.5.1
shows a comparison of the maxsile force and stresdthat were obtained using different
expansive mortarsMoreover, kgures 4.2.5.3 and 4.2.5.4 shaan example of the
composite rodfter ithas slipped out of the mortdrom Figure 4.2.5.2 it can be seen that
composite propertiesave been obtained. The tensile strength of the fibers is 2760 MPa

and the matrix is 73 MPa, while the composite will fail at an intermediate value.
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Table 4.2.5.1:Maximumtensile forces and stresses obtained during tensisofest

pultrudedbiocomposits using varyingmortars for anchoring.

Mortar Cured Pressurt ~ Maximum Maximum Tensile
(psi) Tensile Force Stress
(kN) (MPa)
Betonamit 12,000 48 705+ 9
Rockfrac 20,000 54 810+ 7

Figures 4.2.5.3 and 4.2.5.4Mechanism otomposite GFRP rod slippingut of the

expansive mortar during tensile testing.

The main difference that separates the testing of these composite rods with what is
traditionally tested in industry is the absence of a coating. GFRP composite rods are used
as a replacement for steeinforcement in concrete in when high corrosion resistance is

required. In order for these rods to work properly they need to have a sand coating applied.
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After pultrusion, the sand coating is applied by a proprietary mefitud sand coating
provides then with a rough surface finish that alleor a much stronger hold in the
expansive mortarFigure 4.2.5.5 shows an example of an industry pultruded GFRP

composite that has been sand coated for application in concrete reinforcement.

(o Iad 7 )&

Figure 4.2.5.5:Industry pltruded GFRP composite rebatsowing the applied sand

coating

Based on previous literature producing pultruded GFRP composites, the rods should have
failed at approximately 900 MPa [Bven though the rods were not brought to their failure
stress, the tensile modulus can be analyzed to evaluate the effect of biochar addition. For
all tensile tests, control and biocomposite pultruded rods, the tensile modulus remained
constant at 45 GPa. This is not surprising since the tensile propertgsvaraed by the
uni-directional fiber properties. Therefore, biochar addition was able to significantly
enhance the flexural properties of biocomposite rods, while the tensile properties remained

equal.
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Chapter 5

Continued Work and Conclusions

5.1 Continued Work

Based on the observations and results from this study, future work is being suggested to
continue investigating the use of high SSA biochar as a reinforcing filler in composite

fabrication. They are as follows:

1. Perform hardness testing on liiac particles.

The inherent hardness of biochar particles was a primary factor that enhanced the
compressive performance of biocomposites. This enhanced compressive performance
allowed the biocomposites to have significantly increased flexural strengths th

controls. Characterizing the hardness properties of biochar particles before biocomposite

manufacturing would enable this effect to be analyzed.

2. Diversify the design of experiments for biochar production.

As softwood biomass has shown the most optioiachar properties (high SSA, high
carbon content, and low ash content) and yielded the best performing biocomposite
(highest flexural strength), different species of softwood biomass should be introduced into
the design of experiments. Spruce was tipe t9f softwood employed in this study, but

balsam fir and pine are other common softwoods in New Brunswick that could be studied.
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Moreover, softwood is produced in much more significant quantities than hardwood,

making it more available and accessible.

The optimal reaction temperature for producing high SSA biochar should also be studied
more extensivelyrrom literature, it has been seen that higher temperatures and fast heating
rates produce this type of biochar. Therefore, by experimenting with an Sadrea

microwave power level, along with an increased weight percent of CMWA, a more porous

biochar should be able to be produced.

3. Perform comprehensive mechanical tests, including fatigue, under varying

environmental conditions.

First, tensile testing nee to be continued to bring the biocomposite rods to failure. As
mentioned in the tensile performance section of the report, the main difference between the
composite rods in this study and those in industry, which are tested using the same
methodology, is sand coating. This sand coating allows a stronger adhesion between the
composite surface and expansive mortar. In this study, the rods were brought to close to
90% of their expected failure strength (805/900 MPa), but with an applied sand coating

they $ould be brought to failure with ease.

Additional mechanical tests should be performed that would provide more insight on the
properties and performance of the biocomposite rods. Evaluating the fatigue performance
of the biocomposite rods is necessarybefbeing introduced to industry. Common load
waveforms that could be employed for this incli@gezoidal and sinusoidal. Moreover,

although evaluating fatigue performance at ambient rtenperature conditions is a valid
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starting point, in use the comgite rods will experience significant fluctuation in ambient
conditions. Therefore, employing an environmental chamber with an Instron tester would
allow to continue fatigue testing in hot and cold environments. Lastly, evaluating the
corrosion performanacaf the biocomposite rods is essential. This could be completed using

by emerging the biocomposite to an alkaline solution to undergo accelerated aging. For
exampl e, with a pH of 13 at a solution te

correlated to 5@ears of real weather aging.

Further work could include:

4. Developing a nanomechanical/computational model of the 3D biocomposite structure to
analyze and predict the flexural, elastic, thermoelastic, hygroscopic and dielectric behavior.
This will utilize analytical modeling techniques such as nsdtile homogenization, as

well as a commercial computational/simulation package (COMPRO) focusing on finite

element analysis.

5. Activatefunctionalize the biocomposite surface to work with advancedngpédiyer
deposition. This would enable the biocomposite to be utilized with sensing/actuator

devices.

6. Test the utilization of a thermoplastic based polymer, instead of a thermoset, to produce

a biocomposite rod that could bemmlded and shaped affgultrusion processing.
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5.2 Conclusions

This was the first study to employ high SSA biochar pdgteuin a pultruded GFRP
compositein order to enhance the flexural performance of the resulting biocomposite.
Biochar was produced from three biomass femdkst and characterized in terms of
pertinent properties for biocomposite fabricati@mochar species were then introduced

into a vinylester resin at 5% and 10% volume fraction and the resulting biocomposites were
tested against c o ncant cohclusefsPBtdined in thid studysareg n i f

outlined below.

Pertaining to biochar production:

1 Spruce, maple and switchgrass biomass can be successfully pyrolyzed under
microwave heating to produce biochar.

1 Produced biochar acted as an effective CMWA talgae the reaction and increase
the reaction temperature.

1 Employing a CMWA at ten wt. % with low microwave power levels (400 W)
can obtain high reaction temperatures o

T Heating rates for mi cr owave pyrolysis
coventional pyrolysis (<20eC).

1 Heating rate varies with biomass feedstock, with wood based feedstocks having
increased heating performance (spruce:

agricultural feedstock (switchgrass: 12
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1 Microwave pyrolysiswith high heating rates and reaction temperatures, has the
ability to produce highly porous, high SSA biochar.

T Microwave pyrolysis at a reaction tempe
of biochar.

1 Woodbased feedstockgoduce biochar withigher @arbon contents and lower ash
contentg(spruce, maple: 80% C, 1% aghan agricultural biomass (switchgrass:
70% C, 10% ash)

1 Woodbased feedstocks produce biochar with increased porosity and higher SSA
(spruce: 200 fig, maple: 155 1fig) than agriculturabiomass (switchgrass: 115
m?/g).

1 Softwood produces biochar with increased porosity and higher SSA (spruce: 200

m?/g) than hardwood (maple: 155#y).

Pertaining to biocomposite manufacturing:

1 Biochar can be introduced into a GFRP as a particulate re@mfeant to enhance
the flexural strength (biocomposite: 7080 MPa, control: 450 MPa).

1 Biochar particle addition in biocomposites caused a shift from a compressive
dominant failure to a tens#gominant failure.

1 Inherent hardness of biochar particles digantly enhanced the compressive
performance of biocomposites compared to controls.

91 Pertinent biochar properties for biocomposite fabrication include: high hardness,

high carbon content, low ash content and high porosity and SSA.
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1 10% biochar biocompositégve a greater increase in flexural performance-(850
950 MPa) than 5% biochar biocomposites (830 MPa).

f Spruce biochar particles (C: 80%, ash: 1%, SSA: 20@)rshowed the best flexural
reinforcementperformancan biocompositeg5% biocomposite: 850/1Pa, 10%
biocomposite: 950 MPa) over maple (C: 80%, ash: 1%, SSA: 1%§) 1f5%
biocomposite: 810 MPa, 10% biocompos®®0 MPa) and switchgrass biochar
particles (C: 70%, ash: 10%, SSA: 11%g) (5% biocomposite: 730 MPa, 10%
biocomposite: 850 MPa).

1 Biochar particulate increased flexural strength of biocomposites with nodatri

to the tensile performance.

80



Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Li J, Dai J, Liu G, Zhang H, Gao Z, Fu J, He Y, Huan@char from microwave

pyrolysis of biomass: A revieBiomass and Bioenergy 94 (2016) 2284.

Srinivasan P, Sarmah A, Smernik R, Das O, Farid M, Gad Yasibility study
of agricultural and sewage biomass as biochar, bioenergy, and biocomposite
feedstock: Production, characterization and potential appions.Science of the

Total Environment 51:513 (2015) 49505.

Das O, Bhattacharyya D, Hui D, Lau KMechanical and flammability
characterizations of biochar/polypropylene biocomposiBmmposites Part B 106

(2016) 120128.

Luque R, Menendez Ayenillas A, Cot JMicrowaveassisted pyrolysis of biomass

feedstocks: the way forwardhergy and Environmental Science 5 (2012) 5481.

Naik S, Goud V, Rout P, Jacobson K, Dalai @haracterization of Canadian

biomass for alternative renewable biofuRenewable Energy 35 (2010) 162831

Fernandez Y, Arenillas A, Mendendez AMicrowave Heating Applied to

Pyrolysis.Instituto Nacional del Carbon, Oviedo, Spain.

Gobinda SExperimental, Numerical, and Analytical Studies of Smart Composite
Materals and Their Applications (PhD Thesi€)alhousie University, Halifax,
Nova Scotia, 2005

Das O, Sarmah, A, Bhattacharyyasustainable and resilient approach through
81



[9]

[10]

[11]

[12]

[13]

[14]

biochar addition in wood polymer composit&ience of the Total Environment

512:513 (2015) 326336

Zhou R, Lei H W, Julson J LEffects of reaction temperature, time and particle
size on switchgrass microwave pyrolysis and reaction kindtitg Agric & Biol

Eng, 2013; 6(1): 53%1.

Wang N, Tahmasebi A, Yu J, Huang FaMaeva A.A comparative study of
microwaveinduced pyrolysis of lignocellulosic and algal biomaBgresouce

Technology 190 (2015) 896.

Xiaoya Guo, Shouguang Li, Yong Zheng & Bingbing Ci (20P6eparation and
characterization of biail by microwave pyrolysis of biomas&nergy Sources,

Part A: Recovery, Utilization, and Environmental Effects, 38:1; 133

Zhou R, Lei H, Julson The effects of pyrolytic conditions on microwave pyrolysis
of prairie cordgrass and kineticgournal of Analyical and Appled Pyrolysis 101

(2013) 172176.

Zhu L, Lei H, Wang L, Yadavalli G, Zhang X, Wei Y, Liu Y, Yan D, Chen S,
Ahring B. Biochar of corn stover: Microwavassisted pyrolysis condition induced
changes in surface functional groups and charastes.Journal of Analytical and

Applied Pyrolysis 115 (2015) 14956.

Huang Y F, Chiueh P T, Kuan W H, Lo S Microwave pyrolysis of rice straw:

Products, mechanism and kinetiBsoresoure Technology 142 (2013) 62624.

82



[15]

[16]

[17]

[18]

[19]

[20]

Huang Y F, Chiueh P T, Kuan W H, Lo SMicrowave pyrolysis of lignocellulosic

biomass: Heating performance and reaction kinetiwsergy 100 (2016) 13744

Huang Y F, Kuan W H, Lo S L, Lin C H.otal recovery of resources and energy
from rice strawusing microwavenduced pyrolysisBioresourceTechnology 99

(2008) 82528258.

Wang XH, Chen HP, Ding XJ, Yang HP, Zhang SH, Shen ¥Q. Properties of
Gas and char from microwave pyrolysis of pine sawdistesources Technology

4 (2009) 946959.

Masek O, Budarin V, Gronnow M, Crombie K, Browsnort P, Fitzpatrick E.
Microwave and slow pyrolysis biochaomparison of physical and functional

properties. J. Anal. Appl. Pyrolysis 100 (2013) 4B.

Mohamed B A, Soo C, Ellis N, Bi XMicrowave-assisted catalytic pyrolysis of
switchgrass for improving bioil and biochar propertieBioresource Technology

201 (2016) 124132.

Zhao X, Wang M, Liu H, Li L, Ma C, Song ZMicrowave reactor for

characterization of pyrolyzed biomagioresoure Technology 104 (2012) 673

678.

83



[21]

[22]

[23]

[24]

[25]

[26]

Das O, Sarmah A, Bhattacharyya®dnovel approach in organic waste utilization
through biochar addition in wood/polypropylene composkeéaste Management

38 (2015) 132140.

Das O, Sarmah A, Bhattacharyya Blocomposites from waste derived biochars:
Mechanical, thermal, chemical, and morphological properiféaste Management

2015.

Miura M, Kaga H, Sakurai A, Kakuchi T, TakahashiRapid pyrolysis of wood
block by microwave heatingournal of Analytickand Applied Pyrolysis 71 (2004)

187-199.

Iman T, Capareda SCharacterization of bi®il, syngas and biechar from
pyrolysis at various temperature®ournal of Analytical and Applied Pyrolysis 93

(2012) 176177.

Chen T, Liu R, Scott NCharacterization of energy carriers obtained from the
pyrolysis of white ash, switchgrass and corn stévBrochar, syngas and bioil.

Fuel Processing Technology 142 (2016)-134.

Salema A, Afzal M, Bennamoun Byrolysis of corn stalk biomass ftiettes in a

scaledup microwave technologfioresource Technology 233 (2017) 3532.

84



Appendices

Appendix A: Microwave Pyrolysis Experimental Data

Table Al: Microwave pyrolysis process parameters for hardwood (maple) biomass
experiments.

Experiment | Power Level Weight Residence Char
# (W) (9) Temper at)u (9)
HW 3 400 99.7 650- 670 26.5
HW 4 400 99.8 640- 700 214
HW 5 400 98.8 700- 740 20.6
HW 6 500 94.5 680- 750 214
HW 7 500 96.8 720- 760 20.3
HW 8 500 97 630- 670 21.5
HW 9 98.8 580- 680 21.2
HW 10 106.5 640- 670 20.9
HW 11 101.4 710- 850 16.4
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Table A2: Microwave pyrolysis process parameters for softwood (spruce) biomass
experiments.

Experiment | Power Level Weight Residence Char
# (W) (9) Temper at)u (9)
SW4 400 127.3 720- 750 33.5
SW5 400 120.9 650- 750 29.8
SW 6 400 118 600- 650 31.5
SW7 500 119.3 740- 750 25.2
SW9 500 102.1 640- 680 234
SwW 10 500 106.8 680- 730 24.1
SW 11 102.9 550- 620 22.8
SW 12 130.7 670- 680 19.5
SW13 98.4 770- 850 13.7
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Table A3:

Microwave pyrolysis process parameters for switchgrass biomass
experiments.

Experiment | Power Level Weight Residence Char
# (W) (9) Temper at)u (9)
SG 2 400 98.1 430- 460 26.4
SG3 400 100.6 630- 650 214
SG 4 400 102.8 700- 750 27.4
SG6 500 94 700- 730 24.9
SG7 500 93.4 730-750 22.1
SG 8 500 105.8 650- 680 24.5
SG9 102.8 640- 650 23.9
SG 10 98.6 650-700 18.2
SG11 107.5 700- 750 26.7
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Appendix B: Microwave Pyrolysis Temperature Profiles
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Figure B1: Microwave pyrolysis temperature profiles for 400 Wattset1.
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Figure B2: Microwave pyrolysis temperature profiles for 400 Wattet?2.
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Figure B3: Microwave pyrolysis temperature profiles for 400 Wattet3.
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Figure B4: Microwave pyrolysis temperature profiles for 500 Wattet 1.
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Figure B5: Microwave pyrolysis temperature profiles for 500 Wattet 2.
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Figure B6: Microwave pyrolysis temperature profiles for 500 Wattet 3.
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Figure B7: Microwave pyrolysis temperature profiles for 600 Wattet 1.
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Figure B8: Microwave pyrolysis temperature profiles for 600 Wattet 2.
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Figure B9: Microwave pyrolysis temperature profiles for 600 Wattet 3.
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Appendix C: Biochar Characterization i Porosity Distributions

Maple Biochar Porosity Distributions
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Figure C1: Porosity distribution of hardwood based biochar (maple) by performing
physiosorption analysis.

Spruce Biochar Porosity Distribution
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Figure C2: Porosity distribution of softwood based biochar (spruce) by performing
physiosorpin analysis.

93



Pore Volume [cc/g]

Switchgrass Biochar Porosity Distribution
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Figure C3: Porosity distribution of switchgrass based biochar by performing
physiosorption analysis.
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Appendix D: Biochar Characterization i Ash and Moisture Content Data

Table D1 Data gathered for determining ash and moisture contents of biochars produced
via microwave pyrolysis.
Sample| Power | Container | Original | Sample | Sample | Moisture Ash
ID Level | Weight | Sample | Weight Ash Content | Content

(W) (9) Weight | After | Content| (wt. %) (%)
(9) | Drying (9)
(9)

HW4 400 11.3708 | 1.0032 | 0.9893 | 0.0164 | 1.405 1.658

HW8 500 10.3453 | 1.0163 | 1.0075| 0.0171| 0.873 1.697

HW10 !

SG3 400 10.6732 | 1.0003 | 0.9528 | 0.0742 | 4.985 7.788

11.6314 | 1.0031 | 1.0001 | 0.0147 | 0.300 1.470

SG8 500 11.5969 | 1.0061 | 0.9987 | 0.11 0.741 11.014

SG9 11.277 1.0026 | 0.9998 | 0.0969 | 0.280 9.692

SW5 400 12.2877 | 1.0046 | 1.0011 | 0.0107 | 0.350 1.069

SW10 | 500 11.2444 | 1.0024 | 0.9998 | 0.0092 | 0.260 0.920

SW12 . 9.4566 1.0393 | 1.0388 | 0.0098 | 0.048 0.943

95



Appendix E: Biochar Characterization: SEM Images

. v i Py 104img. ! : it : - :
Figure E1: SEM images of spruekased biochar structure at 2000x (left) and 1000x

(right).

&

2 ¥
Figure E2: SEM images of

aplbaed biocharstructure at 000 (Ieftnd 1000x
(right).
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Figure E3: SEM images ofmaplebased biochar structure at 2000x (left) and 1000x
(right).
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Appendix F: Pultrusion Manufacturing Logs

Table F1: Pultrusion manufacturing log for producing control GFRP composites.

Pultrusion Runr O pphr Biochar
Mixture Composition & Process Parameters

Heater Set 1 Temp Resin Product Reichhold DION 31038
(deg C) 120 Name 00
Heater Set 2 Temp Lubricant Technick Products 190
(deg C) 150 Product Name TG
United Initiators

Heater Set 3 Temp Initiator 1 NOROX PULCAT
(deg C) 150 Product Name AMB
Heater Setpoint +/ Initiator 2
(deg C) 1 Product Name United Initiators {BPB
Puller Nominal Initiator 3 United Initiators 500
Speed (Dial Reading 40 Product Name 750MS
Puller Nominal
Speed (cm/min) ~30

None. Fibes
Tension in Fiber manually
Rovings loosened.
Resin Proportion Resin Volume
(pphr) 100 (mL) 2000
Lubricant Proportion Lubricant
(pphr) 1 Volume (mL) 20
Initiator 1 Proportion Initiator 1
(pphr) 0.5 Volume (mL) 10
Initiator 2 Proportion Initiator 2
(pphr) 0.25 Volume (mL) 5
Initiator 3 Proportion Initiator 3
(pphr) 0.25 Volume (mL) 5
Filler Proportion Filler Volume
(pphr) 5 (mL) 100
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Table F2 Pultrusion manufacturing log for producing 5% switchgtaased biochar
GFRP biocomposites.

Pultrusion Run 5 pphr Switchgrass Biochar

Mixture Composition & Process Parameters

Heater Set 1 Temp

(deg C) 120
Heater Set 2 Temp

(deg C) 150
Heater Set 3emp

(deg C) 150
Heater Setpoint +/

(deg C) 1

Puller Nominal
Speed (Dial Reading 40
Puller Nominal

Speed (cm/min) ~30

None. Fibers
Tension in Fiber manually
Rovings loosened.

Resin Proportion

(pphr) 100 (mL) 2300
Lubricant Proportion Lubricant

(pphr) 1 Volume (mL) 23
Initiator 1 Proportion Initiator 1

(pphr) 0.5 Volume (mL) 11.5
Initiator 2 Proportion Initiator 2

(pphr) 0.25 Volume (mL) 5.75
Initiator 3 Proportion Initiator 3

(pphr) 0.25 Volume (mL) 5.75
Filler Proportion Filler Volume
(pphr) 5 (mL) 115

Resin Product Reichhold DION 31038
Name 00
Lubricant Technick Products 190
Product Name TG

United Initiators
Initiator 1 NOROX PULCAT
Product Name AMB

Initiator 2
Product Name United Initiators {BPB
Initiator 3 United Initiators 500

Product Name 750MS

Filler Switchgrass Biochar

Resin Volume
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Table F3: Pultrusion manufacturing log for producing 10% switchgtzessed biochar
GFRP biocomposites.

Pultrusion Runr 10 pphr Switchgrass Biochar

Mixture Composition & Process Parameters

Heater Set 1 Temp

(deg C) 120
Heater Set 2 Temp

(deg C) 150
Heater Set 3 Temp

(deg C) 150
Heater Setpoint +/

(deg C) 1

PullerNominal
Speed (Dial Reading 40
Puller Nominal

Speed (cm/min) ~30 Filler Switchgrass Biochar
None. Fibers

Tension in Fiber manually

Rovings loosened.

Resin Proportion ResinVolume

(pphr) 100 (mL) 2000

Lubricant Proportion Lubricant

(pphr) 1 Volume (mL) 20

Initiator 1 Proportion Initiator 1

(pphr) 0.5 Volume (mL) 10

Initiator 2 Proportion Initiator 2

(pphr) 0.25 Volume (mL) 5

Initiator 3 Proportion Initiator 3

(pphr) 0.25 Volume (mL) 5

Filler Proportion Filler Volume

(pphr) 10 (mL) 200

Resin Product Reichhold DION 31038
Name 00
Lubricant Technick Products 190
Product Name TG

United Initiators
Initiator 1 NOROX PULCAT
Product Name AMB

Initiator 2
Product Name United Initiators {BPB
Initiator 3 United Initiators 500

Product Name 750MS
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Table F4: Pultrusion manufacturing log for producing 5% sprbesed biochar GFRP
biocomposites.

Pultrusion Run 5 pphr Softwood Biochar

Mixture Composition & Process Parameters

HeaterSet 1 Temp Resin Product Reichhold DION 31038
(deg C) 120 Name 00
Heater Set 2 Temp Lubricant Technick Products 190
(deg C) 150 Product Name TG
United Initiators
Heater Set 3 Temp Initiator 1 NOROX PULCAT
(deg C) 150 Product Name AMB
Heater Setpoint +/ Initiator 2
(deg C) 1 Product Name United Initiators {BPB
Puller Nominal Initiator 3 United Initiators 500
Speed (Dial Reading 40 Product Name 750MS
Puller Nominal
Speed (cm/min) ~30 Filler Softwood Biochar
None. Fibers
Tension in Fiber manually
Rovings loosened.
Resin Proportion Resin Volume
(pphr) 100 (mL) 1250
Lubricant Proportion Lubricant
(pphr) 1 Volume (mL) 12.5
Initiator 1 Proportion Initiator 1
(pphr) 0.5 Volume (mL) 6.25
Initiator 2 Proportion Initiator 2
(pphr) 0.25 Volume (mL) 3.125
Initiator 3 Proportion Initiator 3
(pphr) 0.25 Volume (mL) 3.125
Filler Proportion Filler Volume
(pphr) 5 (mL) 62.5
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Table F5: Pultrusion manufacturing log for producing 10% sprbased biochar GFRP
biocomposites.

Pultrusion Run 10 pphr Softwood Biochar

Mixture Composition & Process Parameters

Heater Set 1 Temp Resin Product Reichhold DION 31038
(deg C) 120 Name 00
Heater Set 2 Temp Lubricant Technick Products 190
(deg C) 150 Product Name TG
United Initiators
Heater Set 3 Temp Initiator 1 NOROX PULCAT
(deg C) 150 Product Name AMB
Heater Setpoint +/ Initiator 2
(deg C) 1 Product Name United Initiators {BPB
Puller Nominal Initiator 3 United Initiators 500
Speed (Dial Reading 40 Product Name 750MS
PullerNominal
Speed (cm/min) ~30 Filler Softwood Biochar
None. Fibers
Tension in Fiber manually
Rovings loosened.
Resin Proportion Resin Volume
(pphr) 100 (mL) 1380
Lubricant Proportion Lubricant
(pphr) 1 Volume (mL) 13.8
Initiator 1 Proportion Initiator 1
(pphr) 0.5 Volume (mL) 6.9
Initiator 2 Proportion Initiator 2
(pphr) 0.25 Volume (mL) 3.45
Initiator 3 Proportion Initiator 3
(pphr) 0.25 Volume (mL) 3.45
Filler Proportion Filler Volume
(pphr) 10 (mL) 138
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Table F6: Pultrusion manufacturing log for producing 5% malpéesed biochar GFRP
biocomposites.

Pultrusion Run 5 pphr Hardwood Biochar

Mixture Composition & Process Parameters

Heater Set 1 Temp Resin Product Reichhold DION 31038
(deg C) 120 Name 00
Heater Se Temp Lubricant Technick Products 190
(deg C) 150 Product Name TG
United Initiators
Heater Set 3 Temp Initiator 1 NOROX PULCAT
(deg C) 150 Product Name AMB
Heater Setpoint +/ Initiator 2
(deg C) 1 Product Name United Initiators {BPB
Puller Nominal Initiator 3 United Initiators 500
Speed (Dial Reading 40 Product Name 750MS
Puller Nominal
Speed (cm/min) ~30 Filler Hardwood Biochar
None. Fibers
Tension in Fiber manually
Rovings loosened.
Resin Proportion Resin Volume
(pphr) 100 (mL) 1300
Lubricant Proportion Lubricant
(pphr) 1 Volume (mL) 13
Initiator 1 Proportion Initiator 1
(pphr) 0.5 Volume (mL) 6.5
Initiator 2 Proportion Initiator 2
(pphr) 0.25 Volume (mL) 3.25
Initiator 3 Proportion Initiator 3
(pphr) 0.25 Volume (mL) 3.25
Filler Proportion Filler Volume
(pphr) 5 (mL) 65
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Table F7: Pultrusion manufacturing log for producing 10% mamdesed biochar GFRP
biocomposites.

Pultrusion Run- 10 pphr Hardwood Biochar

Mixture Composition & Process Parameters

Heater Set 1 Temp Resin Product Reichhold DION 31038
(deg C) 120 Name 00
Heater Set 2 Temp Lubricant Technick Products 190
(deg C) 150 Product Name TG
United Initiators
Heater Set 3 Temp Initiator 1 NOROX PULCAT
(deg C) 150 Product Name AMB
Heater Setpoint +/ Initiator 2
(deg C) 1 Product Name United Initiators {BPB
Puller Nominal Initiator 3 United Initiators 500
Speed (Dial Reading 40 Product Name 750MS
Puller Nominal
Speed (cm/min) ~30 Filler Hardwood Biochar
None. Fibers
Tension in Fiber manually
Rovings loosened.
Resin Proportion Resin Volume
(pphr) 100 (mL) 1300
Lubricant Proportion Lubricant
(pphr) 1 Volume (mL) 13
Initiator 1 Proportion Initiator 1
(pphr) 0.5 Volume (mL) 6.5
Initiator 2 Proportion Initiator 2
(pphr) 0.25 Volume (mL) 3.25
Initiator 3 Proportion Initiator 3
(pphr) 0.25 Volume (mL) 3.25
Filler Proportion Filler Volume
(pphr) 10 (mL) 130
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Appendix G: Mechanical Testingi Flexural

Control Composites
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Figure G1: Flexural stress versus deflection fep8intbending tests of control GFRP
composite rods.

5% Spruce Biochar Biocomposites
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Figure G2: Flexural stress versus deflection fep8intbending tests of 5% spruce
biocharreinforced GFRP biocomposite rods.
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