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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
29



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 igatate 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 microfgures 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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