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Abstract 
	

Rethinking food waste could be an effective means to bridge the gap between local 

liabilities and finding value from this lost resource. While traditionally biomass has been 

used as a renewable energy source through combustion, there are more clever solutions. 

Biomass conversion can undergo both biotechnological (anaerobic digestion) and thermal 

(pyrolysis) conversion processes to produce end products that could sequester carbon from 

the environment.  To date, both processes are being used independently for a number of 

energy carriers; however, no research at the moment has focused on converting biomass 

using anaerobic digestion to produce a fertilizer and extract further value by subjecting the 

digestate to pyrolysis.  In the pyrolysis system, this feedstock is burned creating valuable 

carbon allotropes used to reshape next-generation energy devices, while removing carbon 

from the atmosphere. The objectives of this thesis are to determine if the digestate can be 

a suitable fertilizer as is. Based on N:P:K ratio, the digestate may not be as useful as a 

fertilizer. The second objective is to use the digestate as a suitable feedstock for pyrolysis 

in the search of high value nanocarbons. Although, the digestate was successful in being a 

feedstock, it did not provide insight to high value nanocarbons. Lastly, the solid product 

from pyrolysis (coke) was exfoliated to retrieve the advanced carbons using 

electrochemical exfoliation and sonication. 
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Chapter 1: Converting Waste-derived Biomass into Energy and 
other value-added products 
 

1.1 Carbaceous Energy Resources 
	
 Since the discovery of fire, humanity has been using biomass as a source of energy. 

However, in the 19th and 20th century, with the industrial revolution and the advent of the 

combustion engine, there was a seismic shift away from biomass towards petroleum, coal 

and natural gas as our dominant sources of energy. However, when considering the carbon 

life cycle, the use of fossil fuel resources is not sustainable, and many questions emerge 

when we further drill down on the economic, ecological and environmental impacts of its 

use. Burning of fossil fuels increases the level of CO2 in the atmosphere directly associated 

with global warming. These greenhouse gases drive climate change and the process cannot 

be quickly reversed. The adverse effect of greenhouse gas emission and declining fossil 

fuels reserves has led to a search for sustainable and environmentally benign sources of 

energy.1 To this end, it is vital to the future of fuel and chemical production that we explore 

environmentally sustainable energy carriers.1   

 While growing crops directly for energy generation is not environmentally 

sustainable, the conversion of biomass-residues from agricultural or food production waste 

would effectively lower the carbon footprint. Furthermore, owing to the ability of plants 

to efficiently sequester carbon dioxide from the atmosphere the conversion of plant 

biomass would mitigate the carbon footprint if we converted it into additional value, or 

energy carriers. With the added benefit of diverting organic waste from landfills, which 

ultimately produces a more harmful greenhouse gas in the form of methane, we would 
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move even closer to a circular sustainable loop. 

 

1.2 What is Biomass? 
	

 According to Biomass Energy Centre, biomass is defined as a biological material 

obtained from living or recently living organisms, and is often referring to plant derived 

materials.2 The total biomass production per annum on earth is approximately 100 billion 

tonnes of organic dry matter from land biomass and 50 billion tonnes of aquatic biomass. 

Food use for human consumption of plant biomass represents 1.25% of the entire land 

biomass.2 Some biomass material is used directly for heat generation such as wood fuel or 

processed to different products described further in this thesis. Examples include; 

dedicated agricultural crops for energy (e.g. corn, sugarcane, rapeseed, etc.); branches and 

wood residues from forestry activities; and organic waste from municipalities and 

industrial food activities (dairy, sugar, beer, wine, sewage sludge, etc.). Table 1 shows the 

current global composition of biomass energy, not including food grown for human 

consumption.3  
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Figure	1.	1:	Biomass	sources	of	energy:	In	developing	countries	biomass	contributes	to	22%	to	the	total	primary	
energy	(because	of	cooking	food).	In	industrialized	countries,	total	contribution	of	biomass	is	3%	total	primary	
energy.	The	use	of	biomass	in	heat	and	industrial	energy	contributes	to	a	total	of	3.3%	by	2050.	Transport	biofuels	
represent	2%	of	total	bioenergy.4		

	
 In order to appreciate the value of biomass, it is important to understand its 

chemistry.  Plant biomass feedstocks are comprised of lignocellulosic materials that make 

up most of the plants mass. Biomass is primarily comprised of carbohydrate polymeric 

materials, extracts (small molecules) and small quantities of inorganics. Through 

photosynthesis, plants convert carbon dioxide and water into primary and secondary 

metabolites. Primary metabolites are carbohydrates, lignin and their 

cellulose/hemicellulose and lignocellulose biopolymers. The secondary metabolites 

include products such as gums, resins, rubber, waxes, terpenes, steroids, tannin, plant 
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acids, alkaloids, etc. are present in low amounts in the plant. The primary metabolites can 

be converted into biofuels where the secondary metabolites can be used for high value 

chemicals such as food flavors, cosmetics, pharmaceuticals, etc.2 Yet, plant biomass 

represents one of the most abundant and underutilized biological resources on the planet 

and can be seen as a promising source of material for fuels and raw materials.  

 The three main biopolymers that make up the sheathing around the plant cell are; 

cellulose, hemicellulose and lignin (a cartoon of the cell wall is presented below; Figure 

1.2). The primary wall comprised mainly of cellulose, pectin and hemicellulose provides 

mechanical strength but also expands to allow the cell to grow and divide. The thicker and 

stronger secondary wall, accounts for more carbohydrate content, and is deposited once 

the cell has ceased to grow. Secondary walls are the major component of wood and a 

source of nutrient for livestock who consume plant matter. The secondary walls contain 

cellulose, hemicellulose and lignin, and have slight different growing stages and 

compositions as shown in S1, S2 and S3 (Figure 1.2). The cellulose fibrils are embedded 

in a network of hemicellulose and lignin.  

 

 

 

 

	

	

	

	

Figure	1.	2:	Schematic	representation	of	wood	cell	wall,	middle	lamella	(ML),	primary	wall	(P),	secondary	wall	(S1-
S3)	
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1.2.1 Cellulose 

	 The most abundant organic compound in the biosphere is cellulose (see chemical 

structure in Figure 1.3), and this is synthesized and degraded at the rate of ~1015 kg 

annually.5 Cellulose is an important structural component in the cell walls of green plants 

and algae.  Cellulose is a polysaccharide consisting of a linear chain of several hundred to 

thousands of b-linked D-glucose units (Figure 1.3). The acetal linkage is beta, which 

makes it structurally different from starch. This leads to the non-digestibility in humans as 

we lack the appropriate enzymes to breakdown the acetal linkages in cellulose.  

 The multiple hydroxyl groups on the glucose from one chain form hydrogen bonds 

with oxygen atoms on the same or on a neighboring chain, holding the chains together 

side-by-side to form microfibrils with a high tensile strength. In the cell wall, crystalline 

cellulose is partially aggregated into larger structural units called fibrils, which are more 

commonly known as microfibrils. These microfibrils combine to form sheets, which form 

discrete wall layers with a random interwoven network.6 
 Depending on the plant source, cellulose and its properties will differ. Cellulose from 

wood pulp typically has chain lengths between 300-1700 glucose units. Cellulose exhibits 

properties such as high moisture absorbency, flexibleness, dyeability and with mechanical 

properties, cellulose could be used for potential applications such as nanomaterials. 

Nanofibrillated cellulose (NFC) is composed of nanosized cellulose fibrils. The fibrils are 

isolated from wood-derived residues. The material is a building block for high-strength 

composites due to its properties with an elastic modulus.   
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1.2.2 Lignin 

	 Lignin gives plants shape and stability and is the main binder for cellulosic 

components.7 Lignin has an amorphous highly cross-linked three-dimensional structure 

consisting of a non-regular arrangement of phenyl propane units.8 The composition of 

lignin in wood varies from species to species. However, the biochemical monomers that 

make up lignin (See Figure 1.3). include three different phenyl propane monomers: p-

coumaryl alcohol, coniferyl alcohol and sinapyl alcohol.9 Coniferyl alcohol and sinapyl 

alcohol are both methoxylated and the methyl monomer content of hardwoods is higher 

than that of softwoods. The main precursors in softwoods are coniferyl alcohol and minor 

amounts of p-coumaryl alcohol, and p-coumaryl alcohol is commonly found in grasses.9 

Of the polymers found in the plant cells, lignin is the only one that is not composed of 

carbohydrate (sugar) monomers.  

 Adding to the complexity of lignin is that there are many possible bonding patterns 

between individual units.  Lignin and cellulose work together to provide structural function 

in plants; the fibrous cellulose components, are primary load-bearing elements while lignin 

provides rigidity. Consequently, trees grow much taller than grasses before they bend 

under their own weight.10 Lignin plays a crucial part in transporting water to the plants and 

is more hydrophobic in nature. The presence of cross-linking of polysaccharides by lignin 

is one of the obstacles for water absorption to the cell wall. It also plays a role in plant 

disease. Due to the complexity and insolubility of lignin it is resistant to degradation by 

most microorganisms, which also enhances its persistence in the soil.9 

 

1.2.3 Hemicellulose 

	 Hemicellulose is a heteropolysaccharide of glycol and is composed of two or more 
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monomer units, namely hexoses and pentoses.5 Hemicellulose (Figure 1.3) also consists 

of xylose, arabinose, mannose and galactose. Xylose is the most common of the sugar 

monomer present in the largest amount, although in softwoods mannose can be the most 

abundant sugar. Hemicellulose is a cross-linking amorphous glycan that binds together 

cellulose microfibrils, and this contributes to its structural integrity.7 The hemicellulose 

backbone is usually made up of a single monomer that is hydrogen-bonded to the cellulose 

microfibrils.7 Hemicellulose is classified according to its compositional units, molar ratios 

and linkages. Hemicellulose also consists of shorter chain sugar units (500 to 3000) and 

these units can help bind to cellulose with pectin to form a network of cross-linked fibers. 

In addition, hemicellulose is commonly a branched polymer, while cellulose is 

unbranched. It is also known that through covalent and non-covalent interactions with 

cellulose and lignin, hemicellulose contributes to strengthening the cell wall. Unlike 

cellulose and lignin, hemicellulose can be readily solubilized when treated by different 

temperatures. The backbone and a protruding short sugars side chains vary with plant 

species and age.  
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Figure	1.	3:	Cellulose	structure	depicted	as	polymer;	Lignin	alcohol	pre-cursors;	Hemicellulose	structure	

	

	
Table	1.	1:	Contents	of	structural	components	of	4	lignocellulosic	plants	in	%	dry	weight11	

 

 The values shown above are expressed as % based on dry weight and statistical 

significance was analyzed by least significant difference (p < 0.05). Extractives content 

ranged from 16.9 to 23.7%, lignin content ranged from 14.7 to 26.2%, cellulose content 

ranged from 30 to 35.8%, hemicellulose content ranged from 21.5 to 29.9%. The reed 

collected showed the highest lignin content, whereas miscanthus showed the lowest lignin 

content. The amount of holocellulose, which consists of cellulose and hemicellulose, was 
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higher than the combined number of extractives and lignin, at the 5% significance level. 

Although switchgrass was recorded to have the highest polysaccharide content among the 

crops mentioned, the values were not significantly different at the 5% significance level.11  

	

1.3 Traditional Value-added from Biomass Waste 
	
1.3.1 The Importance of Soil Health 

 Soil is a mixture of organic matter, minerals, gases, liquids and organisms that 

together support life. Body of soil, also referred to pedosphere has four important 

functions: medium for plant growth; means of water storage, supply and purification; 

modifier of Earths atmosphere; habitat for organisms. Soil health is the soil quality defined 

as the continued capacity of soil to function as a vital living ecosystem sustaining plants, 

animals and humans. Only “living” things can have health, so viewing soil as a living 

ecosystem reflects a fundamental shift in the way soil should be cared for.12 Mechanical 

cultivation and continuous production of row crops can result in loss of soil, displacement 

through erosion, and large decrease in soil organic matter with a release of CO2 in the 

atmosphere. Soils contribution to plant productivity is commonly recognized but soil 

health also impacts water and air quality. The quality of surface and sub-surface water has 

been jeopardized due to the imbalance of carbon, nitrogen and water cycling in soil.5 

Practices such as tillage, cropping patterns, pesticide and fertilizer use influences this 

imbalance. Soil health can be quantified because soils and their biota provide ecosystems 

functions that benefit humans. These ecosystems provide value such as storing or releasing 

water, decomposing plant and animal residues, transforming and recycling nutrients, 

sequestering and detoxifying organic toxicants, and promoting plant health by suppressing 

pathogenic microbes.13 Implementation of fertilizers or amendments may balance 
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necessity components for soil health.5 Healthy balance of available soil nutrients such as 

N, P, K can conserve soil organic matter and help in plant production. By maintaining soil 

health, crop growth and yield will increase, resulting in excess waste once crops are tilled, 

however, by rethinking waste conversion, perhaps we can also find new products can 

provide addition value for the agricultural sector.  

 

1.3.2 Historical Usage of Waste as a Fertilizer 

	 Historically, farm waste (in the form of manure) has been applied to soils in order to 

provide the necessary nutrients to growing plants. Manure is high in nitrogen and 

phosphorus, as well as other nutrients that aid in crop growth.14 Manure incorporation has 

been shown to increase soil aggregation, aggregate stability, increase volume of 

macropores and soil water-holding capacity.15 Manure fertilized soils tend to increase soil 

shear strength in comparison to other fertilizers as well as increasing soil cohesion with 

decreasing water potential. Manure applications leave the microbial communities in the 

soil more active, improving soil quality because these communities are important for 

nutrient and organic matter cycling. 15 The extra organic matter also helps soil hold water 

better and also lightens the texture of the soil, enhancing rainfall penetration to roots. It 

has become increasingly recognized that interactions between root and microorganisms 

are affected by anthropogenic disturbances, such as agricultural practices and biological 

modification.16 As a result, the rhizosphere (the soils energy powerhouse) requires fertility 

management for optimal productivity and sustainability of the ecosystem. 

 While manure is effective in many ways, it also has its limitations. Despite manure-

based fertilizers increasing crop growth, there are also some environmental concerns, 

regarding; soil accumulation, water eutrophication, smell, microbial imbalance and global 



	 11	

warming. While biosolids (organic matter recycled from sewage) are rich in both nitrogen 

and phosphorus, these elements have a lower N/P ratio (particularly cattle and hog 

manure), often resulting in over application of phosphorus (P), specifically when 

considering the nitrogen (N) needs of crops.12  
 Organic phosphorus adsorption is 

particularly high with manure application.14 This is undesirable in coarse-textured soils, 

where phosphorus may reach groundwater, especially in areas with low water tables. 

Phosphorus movement in organic forms from manure enhance movement in deeper soils 

in comparison to chemical fertilizers (for better or worse depending on soil needs).14 In 

addition to phosphorus there are numerous other minerals present in manure that can also 

accumulate and contribute to eutrophication, which may result in excessive growth of 

algae, which can result in fish mortality.17 Excessive application of manure, can also lead 

to heavy metals bioaccumulation in the top layer of the soil, with consequences for plant 

growth and risks for human and/or animal health. Furthermore, surplus precipitation and 

leaching of nitrate often exceed tolerable concentrations in fresh water, affecting aquatic 

life. In addition, animal manure carrier some pathogens that can lead to health risks when 

using manure as agricultural fertilizer.  

 

1.3.3 Modern Chemically Derived Fertilizers 

	 With the increased demand for global food production, the switch from manure to 

chemical fertilization and the development of novel soil amendment strategies has 

increased significantly. Fertilizers are any solid, liquid or gaseous substance essential for 

plant growth as fertilizers are like food for plants. Fertilizers can either be applied to soil, 

directly on the plant or added to aqueous solutions to maintain soil fertility, development 

and quality. Plants require 17 essential nutrients (Table 1.2) in soil in order to help 
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replenish these nutrients as some may have been removed.18 The three most important 

nutrients for high crop yields and sustainable production (as alluded to earlier) are nitrogen 

(N), phosphorus (P), and potassium (K).  

 

Table	1.	2:	Common	Nutrients	and	Uptake	Needed	for	Plant	Health 

 

 

 Inorganic minerals/nutrients such as Ca, K, Na and Mg are commonly found in 

woody biomass, with smaller or trace amounts of elements such as S, P, Fe, Mn or Al also 

being seen. These elemental constituents are usually in the form of inorganic minerals, e.g. 

oxides, carbonates, chlorides and phosphates.19 Some of the minerals are macronutrients 

and others are micronutrients, regarding the plant species. Table 1.2 also discusses which 

nutrients are more mobile, whether it is in the plant or directly in the soil. 

 Fertilizers can be found as straight fertilizers, multinutrient and NPK fertilizers. 

Straight fertilizers contain only one nutrient. Multinutrient fertilizers contain two or more 

nutrients referred to a compound fertilizer formed by mixing ingredients where they react 

Nutrient Macro/micro Uptake form Mobility in Plant Mobility in Soil
Carbon Macro CO2, H2CO3

Hydrogen Macro H+, OH-, H2O
Oxygen Macro O2

Nitrogen Macro NO3-, NH4
+ Mobile  Mobile as NO3-, immobile as NH4+

Phosphorus Macro HPO4
2-, H2PO4- Somewhat mobile Immobile

Potassium Macro K+ Very mobile Somewhat mobile
Calcium Macro Ca2+ Immobile Somewhat mobile

Magnesium Macro Mg2+ Somewhat mobile Immobile
Sulfur Macro SO4- Mobile  Mobile
Boron Micro H3BO3, BO3- Immobile Very mobile

Copper Micro Cu2+ Immobile Immobile
Iron Micro Fe2+, Fe3+ Immobile Immobile

Manganese Micro Mn2+ Immobile Mobile
Zinc Micro Zn2+ Immobile Immobile

Molybdenum Micro MoO4- Immobile Somewhat mobile
Chlorine Micro Cl- Mobile  Mobile
Cobalt Micro Co2+ Immobile Somewhat mobile
Nickel Micro Ni2+ Mobile  Somewhat mobile
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chemically. NPK fertilizers must contain at least 3% N, 5% P2O5 plus 5% K2O and at least 

20% total nutrients (percent by weight). NPK fertilizers have the important advantage of 

simplified application, since all nutrients can be distributed in one operation. As human 

consumption of crops continues to increase, fertilizer application also continues to grow 

because of the demands for these nutrients.  

 

1.3.4 Manufactured Fertilizers 

 Plants take small molecules such as carbon, hydrogen, oxygen, nitrogen, 

phosphorus, potassium and other minor nutrients to build large molecules such as sugars, 

carbohydrates, oils, protein and DNA. Other nutrients are used less often, and in smaller 

amounts but are critical for building the large molecules. To improve crop yield and 

production on existing farmland, it is crucial to improve soil health for the targeted 

cropping. Organic and inorganic fertilizers are important for plant growth. In 

manufacturing fertilizers, the molecules are made available from petroleum by-products 

or synthesis. Nitrogen is produced from the Haber process. A method was developed to 

produce ammonia from air, where natural gas and steam are pumped into a large vessel. 

The air was then pumped into the system, and oxygen is removed by the burning of natural 

gas and steam, leaving by-products of nitrogen, hydrogen and carbon dioxide. Carbon 

dioxide is removed, producing ammonia by introduction of electric current into the system. 

A catalyst such as magnetite (Fe3O4) is used to improve the speed and efficiency of 

ammonia synthesis.  Any impurities are removed from the ammonia.20  

 Once phosphate rock is mined, it is treated with sulphuric acid and/or nitric acid to 

produce phosphoric acid. Some of the material is reacted with sulphuric acid and nitric 

acid to produce solid form of phosphorus. Some of the phosphoric acid is reacted with 
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ammonia, resulting in ammonium phosphate, another good primary fertilizer.21 

 The potassium component used in fertilizers begins in the form of potash ore, mined 

from underground deposits in many parts of the world. Potassium chloride is typically 

extracted from the potash. The energy inputs of mining the potash is similar to those of 

mined phosphate rock.  Manufacturers typically are supplied potassium chloride but then 

converted into a useable form by granulating it. Granulating makes it easier as all the other 

components are blended together. The solid materials are placed into a rotating drum, 

where pieces of the solid fertilizer take on spherical shapes, passed through a screen to 

separate sized particles. An inert dust is applied to the particles in order to inhibit moisture 

retention. The particles are then dried and placed in a mixing drum to produce the best 

mixture.20 Crop intensification, with regards to soil quality, results in lower level soil 

fertility and inevitably will lead to the negative effects of decreased rate of organic matter, 

and amount of nitrogen in soil. Fertilizer use is a key element in improving performance, 

but also increase crop residues (biomass), which help to increase soil organic matter 

content.22 

  

1.3.5 More Recent Soil Amendment Strategies with Biomass 

	 Biochar has also emerged as another amendment strategy for soil health and plant 

yield. Biochar is carbonized organic matter residue after pyrolysis. Recently, biochar has 

been examined for a myriad of soil remediation strategies and this carbonaceous product 

is commonly used as in agriculture to improve soil fertility and enhance crop productivity. 

Biochar addition to soil was found to alter the soils physical structure and air capacity, and 

improve water holding capacity, water retention and plant available water.  Biochar 

amended soil retains 15% more moisture content, and therefore in environments that lack 
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proper water conditions, biochar amendment could be crucial. Biochar was also studied in 

oversaturated saline environments. Salinity affects plant growth by influencing plant 

physiological processes including photosynthesis and transpiration.23 Salt stress will 

decrease soil water potential, leading to ion toxicity and therefore plant death. The use of 

biochar in high saline environments alleviates plant salt stress through the release of 

essential macro- and micronutrients such as Ca, K, N, P and Zn in soil to offset the adverse 

effects of salts. The use of biochar as a soil amendment improves nutrient retention and 

generally plant uptake.  

 It has also been shown that biochar addition to soil also changes the microbial 

community composition. Microorganisms adapt immediately to fresh biochar, more 

specifically the ‘r-strategist’ microbes, which adapt to and respond quickly to newly 

available carbon sources, which may be present in the form of volatile organic matter. 

Microorganisms benefit from improvement of water supply during drought conditions due 

to the presence of biochar, increasing microbial biomass and microbial activity. Since 

biochar is a constant available carbon source, biochar addition to soil is beneficial for 

microbial biomass and activity under drought conditions and that these effects are 

increasing with time after field exposure.24
 

 

1.3.6 The Circular Economy 

The need to transition to more sustainable systems mitigating or removing 

environmental impacts is becoming more relevant. Economic challenges, such as 

supply/risk, deregulated markets, and imperfect incentive structures are leading to 

increasingly frequent financial and economic instability. Currently, linear economic 

strategies, which focus on ‘take-make-dispose’, are unsustainable; however, circular 
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economies represent an alternative. A circular economy integrates product lifecycle 

analysis and considered how we can reuse the widget without creating waste. A circular 

economy is a regenerative system where resource input, waste, emission and energy 

leakage are minimized by closing energy and material loops. This process can be achieved 

by reuse, recycling and upcycling. In additions, using less material reduces material 

extraction costs.  The core of circular economy is the closed flow and use of raw materials 

(Figure 1.4). The figure below shows circular economy does not require changes in the 

consumers life nor does it require loss of revenues for manufacturers. The circular 

economy represents a more sustainable way of resource extraction and consumption. In 

the case of biomass, excess or disposed biomass could be transformed into additional value 

products or soil amendments.  

 

Figure	1.	4:The	new	take	on	traditional	waste	and	creating	value	from	its	disposal	

	
In terms of sustainability, little regard is given to the waste derived from human 

food production. Traditionally, this item is placed in a landfill, however, when you 

consider transportation costs already integrated into the unit price of food, and the biomass 

energy that could be produced creating value from food waste seems like an untapped 

potential. Rethinking this waste and seeking to find alternative value, is the focus of this 

thesis.  

Production/
Growth

Use/
Consumption Disposal

Reuse

Other Value
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1.4 Relevant technologies for biomass conversion to energy carriers 
	
1.4.1 Combustion and Cogeneration 

	 Combustion is a high temperature exothermic redox chemical reaction between a 

fuel (the reductant) and the oxidant, which is usually atmospheric oxygen. Combustion 

occurs when a hydrocarbon reacts with oxygen to produce carbon dioxide and water 

(Equation 1). Combustion is often a complicated sequence of elementary radical reactions, 

but it was the first controlled chemical reaction discovered by humans.  

 

Equation 1:                    !"# + 2&' → !&' + 2"'& + heat 

 

 Historically, fire was used to provide warmth and cook food, but during the industrial 

revolution, it was found that it could also be used to heat steam to drive engines and 

turbines. More recently this has become the cogeneration of heat and electricity. The use 

of biomass instead of fossil fuels in combined heat and power (CHP) applications can 

provide advantages such as reductions in carbon dioxide (CO2), sulphur and mercury 

emissions, energy cost savings, waste reduction, and local economic development. 

Integrated energy systems use waste heat recovery technology to capture heat byproducts 

and then generate electricity. The simplest way is to burn the biomass in a furnace, 

exploiting the heat generated to produce steam in a boiler, which is then used to drive a 

steam turbine.	During cogeneration of biomass, 30 to 35 % of its energy content is 

transformed into electrical power and 55 to 60 % into useable heat. By adding biomass 

fuels into the energy generation process, substantial efficiency gains have been made in 

several sectors, including pulp & paper, and sugar cane & food-processing plants, where 

steam or hot water is also produces with electricity. For small cogeneration plants (1 to 20 
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megawatts of power), biomass or methane produced from landfills can be used as a front-

end fuel source but most power plants are still using natural gas as the primary input.25  

  

 1.5 Anaerobic Digestion 
	 Non-anthropogenic anaerobic digestion is one of the oldest modern forms of 

biological conversion of biomass (e.g., methane generation in swamps). However, modern 

anaerobic digestion is carried out in an airtight reactor and organic matter in the form of 

sludge is converted into methane (the energy carrier) and carbon dioxide.26 The term 

sludge is used to describe highly mixed biosolids that are suspended in water. Industrial 

scale anaerobic digesters are heavy users of water; however, after many days, the depleted 

water suspension known as the biodigestate is removed from the digester, dewatered, and 

the water recycled back into the digester. This conversion process will be discussed in 

further detail in Chapter 2, but for the purpose of the thesis objectives biodigestate is the 

material of interest.  

 

1.5.1 Industrial Motivation 

CCI BioEnergy is an Ontario-based company who specializes in large-scale 

anaerobic digestion. CCI delivers an innovative waste management system that 

sustainably uses the organic fraction of waste to produce clean, renewable energy and a 

variety of other beneficial products. CCI developed and operates of the City of Torontos 

(Disco Road) anaerobic digestion (AD) facilities for processing Torontonians green bin 

waste.  CCI is committed to growth and expansion of AD technologies to recover inherent 

value in all organic assets. As such, CCI wanted to investigate the potential value the 

extracted effluent stream (or digestate) to determine if it could be used as an effective 
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fertilizer. CCI BioEnergy has allowed for the following to be discussed without 

withholding any proprietary information.  

 

1.5.2 Anaerobic Digestion Technologies used by CCI BioEnergy 

Anaerobic digestion is a microbial-delivered process that converts lignocellulose 

and sugars into methane.26 AD is carried out in an air-tight reactor and is accomplished 

through four major processes: hydrolysis, fermentation, acetogenesis and methanogenesis 

(Figure 2.1). Hydrolysis is when hydrolytic enzymes break down large polymers like 

carbohydrates in the sludge suitable for being utilized as a source in cellular respiration. 

Acidogenic fermentation occurs right after resulting in acetate being the main end 

product from the conversion of sugars and amino acids into carbon dioxide, ammonia, 

organic acids and hydrogen. Acetogenesis follows resulting in the breakdown of the 

products of hydrolysis and fermentation into immediate compounds such as acetate and 

formaldehyde.  

Finally, methanogenesis converts these compounds to methane and water.26 

Microorganisms, usually bacteria, are involved at each step of the reactions. End products 

of fermentation like hydrogen and acetate are converted to methane and carbon dioxide by 

the methanogens, while acidogens produce the hydrogen.26 
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Figure	1.5:	Summary	of	four	major	processes	of	anaerobic	digestion 

 

There are two main configurations for anaerobic digestion suitable for agri-food 

systems in Canada: completely mixed and plug flow. Completely mixed systems consist 

of a large tank where fresh material is mixed with partially digested material. This type of 

system is suitable for manure or other agri-food inputs with low dry matter content (4%-

12%).27 

Plug flow systems typically consist of long channels in which organic waste move 

along as a plug. This system is suitable for thicker materials such as liquid manure with 

11-13% or higher dry matter content.27 It should be noted that AD is a water intensive 

technology and all % are reported by weight when mixed in water.  

Anaerobic digestion systems can be employed at 3 different temperature ranges: 

thermophilic (50-60°C), mesophilic (35-40°C), and psychrophilic (0-25°C). This thesis 
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focuses on the anaerobic digestion in a mixed system within the mesophilic range. In this 

temperature range, the system needs a longer treatment time (retention times of at least 15-

20 days) in order for the lower temperature micro-organisms to break down organic 

matter.27 

 CCI BioEnergy’s large-scale plant located on Disco Road in Toronto takes a waste 

feedstock, which is characterized by a high plastic content due to the collection in plastic 

bags and is directly fed into a pre-treatment system without prior treatment; however a 

skimmer early in the treatment removes plastic. The configuration includes three waste 

pulpers and a grit removal system to remove the inert contaminants and other non-

digestible elements. The anaerobic digestion process is a wet digestion in the mesophilic 

range using two 5,300 m3 digesters with full mixing using compressed biogas and N2. The 

future plan for the biogas is for cogeneration and to create electricity and heat for the 

facility needs. The digestate is dewatered using two centrifuges and the resulting digester 

solids are considered the 95% total solids (TS). Any liquid in the waste is reclaimed and 

reused as process water in the closed-loop process water system.28 

 As an alternative to the large-scale industrial process, CCI BioEnergy’s medium 

size digesters that have been used to digest apple pomace and grocery food waste can be 

described using Figure 1.6. The medium size anaerobic digesters are referred to as the 

Biocube but consist of the same process.  Starting from step 1, feedstock organic sources 

are pre-treated and ground, which is then placed in a blend and feed tank where organic 

liquids are present. This tank leads to the digester where during mesophilic conditions 

produces biogas. The biogas is stored and further conditioned to remove sulphur in order 

to generate electricity for the rest of the system. The effluent from the digester flows into 
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the outflow tank where it can either become pasteurized (step 9) for fertilization or it can 

be stored in a holding tank (step 11) where it is returned to the digester.  

The two main digestate products that will be the focus of this thesis are 5% total 

solids known as “the digestate” and the 95% total solids known as “dewatered digestate”. 

The latter looks similar to soil and the former looks like brown pea soup.  
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Figure	1.	6:Process	of	CCI’s	anaerobic	digestion	
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1.5.3 Traditional Digestate Composition 

Nitrogen	Component	

Typically, in digestates, the ammonium (NH4
+) content is high, which leads to a higher 

ammonium (NH4
+) to total nitrogen (Ntotal) ratio. This however is feedstock dependent and 

digestates from feedstocks with high degradability (i.e. cereal, grains, poultry and pig manures) 

with high nitrogen content are high in NH4
+: Ntotal. However, cattle manures or fibrous feedstocks 

are low in nitrogen and lead to low NH4
+: Ntotal. In the digester, complex organic nitrogen 

compounds are mineralized to NH4
+: Ntotal and the digester microorganism uses a part of this for 

growth.29 

 

Phosphorus Component 

As a constituent of adenylates, nucleic acids and phospholipids, phosphorus is an important 

plant macronutrient. The bioavailable supply of phosphorus in most soils is small; however AD 

has the opposite influence on crop phosphorus. Raising the pH moves the chemical equilibrium 

toward the formation of phosphate (HPO4
2- à PO4

3-) and precipitation as calcium or magnesium 

phosphate. The binding form of other elements such as iron may also affect phosphorus turnover 

and precipitation processes during AD.29 The small fraction of dissolved phosphorus, mineralized 

during AD is associated with suspended solids. The probable cause of phosphorus loss in AD is  

the retention in the digesters due to the precipitation processes and nearly 36% of phosphorus is 

lost for the aqueous phase using AD.29 

 

Potassium Component 

Potassium that is contained in all terrestrial plants at a high level and is retained through the 

AD process.29 As a result, potassium is found at high levels in the digestate aqueous phase. 
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1.6 Pyrolysis 
	
	 Aside from anaerobic digestion, another process used to convert organic matter into useful 

products is an anaerobic thermal conversion process called pyrolysis. While the pyrolysis of 

organic matter to make charcoal has also been known since ancient times, only in the last 100 

years has its potential been realized for the production of energy carriers (biofuels). The products 

of the anaerobic thermal chemical conversion processes are divided into a volatile fraction 

(consisting of gases, vapours and tar components) and a carbon-rich solid fraction (biochar and 

coke). Depending on the operating temperature of the pyrolyzer (300-1200°C), the ratio of 

pyrolyzed products can be biased, but generally coke is the sublime-able solid fraction, while 

biochar is carbonized organic matter. This conversion process will be discussed in further detail in 

Chapter 3, but for the purpose of the thesis objectives the solid fractions (biochar and coke) are of 

greatest interest.  

1.6.1 Background of Process 

Pyrolysis	of	biomass	is	referred	to	as	the	direct	thermal	decomposition	of	organics	in	the	

absence	of	oxygen	to	obtain	an	array	of	solid,	liquid	and	gas	products.	Pyrolysis	is	one	of	the	

most	 promising	 methods	 for	 the	 conversion	 of	 biomass	 to	 bio-oil,	 which	 is	 a	 potential	

substitute	for	non-renewable	crude	oil.31	Solid,	liquid	and	gas	product	yields	are	influenced	

by	 the	 conditions	 of	 pyrolysis.	 30	 Within	 the	 pyrolysis	 reactor	 there	 are	 two	 pyrolysis	

reactions:	 primary	and	secondary.	Primary	pyrolysis	 involves	generation	of	volatiles	and	

biochar,	and	the	secondary	reactions	involve	volatiles	at	void	space	and	downstream	of	the	

reactor.32	 Primary	 pyrolysis	 can	 be	 divided	 into	 four	 individual	 stages:	 moisture	 loss,	

hemicellulose	 decomposition,	 cellulose	 decomposition	 and	 lignin	 decomposition.33	
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Hemicellulose	 is	easily	degraded,	at	220-315	°C,	where	cellulose	 is	mainly	at	315-400	°C,	

while	lignin	possesses	a	large	temperature	range	(150-900	°C).	At	low	temperatures	(<500	

°C)	the	pyrolysis	of	hemicellulose	and	lignin	involved	exothermic	reactions	while	those	of	

cellulose	 are	 endothermic.	Pyrolysis	of	 hemicellulose	 has	 higher	CO	 and	CO2	yield,	while	

lignin	displays	higher	CH4	release.	Organic	ethers,	esters	and	ketones	are	mainly	released	at	

low	temperature,	i.e.	200-400	°C	and	350-450	°C	from	hemicellulose	and	cellulose.33		

Secondary	 pyrolysis	 involves	 the	 cracking	 of	 the	 emerging	 volatiles,	 which	 includes	

generation	of	radical	fragments	by	cleavage	of	chemical	bonds	and	condensation	or	coupling	

of	radical	fragments	to	form	gas	and	bio-oil.	In	this	process,	formation	of	solid	carbonaceous	

materials	(coke)	can	be	observed	as	a	result	of	radical	recombination	and/or	polymerization	

reactions.32	

				The	fast	pyrolysis	of	biomass	is	an	endothermic	process	that	requires	high	heating	rates,	

typically	between	10-200	°C/s,	in	order	to	meet	typical	processing	conditions	(~500°C,	short	

hot	vapour	residence	time	of	~1	s).	The	high	heating	rate	requirement	 is	one	of	the	most	

significant	 challenges	 of	 pyrolysis	 equipment	 but	 can	 be	 reduced	 by	 minimizing	 the	

feedstock	particle	size.		

 

1.6.2 The Products of Pyrolysis and their Uses 

Biochar 

Typically,	 lower	 process	 temperatures	 and	 longer	 residence	 times	 favour	 char	

formation.34	 On	 contrary,	 a	 raise	 in	 temperature	 leads	 to	 a	 decrease	 in	 char	 yield	 and	

increase	of	gas	yield.35	The	presence	of	char	also	catalyzes	reactions	leading	to	the	increase	

of	 viscosity	 of	 the	 oil	 and	 eventually	 formation	 of	 tar.36	 As	 a	 result	 of	 functional	 groups	
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decompose	 during	 pyrolysis,	 but	 the	 initial	 chemical	 composition	 of	 the	 material	 has	 a	

negligible	 effect	 on	 the	 hydrological	 properties	 of	 the	 biochar	 pyrolyzed	 at	 high	

temperatures.	37		

Biochar	has	many	potential	uses	previously	described	in	the	literature.	Adding	biochar	

to	 soil	 can	generate	agronomic	and	environmental	 value	 through	 improved	chemical	 and	

physical	 properties	 of	 the	 soil	 and	 creation	 of	 long-term	 storage	 for	 carbon.37	 Biochar-

induced	 higher	 crop	 yields	 have	 been	 attributed	 to	 increase	 in	 soil	 pH,	 cation	 exchange	

capacity	and	availability	of	nutrients,	and	to	improved	nitrogen	fertilizer	use	efficiency	and	

water	retention	capacity.	Biochar	is	returned	to	the	field	as	a	soil	conditioner	and	for	carbon	

bio-sequestration.37;	38	

 

Biogas 

Biogas	 contains	mainly	H2,	 CO2,	 CO,	 CH4,	 C2H6,	 C2H4,	 trace	 amounts	 of	 larger	 gaseous	

organics	and	water	vapour.33	In	the	absence	of	cellulose,	the	interaction	between	lignin	and	

hemicellulose	can	accelerate	decarbonylation	by	promoting	CO	formation,	especially	above	

500	°C.	Greater	amount	of	CO	is	formed	from	cellulose	than	that	of	hemicellulose,	and	there	

is	almost	no	contribution	from	lignin.34;	35		

H2	generation	is	strongly	correlated	with	the	condensation	of	aromatic	rings	during	char	

formation,	 	 and	 the	 condensation	 of	 aromatic	 subunits	 also	 increases	 the	 char	 and	 coke	

products	 formed.33	 High	 temperatures	 and	 longer	 residence	 times	 within	 the	 reactor	

increase	biomass	conversion	to	gas	and		gas	yield	increases	from	temperatures	increase	from	

350	to	550	°C.	36;	37	
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While	 not	 the	 focus	 of	 this	 thesis,	 biogas	 applications	 have	 been	 described	 at	 length.	

Biogas	along	with	bio-oil	is	most	commonly	used	for	possible	biofuels	and	used	for	small-

scale	incomplete	combustion	engines	or	microturbines.35	This	product	has	been	investigated	

less	in	industry	due	to	the	complexity	and	yield	production.		

 

Bio-Oil 

Depending on the initial feedstock and the mode of fast pyrolysis, the colour of bio-oil can be 

almost black through dark red-brown to dark green, influenced by the presence of micro-carbon in 

the liquid and chemical composition. 34 Bio-oil is composed of a complex mixture of oxygenated 

hydrocarbons with an appreciable proportion of water from both the original product moisture and 

condensation reactions and a maximum yield occurs between 480-520 °C. Heavy bio-oils can be 

considered as mixtures of water and water-soluble organic compounds combined with water-

insoluble, mostly oligomeric materials.30 Bio-oils are usually single-phase liquids because of the 

presence of polar carboxyl and hydroxyl compounds, that solubilize the water fraction.36 

The nature of the starting material input can affect bio-oil production. For example, bio-oil 

production increases with decreasing flow of carrier gas during the pyrolysis of straw at 500 °C, 

however, bio-oil yield decreases quickly and the gas yield increases with increasing volatiles 

residence time from 1.3 to 9.4 s during pyrolysis of grass at 500-600 °C.32 Yield decreases at 

temperatures above 600 °C, while the water yield increases with increasing the volatiles residence 

time from 1.5 to 4.7 s, and the gas yield increases in the first 2.9 s and then remains constant.32 

Bio-oil	 quality	 is	 improved	 with	 an	 increase	 in	 the	 volatiles	 residence	 time	 at	 the	

temperature	 of	 600	 °C.	 Moderate	 temperatures	 and	 short	 vapour	 residence	 time	 are	

optimum	for	producing	liquids.34	The	bio-oil	yield	reaches	a	maximum	value	at	about	450	°C	
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and	then	the	bio-oil	yield	 is	decreased	due	to	secondary	reactions.35	Biomass	pyrolysis	at	

mid-low	temperatures	is	important	for	production	of	liquid	fuels	(bio-oil).32	

Bio-oil	is	a	complex	mixture	of	hundreds	of	chemicals,	with	a	mixture	of	aliphatic	and	

aromatic	 organic	 compounds,	 as	 a	 result,	 with	 refinement	 bio-oils	 can	 have	 multiple	

applications.	Various	types	of	compounds	such	as	phenols,	alkanes,	alkenes,	saturated	fatty	

acids	and	 their	 derivatives	 have	 been	 identified.35	 It	 not	only	has	high	 acidity	and	water	

content,	 but	 also	 shows	 high	 thermal	 instability	 and	 polymerization	 tendency.38	 Bio-oils	

have	 some	 undesired	 properties	 for	 fuel	 applications	 such	 as	 high	 water	 content,	 high	

viscosity,	 poor	 ignition	 characteristics,	 corrosiveness,	 instability	 and	 others.	 However,	

combustion	tests	performed	in	boilers,	diesel	engines	and	turbines	have	demonstrated	the	

feasibility	of	the	converting	existing	or	slightly	modified	equipment	to	use	bio-oils	for	energy	

conversion.36	 Condensate,	 which	 is	 the	 liquid	 portion	 past	 the	 condensed	 bio-oil	 	 has	

properties	 that	 can	 be	 used	 as	 a	 herbicide,	 disease	 combat,	 acidity	 promotion	 in	 large	

intestine	to	inhibit	growth	of	enteropathogenic	microbes	and	detoxification	pads	for	medical	

applications.36;31	

 

Coke 

Coking	 behaviour	 of	 organics	 generally	 begins	 during	 pyrolysis	 at	 540	 °C.	 Starting	

around	200	(to	450)	°C	it	was	found	that	the	coke	content	in	bio-oil	increased	linearly	with	

radical	concentration.32	Coke	yields	decline	with	increasing	reaction	time	but	increase	with	

low	temperatures	and	short	reaction	time.	This	occurs	due	to	repolymerization	of	reactive	

fragments	with	aromatic	rings	combined	with	the	hydrogen	formation	of	larger	conjugated	

fragments.38	Some	success	has	been	achieved	with	hot	vapour	filtration,	but	problems	tend	
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to	arise	with	the	 sticky	nature	of	 fine	char	and	disengagement	of	 the	 filter	cake	 from	the	

filter.34	 Generally	 speaking,	 the	 formation	 of	 coke	 is	 highly	 undesirable	 in	 traditional	

pyrolysis	machines	for	this	pragmatic	reason.	

There	 is	 not	 much	 focus	 on	 coke	 analysis	 or	 production	 in	 literature	 as	 coke	 is	

considered	the	hinderance	in	the	pyrolysis	reactor	for	production	of	oil,	condensate	and	gas.	

Coke	is	the	sublimation	product	of	char,	however,	it	causes	clogging	and	brings	the	pyrolysis	

run	to	a	halt.	However,	as	described	below,	this	thesis	will	focus	on	studying	the	potential	

for	reclaiming	carbon	allotropes	from	coke.	

	

1.6.3 Carbon Allotropes 

This thesis focuses on coke and biochar, and the potential to isolate the carbon allotropes 

that may be present in these carbaceous products. The carbon allotropes of interest are graphene, 

graphite, carbon nanotubes and/or fullerene shown in Figure 1.7. Since graphene is the mother of 

all graphitic forms, graphene and graphite may be the most abundant allotropes to be found in the 

pyrolysis products.39 The benefits of searching and isolating carbon allotropes in coke and/or 

biochar are numerous owing to the variety of applications they can be used for (vide infra), and 

this represents a method for carbon sequestration. Due to the extended hexagonal lattice of sp2 

bonded carbon atoms, these allotropes possess exceptional mechanical, electrical and chemical 

properties that lead to energy conversion, storage devices, catalysts, carbon fibers and biosensors.40 

Carbon allotropes are used as fillers to improve the durability and increase the electrical, thermal 

and electromagnetic properties of concrete.39 
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Figure	1.	7:	Carbon	allotropes	–	Graphene	(left),	graphite	(right),	carbon	nanotube	(bottom	left)	and	fullerene	(bottom	right)	

	

When considering the Koivisto’s group core interests, carbon allotropes would be useful 

for the development of organic photovoltaic cells. Fullerenes are good candidates for electron 

acceptors with low reorientation energies for organic photovoltaic cells (OPVs).41 Lastly, a 

monolayer graphene sheet can be oxidized to form graphene oxide. It is a layered material oxidized 

from graphite and interspersed with oxygen molecule on its basal plane and edges. 42 The most 

common method to chemically synthesize graphene sheets is Hummers method, in which graphite 

is oxidized using a strong acid and oxidation agent, so water molecules are able to intercalate 

between the graphene sheet.43 Graphene oxide has also become a popular nano-filler for 

cementious materials. Graphene sheets with hydrophilic functional groups like graphene oxide, 

have a large surface area with strong water absorbing capacity. 39 The graphene market is 

increasing and is estimated to reach $552.3 million by 2025.44 In Figure 1.8, you will notice what 

graphene market will increase in particular. Searching for graphene or other allotropes from the 
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products generated from waste could be a low-cost source of carbaceous starting materials that 

may add in the market size, all while sequestering carbon dioxide from the atmosphere. 

	

	

 

 

 

 

 

 

 

Figure	1.	8:	Graphene	and	its	other	related	materials	are	expected	to	increase	by	2025	

	
1.7 Thesis Objectives 
	
 As part of a series of industrial relevant projects this thesis will focus on the following non-

proprietary projects although in some instance certain details have been omitted for proprietary 

reasons. Collectively, the following objectives seek to find further value from agricultural-derived 

food waste. The objectives are: 

1. To determine if the digestate from anaerobic digestion can be used as a suitable soil 

amendment or fertilizer. To this end we will examine nitrogen, phosphorus and potassium 

(N:P: K) ratio, as well as other components of the digestate that may be relevant for plant 

growth.  

2. To determine if the dewatered digestate solids can be used as a suitable pyrolysis feedstock 

for the development of advanced carbons. Briefly, advanced carbons are carbon allotropes 

found in coke that could have a myriad of potential applications. To this end we will examine 
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the dewatered digestate as a feedstock for pyrolysis as well as the products that are formed 

(i.e. coke).  

3. To determine the most effective and economical way to isolate and separate the sublime-able 

coke fraction (the carbon allotrope fraction) from the pyrolyzed digestate. To this end we will 

examine the coke fraction for graphene/graphite and explore exfoliation via methods to 

accomplish this goal. 
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Chapter 2: Methods and Materials 
 

2.1 Anaerobic Digestion 
As discussed previously we sought to investigate the digestate as a fertilizer from 3 sources 

(Disco road, apple pomace, and grocery food waste). As such N, P, K analysis was undertaken but 

we also investigated other relevant minerals to anaerobic digestion and land-use application, which 

are described in the methods section.  

 The 5% TS digestate samples (750 mL) were collected in sterile plastic bottles 

approximately every 3 weeks for 3 months (September to November). The samples were picked 

up from Disco road’s compost site. In addition, CCI BioEnergy employees would provide the 

apple pomace and grocery food waste samples from the Biocube reactor. Each test below was 

performed in triplicate. The aqueous phase, after filtration was studied in all cases except total 

solids and volatile solids.  

 Both the City of Toronto Disco road and grocery food waste digestate mixtures were dark 

heterogeneous mixtures. Yard waste contains lignocellulose material, which does not readily 

degrade under anaerobic conditions; however, most residential waste (e.g. kitchen waste) degrades 

in anaerobic conditions. As a result, mechanical separation provides the organic fraction of waste 

and is usually more contaminated. Contamination affects the environmental quality (heavy metals) 

and acceptability (plastic content) of the final digestate end product. As a result, the 95% TS 

digestate contains more contamination from plastic than that of the 5% TS.32 

Apple pomace is a by-product resulting from apple juice production. It contains a large 

amount of water and small amount of protein.33 Apple pomace is a rich source of pectin besides 

other nutrients such as carbohydrates, dietary fibres, minerals and vitamin-C. Apple pomace 

minerals such as potassium, calcium, sodium, magnesium, copper all exists in small weight 
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percentage (0.95%, 0.06%, 0.20%, 0.02%, respectively).34 The apple pomace digestate analyzed 

was a merky liquid mixture with a low pH.  

 

2.1.1 Metal Analysis using Flame Atomic Absorption Spectroscopy 

Elemental analysis was performed to determine the concentration of metals present in the 

aqueous phase of the digestate, specifically K, Na, As, Zn, Fe, Ca and Mg were analyzed. The 

digestate was acidified with 5 mL/ 100 mL nitric acid and sat for 10 minutes. It was then filtered 

through a 0.45 µm and 5 mL/ 100 mL was added again. 100 mL of well mixed sample was placed 

into a 250 mL beaker. In order to ensure the metals were in solution, the solution was heated with 

another addition of 2 mL concentrated nitric acid and hydrochloric acid. The solution was reduced 

to 15-20 mL and filtered again to remove any solids and the volume was adjusted and diluted to 

the 100 mL mark using deionized (DI) water. Depending on the element tested, there were different 

detection limits and dilutions needed to be carried out in order to ensure proper analysis. For Ca, 

Mg, Na, and K it was a 1: 1000 dilution; 1 mL of sample to 100 mL DI and then 10 mL to 100 

mL. For Zn, it was a 1: 100 dilution and 1:5 dilution for As and Fe.  Using Perkin Elmer flame 

atomic absorption spectroscopy, a blank was created using deionized water and then a set of 

standards was used to produce a calibration curve in order to determine the concentration present 

in the digestate. The standard concentrations used were 0 ppm, 1 ppm, 3 ppm, 5 ppm, 7 ppm, and 

10 ppm. Depending on the element being tested, the corresponding lamp needed to be installed 

and set in the FAA parameters on the computer.  

 

2.1.2 Total Nitrogen (TN) 

TN was analyzed using the A303 method to determine the nitrogen content for the N, P, K 

ratio. 6 mL of sulphuric acid was mixed with 100 mL of digestate. The sample sat for 15 minutes 
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and was then filtered. The filtrate was transferred to an Erlenmeyer flask and another 7 mL of 

sulphuric acid was added.  At this point, the sample was transferred to smaller vials in order to test 

for total nitrogen using a Teledyne Tekmar Apollo 9000 TOC/TN Analyzer.  The analyzer uses 

high temperature (680 °C to 1000 °C) combustion and has a chemiluminescence detector. This 

analysis was done courtesy of another lab.  

 

2.1.3 Total Phosphorus (TP) 

TP was analyzed to determine the total phosphorus content for the N, P, K ratio using the 

persulfate digestion method. 15 mL of the filtered 5% TS digestate was gently boiled for with the 

addition of phenolphthalein indicator (3 drops) and 0.5 g of potassium sulphate. The filtered 

solution was heated for 1.5 hours until the volume reduced to 10 mL. The solution was diluted to 

45 mL. A NaOH titrant was created by adding 10.561 g to 50 mL of DI and then marked up to 200 

mL in a 250 mL volumetric flask. 3 flasks were set up with 15 mL of the filtered solution with the 

phenolphthalein and then the NaOH was titrated into each flask until a light pink colour was 

reached. Once the colour was reached, it was diluted to 100 mL mark of the volumetric flask.  

Similar to the elemental analysis, a calibration curve was made with a set of phosphorus standards. 

The phosphorus standards used were 0 ppm, 0.2 ppm, 0.4 ppm, 0.6 ppm, 0.8 ppm and 1 ppm in a 

50 mL volumetric flask. The standards contained the corresponding volume that makes up the 

given ppm (i.e. 0.2 ppm) and added 1 mL of DI.  The blank contained 2 mL of sample, 3 mL of 

DI, the samples contained 2 mL of sample, 2 mL DI and were spiked with 1 mL L-Ascorbic acid 

phosphorus reagent.  An Agilent Cary 60 UV-Vis spectrophotometer was used under the Scan 

software at 420 nm to provide individual scans of absorption readings.  

 



	 37	

2.1.4 Total Solids (TS) 

Total solids were detected using the APHA 2540B method. A solution of digestate at a 

known volume (100 mL) was filtered and the determination of total solids present in the digestate 

was performed by heating approximately 200 g of the digestate in an oven at 105°C for 24 hours. 

The left-over dried solids were re-weighed. 

 

2.1.5 Volatile Solids (VS) 

Volatile solids are those solids that are lost on ignition of dry solids. Volatile solids typically 

represent the number of organic solids in the fraction. It is commonly used in assessing the amount 

of biologically inert organic matter, such as lignin in wastewater. VS were measure using APHA 

2540E method. Similarly, the total solids were placed into a crucible and placed into the Vulcan 

3-550 muffle furnace and ramped up to a set temperature of 550°C and left there for 15 minutes.  

Below	is	the	calculation	used	to	determine	volatile	solids,	where	A	is	the	weight	of	the	solid	

and	dish	prior	to	drying	and	B	is	the	weight	of	solid	and	dish	after	drying.	

	

Equation	2:	
	

!"
# = (& − ()

"*+,-.	01-	(+#) 	2	100 

	
	
	

 

 

2.1.6 Total Organic Carbon (TOC) 

TOC analysis is important to know in order to gauge whether or not concentrations are safe 

enough for fertilization in case of leaching and runoff. The samples were filtered using vacuum 
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filtration before brought to the instrument for analysis. TOC analysis was performed using a 

Shimadzu TOC-V Analyzer after the sample was prepared. 30 mL of the sample is placed into a 

vial and a small tube draws up 1 mL aliquots into the TOC-V analyzer.   Carbon dioxide flows 

with the carrier gas via the dehumidifier into the sample cell. The area of the carbon dioxide peak 

signal is measured, and this peak area is converted to total carbon (TC) concentration using a 

calibration curve. The instrument draws up another 1 mL aliquot in order to measure the inorganic 

carbon (IC). The next few steps are done by the instrument itself and does not require the user to 

do it manually. The sample is acidified with phosphoric acid and sparged to convert the IC in the 

sample to carbon dioxide. This carbon dioxide is detected, and the sample IC concentration is 

measured in the same way as TC. The analyzer then subtracts the IC concentration from the TC 

concentration in order to determine the TOC concentration. 

 

2.1.7 Volatile Fatty Acid/ Total Alkalinity Content (VFA/TAC) 

VFA/TAC is a ratio to indicate fermentation processing. The TAC value is an estimation of 

the buffer capacity of the sample and the VFA value corresponds to the volatile fatty acid contents. 

It is calculated empirically according to the Nordmann method (Equation 3). This analysis was 

performed using a manual titration. 20 mL sample was diluted with 180 mL of deionized water 

placed under agitation and connected to a pH meter. The sample was titrated with 0.05M of 

sulphuric acid (H2SO4). The starting pH was noted and when the pH dropped to 5, the volume was 

recorded as V1. When the pH passed 5 and dropped to 4.4, the volume was recorded as V2. 

Equation 1 was used to calculate the quotient.  

 

Equation 3:                       !5& = (!6 	× 	1.66	 − 0.15) × 	500 

;&< = 	!= 	× 	250 
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!5&
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2.2 Pyrolysis  
	
  While not the only pyrolysis feedstocks studied in this chapter (others include; Eucalyptus 

woodchips, bark, bark residue, walnut shells and cellulose), the 5% TS digestate, is used herein as 

a dried feedstock (the dried feedstock is a better option, as the wet fraction is impractical as a 

feedstock for a pyrolysis system). By using the digestate solid as feedstock for pyrolysis, the main 

components (lignin, cellulose, hemi-cellulose) are still identical to those found in the commonly 

employed lignocellulosic feedstocks. Based on previous studies, there was strong evidence to 

suggest that the digestate was comprised of mostly carbohydrates, therefore as a benchmark, 

cellulose (purchased from Aldrich) will also be pyrolyzed and coke output and allotrope presence 

was examined.  

More specifically, this thesis seeks to investigate the presence of carbon allotropes in the 

pyrolysis products. However, the focus will only be on the two carbonaceous products; char and 

coke. The char production is the first solid product formed upon employed temperature and then 

sublimation occurs which results in coke production.  To determine if the pyrolyzed solids can be 

sources of advanced carbons, spectroscopic analyses were undertaken, which are described in the 

methods section. Furthermore, this chapter also discusses the best way (most effective and 

economical) to separate the sublime-able coke fraction. To this end, the coke fraction was studied 

for graphene/graphite using the separation methods discussed previously.  

Finally, owing to the first-generation nature of this industry sponsored prototype, another 

subsection is allocated to the challenges and limitations of the prototype instrument while 

exploring a variety of different feedstocks. 
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This section details the tools used to produce biochar and coke from fast pyrolysis. The 

analyses that will be discussed in this section are moisture content for pre-treatment of feedstock 

as well as x-ray powder diffraction and Raman spectroscopy for understanding the composition of 

allotropes in char and coke.  

 
 
2.2.1 Isolation/ Exfoliation of Carbon Allotropes 

Electrochemical Exfoliation 
  

Graphene exfoliation is typically the easiest way to isolate graphene and it represents a top 

down method to prepare it. Starting with graphite powder or coke, smaller graphene flakes are 

exfoliated from graphite sheets. Typically, inorganic solvents such as ammonium, sodium sulphate 

or sulphuric acid with concentrations around 0.1 M or 1 M. However, the amount of exfoliated 

graphite depends on the electrolyte concentration. With an increase in the electrolyte 

concentration, the exfoliation ratio increases.35 To run the electrolysis reaction, a constant source 

of power needs to be supplied in the range of 9 – 12 V. Figure 2.1 illustrates the electrochemical 

exfoliation, where the alligator clamps would connect to a platinum electrode cathode and anode, 

creating a current. The electricity in this reaction attracts charged ions to the coke and forces them 

in between the graphite layers, in a process known as intercalation. As they heat and gain more 

energy eventually forcing the sheets to separate leaving a suspension of graphene.36  
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Figure	2.1:Diagram	of	electrochemical	exfoliation	using	H2SO4	and	how	the	coke	(graphite)		particles	suspend37 

 
Black Tea Sonication 
 

On an atomic level, graphite is layers of graphene sheets and therefore an ultrasonic method 

gently shakes apart the layers with the help of a certain solvent.42  Black tea contains tannins 

(polyphenolic biomolecule) commonly found in plants and bark.43 The tannins present in the black 

tea, along with the ongoing sonication can either create a (1) shear effect, (2) fragmentation, and 

(3) wedge effects, which can be shown in Figure 2.2.44 This polyphenolic biomolecule acts as a 

surfactant, which attaches to graphite layers inducing repulsive electric double layers, resulting in 

a stable colloidal graphene suspension.45 

   

 

 

 

 

 

Figure	2.	2:Diagram	of	mechanism	for	graphene	sonication	
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indicates that the average layers of graphene prepared in this work are relatively less, because

the extinction coefficient is a characteristic material property and increases with the layers of

graphene.19

Figure 1. Schematic diagram for the preparation process and mechanism of G-TA dispersion.

Figure 2a, b show the dependence of CG and CG/CG,i on both CTA and CG,i, respectively.

Initially, both CG and CG/CG,i increase sharply with CTA and reach the maximum values at

approximately CTA = 1 mg·mL-1, and then decrease slowly at higher CTA. The initial increase

in CG and CG/CG,i is due to more available TA molecules that can adsorb on the graphene

surface, which is mainly caused by the decreasing surface tension of TA solutions. As shown

in Figure 2c, when CTA is less than 1 mg·mL-1, both the contact angle between TA solutions

and graphite and the surface tension of TA solutions decrease with the increasing CTA. The

surface tension of TA solutions was calculated from the contact angles according to the

Neumann “equation of state” theory (see Supporting Information).36-37 The smaller contact

angle and surface tension indicate the stronger surface adhesion between TA solutions and

graphite, causing more TA to absorb on graphite surface.35 However, the further increase of

CTAbeyond 1 mg·mL-1 increases the number of the free TA molecules in water, which causes
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2.2.3 Characterization Techniques for Carbon Allotropes 

Gas	Chromatography/	Mass	spectroscopy	(GC/MS)	

 GC/MS is a form of analysis for smaller and volatile molecules. It can be applied to volatile 

solid, liquid and gaseous samples. GC/MS begins with gas chromatography, where the sample is 

volatized. This effectively vaporizes the sample (gas phase) and separates components using a 

capillary column packed with a solid stationary phase. The compounds are carried with an inert 

carrier gas such as argon, helium or nitrogen. As the components separate, they elute from the 

column at different times, which is referred to as retention time. Once the components leave the 

GC column, they are ionized by the mass spectrometer using electron or chemical ionization 

sources. The ionized molecules are then accelerated through the instruments mass analyzer, where 

the ions are separated based on their different mass-to-charge (m/z) ratios.38  

 
	

X-ray Diffraction (XRD) 
	

XRD is the inelastic scattering of x-ray photons and is based on constructive interference 

of monochromatic x-rays and a crystalline sample. The x-rays are generated by a cathode ray tube 

within the source, which is filtered to produce monochromatic radiation, directed at the sample. 

The x-rays bombard the sample with electrons (incident beam) and dislodge the inner shell 

electrons of the sample to produce constructive interference known as the diffracted beam.39 The 

Bragg’s Law (hl=2d sinq) relates the wavelength of electromagnetic radiation to the diffraction 

angle and the lattice spacing in a crystalline sample. The diffracted x-rays are then detected, 

processed and counted. Conversion of the diffraction peaks to d-spacing’s allows identification of 

the mineral because each mineral has a unique d-spacing.40  
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Figure	2.	3:	X-ray	diffraction	illustration	

	

Raman	Spectroscopy	

Raman spectroscopy is the technique based on inelastic scattering of monochromatic light 

from a laser source. Inelastic scattering is the frequency of photons in monochromatic light 

changing upon interaction with a sample. Photons of the laser light are absorbed by the sample and 

then remitted. The frequency of the remitted photons shift up or down in comparison with original 

monochromatic frequency, which is referred to Raman effect. The sample is illuminated with a 

laser beam and scattered light is collected with a lens and is sent through interference filter or 

spectrophotometer to obtain Raman spectrum of a sample.41 The most relevant signal found in 

Raman spectroscopy is the G-band, which refers to graphene and is also present in graphite. The 

G-band involves an optical phonon mode between the two dissimilar carbon atoms within the unit 

cell. In contrast to the graphite the Raman G-band at 1582 cm-1 is relative to the tangential mode 

vibrations of the C atoms. 42 
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2.2.4 Operating BT-Lab Prototype 

Pyrolysis is the decomposition of any product employed at high temperatures in complete 

absence of an oxidizing agent. It is typically employed at temperatures between 300 °C to 1000 

°C. The BT-lab bench-top model (Figure 2.4) has a maximum process control temperature of 800 

°C due to safety issues, however temperature is most commonly employed at 700-750 °C. 

Regardless of the temperatures being employed in the 300 to 1000 °C range by the prototype, 

pyrolysis still produces three main products; solid, liquid and gas. As mentioned above, solid 

product can be char, coke and pitch; liquid product can be seen as bio-oil or condensate; biogas 

(vented into the fume hood without collection) being produced can be carbon monoxide, carbon 

dioxide, nitrogen, water and hydrogen gas.  

Due to the proprietary nature of the pyrolysis instrument, the cartoon in Figure 2.4 illustrates 

the components of the bench-top model.  The feedstock or biomass will be fed into the hopper 

(Section 1), which allows the biomass to be brought into the reactor, via a screw auger. The reactor, 

which has a constant nitrogen gas flow carrier at 30 PSI (Section 2) has three different 

temperatures; bottom, wall and top. When the biomass enters the reactor, the biomass reaches a 

ceramic heating wall that is controlled by a process controller and carbonizes to produce char. The 

sublimation of char produces a coke product that creates a film on the lid of the reactor as well as 

clogs the main port leading to the quench (Section 3). The coke can be collected by removal of the 

lid when the prototype is cooled and not in use. Anything being further condensed will travel 

through the reactor port and along a hose line that is insulated and has a temperature of 500 °C. 

The quench (Section 3) contains a heating tape to keep the unit at 100 °C so no polymerization 

occurs, and bio-oil is produced. In the quench unit, light water aerosol and nitrogen flows are 

pumped through a T-port on top of the quench to promote condensation. The products that are 
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further condensed travel through another hose into the condenser unit (Section 4), collecting the 

condensate, which contains a large volume of water. Any vapours that travel and pass this unit are 

expelled via a tube into the fume hood. Amount of feedstock fed per run varied based on 

complications.  

 

 

Figure	2.	4:BT-Lab	prototype	

	
2.2.5 The Materials Pyrolyzed 

The materials discussed below that were used as feedstocks for this thesis were provided 

by the industry partner from their own clientele. Table 2.1 summarizes the different feedstocks ran 

using the pyrolysis instrument. The first feedstock studied was a fibrous material comprised of 

eucalyptus woodchips (EUC, Figure 2.5). EUC was ball milled and then further ground using a 
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house blender. Regardless of pre-treatment, the fibrous nature of the made it difficult to feed into 

the screw. The second and third feedstocks used were tree bark and bark residue (DBA and DMR). 

Both were ball milled prior to processing. The bark residue contained more dust than the bark. 

Both bark-based feedstocks also had difficulties being fed into the screw feeder. Walnut shells 

(WAN) were the easiest feedstock to be fed into the screw feeder, as it did not require pre-treatment 

and the product was dried to begin with. The ease of feeding allowed for the walnut shells to 

possess the highest feedrate per hour.  Cellulose (CUL) as seen in the figure below (Figure 2.6), is 

a fine powder that was easy to feed into the system, however, it created dust, clogging the system 

which halted the run early. Digestate from Disco road (VDI) was dried in a 1L beaker for 24 hours 

at room temperature in order to minimize any moisture in the pyrolysis instrument. The digestate 

mimicked the particle size of soil, and therefore, also created dust and halted the run early. Below 

in Figure 2.5 and 2.6, images of each feedstock used in pyrolysis is shown with a ruler to illustrate 

the particle size of feedstock.  

Table 2.2 shows the temperatures employed at the bottom of the reactor, wall temperature 

(controlled by process controller) and top temperature which is the reactor line. The table also lists 

the duration of the run and how many grams of feedstock would have been fed in 1 hour. Last, the 

table records the dried wt % of coke and char produced from those corresponding runs.  
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Table	2.	1:Summary	of	feedstock	material,	pre-treatment	associated	with	it,	how	many	runs	and	the	abbreviation	

 

 

 

 

 

 

 

 

 

Below in Figure 2.5 and 2.6, images of each feedstock used in pyrolysis is shown with a ruler to 

illustrate the particle size of feedstock.  

 

	

	
	
	
	
	
	
	
	
	

Figure	2	5:(Left	to	right);	Eucalyptus	(EUC)	woodchips	which	were	ball	milled	and	then	ground	further	using	a	blender.	Bark	
(DBA)	was	previously	ball	milled	and	so	was	the	bark	residue	(DMR)	
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Figure	2.	6:(Left	to	right);	Walnut	(WAN)	shells	that	have	been	ground.	Cellulose	(CUL)	in	a	fine	powder	form.	Disco	road	
dewatered	30%	digestate	(VDI)	dried	

	
Table	2	2:	Feedstock	runs	and	corresponding	parameters	EUC=	eucalyptus	woodchips,	WAN=	walnut	shells,	DMR/DBA=	bark.	
a)	coke	samples	of	specific	runs	with	corresponding	temperatures	and	weight	percentage;	b)	char	samples	of	specific	runs	
with	corresponding	temperatures	and	weight	percentage		

	
	
	
	
	
	
	
	
	
	

	
	
a)	
	

	
	
	
	
	
	
	
	
	
	

b)	
	
	

Feedstock Temp Wall Temp Top Temp
Bottom

g/hr Duration 
(min)

wt%

EUC 700 400 450 106 60 21
EUC 750 437 505 100 97 15
WAN 700 440 490 675 130 22.1
WAN 700 390 440 1312 53 42.9
DMR 700 395 442 198 8 31.5
DBA 700 400 450 848 75 4

Feedstock Temp Wall Temp Top Temp
Bottom

g/hr Duration 
(min)

wt%

EUC 700 400 450 106 60 0.1
EUC 750 437 505 100 97 0.2
EUC 800 497 560 314 117 0.16
WAN 700 390 440 1312 53 2.3
WAN 700 430 490 1321 10 0.15
DMR 700 395 442 198 8 1.1
DBA 700 400 450 339.5 120 1.4
DBA 700 400 450 594 72 1.5
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2.2.6 Characterization of Bio-Oil, Biochar and Coke  

GC/MS 

The	oil/pitch/condensate	was	extracted	from	the	pyrolysis	machine	and	collected	in	

the	 collection	 jars.	 In	order	 to	analyze	using	GC/MS,	 1mL	of	oil	was	mixed	with	5	mL	of	

acetone	in	order	to	be	injected	into	the	instrument	without	clogging	the	injection	port.	The	

GC/MS	vials	were	filled	to	1	mL	and	placed	into	the	autosampler.	The	GC/MS	oven	was	set	

to	ramp	up	10	°C	every	minute	until	400	°C	was	reached,	where	 it	stayed	for	10	minutes	

before	venting.	This	temperature	was	set	to	allow	most	aromatic	and	phenolic	compounds	

to	be	detected.	Each	GC/MS	analysis	took	approximately	35	mins	as	the	GC/MS	needed	to	

heat	up	to	the	given	temperature	and	then	vent	and	cool	prior	to	the	next	run.		

 

X-ray Diffraction (XRD) 

 After the biochar and coke was extracted from the pyrolysis benchtop, they were tested 

using XRD. Approximately 1-2 grams of biochar/coke was ground finely using a mortar and pestle 

until the powder showed some consistency.  XRD sample prep consists of using tape inside the 

XRD frame, allowing your powder to stick once being applied using a scoopula. Once the frame 

window is packed with the powdered biochar, a yellow film known as Kapton is placed on top 

(Figure 2.7). The sides of the Kapton are secured in place with tape again, before placing the frame 

into the XRD. A standard quartz was run to calibrate the instrument prior to running the coke 

samples. In the XRD software, in General Measurements, the sample name is adjusted and ‘Set 

Measurement Conditions’ are changed to reflect the 2q axis from the angles of 10 to 50 °. However, 

it was recognized that particle size of the powder created for XRD would fluctuate the intensity 
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and widen the area under the peak.  Particle sieves with a 53 and 38 µm sieve pore size was bought 

to improve the consistency and spectra analysis.  

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
Figure	2.	7:XRD	slide	with	and	without	Kapton	film 

Raman Spectroscopy 

 A small amount (~ 0.5 g) of sample is placed into the Raman for analysis of G band to 

determine whether or not graphene and carbon nanotubes are present. However, for fullerenes, 

they can be extracted with boiling toluene using a Soxhlet extractor. If fullerenes are present, the 

solution would become a brown/orange/pink colour depending on the composition.43 This 

analysis was done off campus by another individual so the specifications used are unknown. 

 

Electrochemical Exfoliation 

Variations of electrochemical exfoliation were attempted all using 9 V applied to the system 

overnight using an external power supply. 0.01 M, 0.1 M of sulphuric acid and ammonium sulphate 

were the three variations of exfoliation. All three variations contained approximately 0.500 g of 
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coke to 175 mL of sulphuric acid, 2 platinum electrodes, were subjected to agitation and connected 

to a power supply of 9V.  In both sulphuric acid exfoliations, there were three distinct layers; top, 

middle and bottom. Prior to having voltage and agitation applied, the sample was sonicated for 20 

minutes. The ammonium sulphate electrochemical exfoliation was performed in a 0.5 M solution 

with 0.5052 g of coke, that was sonicated for 40 mins. However, the sonication of ammonium 

sulphate and coke prevented a mixture of the coke with the solution and therefore the sulphuric 

acid exfoliation worked better. 36 After supplying electricity to the reaction overnight, the reaction 

was filtered using vacuum filtration and the corresponding layers were analyzed using XRD.  

 

Black Tea Sonication 

 A glass beaker was used as a vessel for the boiling of water and tea preparation. Using a 

hotplate, the tea bag was steeped in the beaker full of water, and after 5 minutes, the beaker cooled 

to room temperature. 0.8 g of coke was added to an Erlenmeyer flask and the 175 mL of steeped 

tea was added. The flask was covered with a septum and placed in a sonicator for 1 hour at 35 °C. 

After 1 hour, the flask was removed and then filtered using vacuum filtration.	43  
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Chapter 3: Results & Discussion 
	

 3.1 Anaerobic Digestion 
	
3.1.1 Metal Determination by Flame AA 

All elements were analyzed for effectiveness as a fertilizer or for safety precautions such as 

toxicity from leaching or runoff in an agricultural setting. For the importance of an effective 

fertilizer, potassium and sodium concentrations are the two main elemental concentrations that 

should be extrapolated from this table. Zinc concentrations in all digestates were low enough to 

not raise any concerns.  Similarly, these digestate were collected from September to November, 

which can lead us to scientifically assume that the September batch could include more summer 

seasonal fruits and vegetables. October and November months would include typical fall fruits and 

vegetables. Concentrations influenced by seasonal change in produce can vary by increasing or 

decreasing, which would create the variability in the amounts calculated below as shown in Table 

3.1. Disco road digestate on average had higher concentrations of calcium, sodium and potassium 

than the other two digestates due to the larger variety in the organic stream. Typically, for dry 

blended fertilizers available, the common ratios are 20-10-10, 20-20-10, 20-20-0 and 0-10-40.44 

Based on these, the potassium analysis is higher than marketable fertilizers but can be reduced if 

the potassium component is diluted. Similarly, the full potassium value will not be the amount the 

soil or the plant will see upon fertilization. 
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Table	3.	1:	Each	location	of	digestate	over	a	3-month	period	and	the	corresponding	elemental	analysis	from	flame	atomic	
absorption.	SD	represents	standard	deviation 

Location Calcium Iron Magnesium Potassium Sodium Zinc 
Disco Road             
AVG ppm 1175 13 2010 7432 10939 12 

SD (±) 44 3 36 393 414 8 
Apple 

Pomace             
AVG ppm 603 5 2003 2165 4046 12 

SD (±) 276 5 735 792 1547 6 
Grocery             

AVG ppm 617 2 1446 4425 4715 10 
SD (±) 520 3 962 1646 779 3 

 

3.1.2 Salinity 

Salinity in soil amendments is important for plant growth as an increase in soil salinity levels 

can cause poor and spotty stands of crops as well as uneven and stunted growth and poor yields. 

The image below shows an example of increased salinity concentrations and the effect on fields.  

Primary effects of excess salinity is that it renders less water available to plants although some 

may still be present in the root zone.  

Based on the concentrations presented in Table 3.1, a calculation was performed to determine 

the average salinity (Equation 4). The average salinities were 4.85 dS/m, 2.19 dS/m, and 6.23 dS/m 

for Disco road, apple pomace and grocery food waste respectively. Given the average salinity, all 

three digestates fall within weakly to moderately saline given soil depth. Based on the saline 

tolerance, Table 3.2 shows what type of agriculture can be grown based on the salinity 

mentioned.45 However, important components for fertilization are the NPK values-nitrogen, 

phosphorus and potassium. The next section will discuss the importance of these components. 

Grocery food waste had the highest salinity content since it had a higher concentration in total 

solids and the likelihood that prepared foods were disposed.  



	 54	

 

 

Equation 4:    ;?" = @<	 ABCDE 2	640 

@< = ;?"
640  

 

 

Table	3.	2:	Agriculture	grown	in	specific	salt	tolerance	36 

 

	
3.1.3 N, P and K  

The table below (Table 3.3) shows the corresponding nitrogen, phosphorus and potassium 

concentrations for each digestate.  The NPK ratio is essential for plant development as each 

component aids in a specific role of plant development.  Nitrogen is important for healthy foliage, 

chlorophyll production and vegetative growth. Phosphorus is important for flower development, 
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DNA/RNA synthesis and strong root development. Lastly, potassium is responsible for hearty 

growth, synthesis of proteins and carbohydrates.46 Based on the table below, indicates that for all 

digestates nitrogen will be low, phosphorus will be relatively non-existent compared with 

potassium in the digestate. Nitrogen is low due to the type of feedstocks being fed in AD. Since the 

feedstocks are more on the fibrous side, nitrogen concentrations are already low. Phosphorus is 

barely present in all three digestates because of the pH shifting the chemical equilibrium toward 

phosphate formation and potential precipitation, creating loss of phosphorus in the AD process. 

Potassium is present in the digestates as potassium concentrations are always present in terrestrial 

plants. 

 

Table	3.3:	Nitrogen,	phosphorus	and	potassium	concentrations	of	each	digestate 

Location Nitrogen Phosphorus Potassium 
Disco Road       
AVG ppm 442 1.92 7432 

SD (±) 12 0.78 393 
Apple 

Pomace       
AVG ppm 294 0.45 2165 

SD (±) 87 0.24 792 
Grocery       

AVG ppm 356 0.48 4425 
SD (±) 58 0.16 1646 

 

 

3.1.4 Total Solids (TS) and Volatile Solids (VS)  

Since the digestate analyzed was 5% TS, there were some amounts of solids and volatile 

solids in the samples (Table 3.4). The samples for Disco road and grocery digestate have higher 

values indicative of a seasonal change in compost and waste respectively. As briefly mentioned 

grocery food waste digestate contained more total solids in comparison to Disco and apple 
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pomace leading to an increase in salinity. However, larger amount of volatile solids were noticed 

in the Disco road digestate. The larger amount of VS can still be contributed to the mass of 

seasonal fruits and vegetables Disco road disposes.  

 

Table	3.	4:	Total	solids,	volatile	solid	counts	in	parts	per	million	for	each	digestate	as	well	as	total	organic	carbon,	volatile	
fatty	acids	and	total	alkalinity	content 

Location TS VS (g/L) TOC VFA/TAC 
Disco Road         
AVG ppm 2364 1.55 3750 0.26 

SD (±) 887 1.16 784 0.15 
Apple 

Pomace         
AVG ppm 1206 0.39 1337 0.29 

SD (±) 406 0.15 114 0.07 
Grocery         

AVG ppm 1905 0.43 1579 0.14 
SD (±) 1762 0.15 245 0.07 

 

3.1.5 Total Organic Carbon (TOC) 

The total organic carbon for each digestate (Table 3.4), regardless of the time of sampling 

did not vary as much as the other analyses made. TOC concentration is larger in Disco road 

compost in comparison to the other digestates due to the variation of organic waste and 

contaminants present.  

 

3.1.6 Volatile Fatty Acid/ Total Alkalinity Content (VFA/TAC) 

Table 3.4 shows the volatile fatty acid and total alkalinity results for each digestate. Small 

changes were observed due to that fact that the digesters are kept at a specific pH to maintain the 

digestion process. The outlier seen in the analysis below; apple pomace can be explained through 

error as the sample was left stand still for a couple of days in room temperature before analysis 

affecting the fermentation process. The VFA/TAC content for the apple pomace and grocery food 
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waste are comparable, indicative of similar vegetation and fruits along with the sample size. Disco 

Road sees more variety in its feedstock as it consumes all of the city’s green bin waste.  

	
Based on the results shown in the previous section and depicted below in Figure 3.1, the 

digestate at 5% TS is not adequate for fertilization as is. The important components: N, P, K ratio 

was not ideal for immediate fertilization. Figure 3.1 depicts the relative ratio of the NPK levels for 

all 3 digestate. It is apparent that the nitrogen levels are extremely low, the phosphorus levels are 

not existent, and the potassium levels are extremely high. This is evidence that the digestate as is 

would not make an effective fertilizer given the ratios provided. In Canada, due to agricultural 

managements and other human activities, nitrogen is the most limiting nutrient for crop production 

and is usually applied in the largest quantities compared to other elements.47 Since nitrogen plays 

an important role in structure of protein, and chlorophyll production, additive of fertilizers is 

important for plant responsive growth. When soil available nitrogen is low, yield and protein 

content will also be low. However, marketable fertilizers do possess greater nitrogen values with 

no phosphorus or potassium (i.e. 46-0-0 or 34-0-0). These fertilizers contain ammonia or urea 

which can be lost through volatilization as ammonia gas to the atmosphere. For small seeded crops, 

N:P:K ratios can be 20-10-0 and based on the ratios analyzed from the digestate, the nitrogen 

amount can fertilize approximately 10ft in depth.48 With respect to safety of fertilization via the 

digestates, there was no evidence of heavy metals present that could potentially lead to leaching, 

accumulation and water eutrophication. Based on that evidence, if soil and plant growth could 

grow based on the given ratio produced from anaerobic digestion, the safety for the surrounding 

environment would be more than adequate.   

Additives to the digestates would need to be made in order to increase the nitrogen and 

phosphorus ratio but would need to decrease the potassium level. From the analysis, the salinity 
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content is average and can work for certain crop growth and development. However, the NPK 

ratios need to be altered in order for the digestate to be used as a fertilizer. A potential additive that 

can be used to alter the ratios could be biochar. As previously discussed, biochar is a solid product 

comprised of carbon and is a by-product of biomass conversion using pyrolysis.  Biochar is 

typically used for soil remediation processes for water retention and holding capacity. Biochar is 

porous and possesses large surface area allowing it to withhold more water than untreated soil.49 

Biochar, depending on the feedstock used to produce it can more importantly assist in levelling 

out the NPK ratio. As an example, vegetable biochar would not be a proper additive as it yields 

low nitrogen concentrations as well as high potassium concentrations, both of which are not 

helpful.  Hog manure-based biochar on the other hand is high in nitrogen and phosphorus which 

would help in increase two out of three main components for plant growth. A filtration/drying 

experiment showed that the solid component in the digestate is a carbohydrate of significant purity, 

which may be suitable/ ideal for pyrolysis and the conversion to advanced carbons.  

Figure	3.	1:NPK	values	for	each	digestate	and	the	corresponding	ratio	on	the	right	side	of	the	legend.	
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3.2 Pyrolysis 
 
3.2.1 Challenges with the Prototype 

	
A challenge that was insurmountable was the presence of oxygen within the pyrolysis 

system from small leaks. Since the prototype has metal to metal connections, and has been slightly 

modified throughout the project, the likelihood of leaks is quite common. The presence of oxygen 

in the system leads to combustion of organic material and inevitably leads to fuming (smoke). 

Broken down by section, the following outline the major limitation of the prototype. 

 Section 1: Feeding the hopper is a challenge, as the screw does not work efficiently for all 

feedstocks. When the pipe between the hopper and the reactor seem to be clogged, fumes 

immediately came back up the hopper and are hard to mitigate. This can be attributed to particle 

size depending on the feedstock (i.e., woodchips, cellulose, and digestate), if the particle size is 

too small and decomposition results in dust creation, the reactor lid can clog quickly, which results 

in coke production but halts run time as fumes are produced. The only control on feedrate is the 

speed at which the motor rotates the hopper screw. However, although the motor may be running 

at 50%, the particle size of the feedstock can prohibit the desired feedrate as the material screws 

and cycles the material back up until it falls into another grove.  

 Section 2: Another challenge is the extraction of the sublimation product, coke. In order to 

collect the coke samples, the insulation on the reactor line is removed, exposing the bolts of the 

flange to disconnect the line and the reactor lid. The reactor lid is then lifted, and the coke is 

cleaned out. Since this is done every other day, there is variability of sealing and a well-insulated 

reactor line. Similarly, the char has an extractor port that has a smaller screw, ran in reverse to help 

empty out the bottom of the char bed in the reactor to allow for a longer feed time.  However, due 
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to the engineering and placement of the char extractor, the port that allows the screw to enter does 

not have an airtight seal, allowing any of the volatiles produced in the reactor to expel.  

 Since the char extractor was installed (February, 2019), leaks and unmanageable heating 

zones have prevented the production of bio-oil.  The prevention of bio-oil production leads to the 

volatiles condensing later in the process, which means the condensate consists of oil and acetic 

acid mixture.  

Yet another challenge in the general reactor design is that it is not easy to control the temperature 

in various zones. While we do know the temperature at various spots in system, the thermal couples 

that allow us to monitor the temperatures of each part of the reactor are not hard-wired back to the 

thermostat, which means temperature intervention is impossible. Owing to the reactor wall 

temperature being ceramic and electronically controlled, the process controller in which it is 

connected to, is the only temperature that can be controlled and set.  Heating tapes that easily 

fluctuate in temperature controls the reactor line and inside quench. The temperature set on the 

process controller is roughly 200 °C more than the reactor wall temperature. The temperatures 

mentioned in Table 2.2 (a and b) are the temperatures recorded from the software at the initial time 

of running. Table 2.2 showcases the temperatures of the reactor wall, top and bottom as well as 

the grams of feedstock fed in 1 hour, estimated as some runs were only 8 minutes long due to 

challenges with the prototype, and the last column is the weight percentage of the solid product 

based on the corresponding run.  

	
3.2.2 GC/MS results for Oil/Pitch/Condensate  

 Although not the focus of this thesis, the following analysis was carried out on the more 

volatile fractions for eucalyptus woodchips. Table 3.5 and 3.6 lists the type of liquid component, 

either pitch, oil, and condensate the compound and the percentage of that found compound. Based 
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on literature, hard woods such as beech wood and eucalyptus contain similar compounds which 

result in similar compounds found within the bio-oil produced during pyrolysis. 50  Depending on 

the temperatures employed during pyrolysis, some aromatic compounds would be degraded and 

not analyzed using GC/MS. Lignins may be pyrolyzed to produce a mixture of relatively simple 

phenols which result in the cleavage of ether and certain C-C linkages.50 The common compounds 

can be separated into 6 categories; (1) major carbohydrates, (2) minor carbohydrates, (3) furans, 

(4) phenols, (5) guaiacols, and (6) syringols. The typical pyrolysis liquid compounds found in 

wood based feedstocks are hydroxyacetaldehyde, acetic acid, hydroxyproanone, hydroxy 

propanal, butanedial, phenol, catechol, 2-furaldehyde, benzaldehyde, guaiacol, 4-methyl guaiacol, 

syringol, 4-methyl syringol, furanone, and  levoglucosan.51 Increase in furans yield can be 

attributed to low temperatures and mainly to the decomposition of hemicellulose. Together with 

these compounds, other compounds with low molecular weight are formed such as carboxylic 

acids and ketones (i.e. hydroxy-2-cyclopentenone).52 Normally, natural lignin contains no catechol 

unit, which leads to the idea that catechols are associated with secondary pyrolysis at high 

temperatures. Guaiacol is an intermediate compound and the decomposition of guaiacol to catechol 

is favoured at high temperatures and long holding time.53 During a one-step pyrolysis, phenolic 

compounds tend to polymerize with aldehydes under acidic conditions whereas during multistep 

pyrolysis, cellulose and hemicellulose are removed prior to the decomposition of lignin. In the 

temperature range 350 to 450 °C, secondary compounds, mainly catechols, increased with a longer 

holding time due to demethylation of methoxy phenols rather than dehydration reactions.54 By 

adding water to the bio-oil through an aerosol spray in the quench,  a viscous oligomeric lignin-

derived fraction settles at the bottom while carbohydrates-derived compounds that are water 

soluble form a top layer. 25-30% of the bio-oil is the water-insoluble fraction, often called 
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pyrolytic lignin due to the fact that it is composed of oligomeric fragments originating from the 

degradation of lignin.55 Cyclopentanedione, butanedioic acid, and octadecanoic acid are cellulose 

and hemicellulose decomposition products respectively. Similarly, 2,6-dimethoxy-4-(2-propenyl)-

phenol is a syringyl, which is a lignin decomposition product.56  As well, furfural, furanmethanol, 

2-methyl-2-cyclopentene-1-one, 2-furancarboxyaldehyde-5-methyl, levoglucosan and acetic acid 

are degradation products of cellulose and hemicelluloses.57 Depending on the needs of the end 

user, certain compounds found will be more beneficial than others. Some users find the need of 

phenols important for resin applications.  
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Table	3.5:	Compound	list	found	in	eucalyptus	oil	and	pitch	 

 

 

Condensate Analysis 

Table 3.6 lists the compounds found in eucalyptus woodchips condensate and the relative 

percentage of the compound in the given condensate. These compounds are present due to the 
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decomposition of intermediate functional groups as mentioned above. Depending on the 

potential use of the bio-oil, some of these compounds will be useful.   

 

				Table	3.	6:	List	of	compounds	found	in	eucalyptus	condensate	and	corresponding	percentage	

 
 
 
 
 
 
 
 
 
 

 
 
3.2.3 C, H, and N Analysis 

Samples were sent out to Chemisar Laboratories Inc., to determine the C,H,N percentages 

and are shown below in Table 3.7. Based on this table, it is evident that the coke product contains 

more carbon than char, but more importantly, it contains a higher percentage than the other 

elements.   This analysis proves that the sublimation product of pyrolysis is the more promising 

product for carbon allotrope discovery. Based on this analysis, the coke from any feedstock is still 

not fully carbonized as approximately 10% consists of another element. The char on the other hand 

contains a large amount of unpyrolyzed organic matter, resulting in a lower percentage of carbon. 

The remaining weight of the total percentage is likely made up of oxygen, which was not measured.  

Table	3.7:	C,	H,	and	N	analysis	of	coke	and	char	for	different	feedstocks	

	
	
	
	
	

VDI Raw 56.24 12.68 3.49 72.41
VDI Coke 84.94 3.87 0.42 89.23
VDI Char 63.19 5.29 1.97 70.45
EUC Coke 85.12 2.35 0.56 88.03
EUC Char 67.11 6.29 2.25 75.65
DBA Coke 85.22 2.64 0.73 88.59
DBA Char 70.73 5.88 1.79 78.40

Sample Carbon % Hydrogen % Nitrogen % Total %
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3.2.4 XRD Results of Coke Samples 

Literature	Comparison	for	Carbon	Allotropes	
	
	 Based on literature, XRD diffraction angles of graphite and graphene are shown at 27° and 

44° whereas the oxidized version of graphite (graphene oxide) has an angle of 11° and 44° (Figure 

3.2). In the XRD shown, the graphene oxide (GO) increases interplanar distance due to the 

introduction of oxygen-containing groups on the edge of each layer.58 Since carbon nanotubes and 

fullerenes (e.g. C60) are made up of multiple carbon sheets or atoms, the complexity of the XRD 

also changes. Figure 3.3 shows the angle diffraction pattern of fullerene powder, and the numbers 

above the peaks are the reflection indices (faced centered cubic and hexagonal close packed) with 

the hexagonal close packed (hcp) lattice shown in parentheses.59  

In order to compare the carbon allotropes based in the coke and char samples, the simplistic 

standard to use is the graphite found in HB pencils (Figure 3.4). The intense signal at 27° is 

indicative of the purity and crystallinity of the sample. Low-temperature produced carbon 

allotropes are different from well-crystallized graphite because it consists of random stacking of 

small layers, as shown by the following coke XRD patterns.  
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Figure	3.	2:	XRD	patterns	of	graphite,	graphene	oxide,	and	graphene 

 

 

 

 

 

 

	

Figure	3.	3:	XRD	pattern	for	fullerene	powder 

 

 

Figure	3.	4:	Graphite	standard	from	HB	pencil	

temperature and poured onto ice [400 mL of deionized (DI) water
were used to make the ice] with 30% H2O2 (!3 mL). The solution
was then sieved using a testing sieve and the filtrate was
centrifuged (4000 rpm, 4 h). The supernatant was then discarded,
and the remaining solid was sequentially washed with water, 30%
HCl, and ethanol (twice in each case); for each wash, the mixture
was sifted through the sieve and the filtrate was then centrifuged
(4000 rpm, 4 h) using a Mega 17R small, high-speed, refrigerated
centrifuge machine, and the supernatant was decanted. After the
multiple washing treatments, the remaining materials were
coagulated using ethyl ether and then filtered through a PTFE
membrane with a micropore size of 0.2 mm, followed by drying in
vacuum.

Graphene oxide was placed in a beaker and sonicated with DI
water (0.1 mg mL"1) for 5 min, using an ultrasonicator. NH4OH (2–
4 mL) were added to adjust the pH to !11. The mixture was
transferred to a Teflon-lined stainless-steel autoclave and placed in
an oven at 180 8C for 6 h. After completion of the reaction, this
solution was centrifuged (4000 rpm, 4 h), and the obtained
materials were washed with DI water and ethanol (twice in each
case) to remove impurities. Finally, the obtained material was
collected by vacuum filtration and dried in vacuum.

The obtained products were dispersed in water by sonication
and spin coated onto a SiO2/Si wafer (Piranha cleaned) for field
emission scanning electron microscopy (FE-SEM) analysis. The
FE-SEM images were obtained by analysis of the sample using a
JEOL JSM5410 instrument. The obtained graphene was examined
via transmission electron microscopy (TEM, JEOL JEM1210).
Atomic force microscopy (AFM, XE-100, Park system) was used
to determine the graphene thickness. X-ray diffraction (XRD)
analyses were performed on a Rigaku D-max 2500 instrument
(Japan), using Cu Ka radiation, under a voltage of 40 kV and a
current of 200 mA. The refraction data of the finely powdered
samples were recorded for 2u angles between 3 and 558. Raman
spectra were recorded between 500 and 3000 cm"1 on a Horiba
Jobin Yvon LabRam Aramis Raman spectrometer, using a
514.5 nm Ar laser at 0.5 mW power. The laser spot size was
around 1 mm. NMR analysis was performed on a Bruker AVANCE
III 500 MHz spectrophotometer. UV–vis spectral measurements
were acquired using a Perkin Elmer Precisely Lambda 35 UV/VIS
Spectrometer. An ultrasonicated suspension of the product in
water was used for this analysis. The ultrasonication was
performed using an Ulsso Hitechs Sonosmasher ULH-700S at
19.82 kHz. X-ray photoelectron spectroscopy (XPS) was per-
formed using an ESCA2000 instrument with an Al Ka X-ray source
(1486.6 eV) under !10"10 torr vacuum pressure. The pass energy
was set at 50 eV for wide and 20 eV for narrow scanning. The X-ray
take off angle was fixed at 568.

3. Results and discussion

In the first step, graphite was converted to graphene oxide by
reaction of a potassium permanganate, sulfuric acid, and
phosphoric acid mixture. As mentioned, the treated graphite
contains a number of oxygen containing groups, and is thus readily
dispersed in water, i.e., GO acts as an oxygenated graphene layer.

Based on the physical appearance of graphite, GO and graphene,
they could be separated. Graphite was grey in color whereas the
GO was brownish, and graphene had a very dark color. The mass of
each of these species was another distinguishing feature. GO
contained a large quantity of water, thus the mass was increased
relative to that of graphite. However, after reduction, the mass was
low compared to that of GO because of the loss of oxygen during
the reduction process. Approximately 50 mg of grey-colored
graphite yielded 100 mg of GO, which, upon reduction, yielded
52 mg of graphene.

Fig. 1 shows the XRD patterns of graphite, graphene oxide, and
graphene. In the XRD pattern of GO obtained via the improved
Hummers’ method, the (0 0 1) crystal plane of GO was evident,
with a spacing of 8.33 Å, which is typical for GO. The spacing was
3.36 Å for graphite. The increased distance in the former was due to
the introduction of a number of oxygen-containing groups on the
edge of each layer, which increased the distance between the
layers. After hydrothermal treatment of GO, the spacing again
decreased to 3.70 Å, which is still slightly higher than that of
graphite. This suggests the presence of some remaining oxygen
functional groups in the prepared graphene. From the observed
peak broadening, it is inferred that the stacking of graphene was
not well ordered.

To evaluate the degree of exfoliation of the GO into graphene, an
aqueous suspension of both GO and graphene was spin coated onto
a Si/SiO2 substrate and inspected by means of FE-SEM. The SEM
image in Fig. 2(a) shows that GO flakes were distributed on the
substrate. From the FE-SEM image, the average size of GO was
estimated at !500 nm. Graphene flakes of various sizes are
observed in the SEM image in Fig. 2(b), derived from overlapping
with each other as a result of the three spin-coating cycles.
Ultrasonication (700 W) for a long time (1 h) may reduce the size of
the graphene flakes. The average size of the prepared graphene was
ca. 200–500 nm. Transmission electron microscopy (TEM) is also a
very important tool for investigating the quality of exfoliated
graphene. Fig. 2(c) shows the TEM image of a graphene sheet,
acquired by dropping a small quantity of the graphene dispersion
on a holey carbon grid, followed by drying. A very thin film of
graphene is observed in this image.

AFM, an effective method for determination of the thickness of
graphene, confirmed that the resulting graphene sheets deposited
on the Si/SiO2 were flat and had a thickness of around 1.0–1.5 nm
(Fig. 2(d)). Given that the pristine graphene sheet is flat with a
well-known van der Waals thickness of !3.70 Å, and the XRD
analysis demonstrated that the inter-sheet distance was around
3.70 Å, the data suggest that the hydrothermally treated graphene
consists of two to four layers. The size and shape of the graphene
produced in this method varied, as confirmed by the AFM data.

The prepared GO and graphene were characterized from their
Raman spectra (Fig. 3), which allow for consideration of the
conjugated and carbon–carbon double bonds, which lead to high-
intensity peaks in the Raman spectrum. The typical Raman
spectrum of GO is characterized by a G band at ca. 1605 cm"1,
which corresponds to the E2g phonon of the sp2 C atoms, and a D
band at 1353 cm"1, which corresponds to the breathing mode of k-
point phonons of A1g symmetry. Here, the G band of graphene was

Fig. 1. XRD patterns of graphite, graphene oxide and graphene.

F.T. Johra et al. / Journal of Industrial and Engineering Chemistry 20 (2014) 2883–28872884

 

TECHNICAL PHYSICS

 

      

 

Vol. 50

 

      

 

No. 11

 

      

 

2005

 

X-RAY DIFFRACTION ANALYSIS 1459

 

Therefore, experimental scattering curves were first
constructed in the standard coordinates (intensity ver-
sus scattering angle) and then converted to the curves in
the Guinier coordinates (logarithm of intensity versus
scattering angle squared). From slope 

 

α

 

 of these curves
in the Guinier coordinates, the radii of inertia of scatter-
ers were found. For Cu

 

K

 

α

 

 radiation,

(5)

It was found experimentally [2] that, for a set of
scattering particles of, e.g., two sorts each with a rela-
tively narrow size distribution, the general distribution
constructed in the Guinier coordinates has the form of
a broken line with two respective linear portions.

In taking small-angle measurements, the goniome-
ter was rotated manually and a total of 1000 counts
were recorded at each fixed scattering angle; so, the rel-
ative error of intensity measurement was within 3–4%.

RESULTS AND DISCUSSION
Figure 1 shows the diffraction pattern of the C

 

60

 

fullerene powder on the glass substrate. The reflections
from the fullerene are much more intense than the scat-
tering from the substrate, and so determination of their
intensities and positions poses no difficulties. Accord-
ing to calculations, the interplanar spacings in the fcc
and hcp lattices are nearly the same but the intensities
of the corresponding reflections differ. The majority of
the most intense peaks can be attributed to the 

 

Fm m

 

fcc lattice, which is observed at 

 

T

 

 > 260 K [6], and the
interplanar spacing agrees with the published data [3,
6–9] accurate to 0.001–0.002 nm.

Having constructed a linear dependence of (

 

δ

 

S

 

)

 

2

 

 on

 

m

 

4

 

 (Fig. 2) for the (111), (222), and (333) reflections by
the least squares method, we find from the point of
intersection of this plot with the vertical axis that 

 

L

 

111

 

 =
18 ± 2 nm. The slope of this line gives gII ≈ 2%.

The grain least size measured from the same reflec-
tions and also from the (220) reflection is 20–30 nm.
Thus, grains in the as-prepared C60 fullerene are suffi-
ciently perfect and 20–30 nm across, as follows from
the large-angle diffraction scattering data.

It should be noted that the structure of C60 fullerene
powders depends on the preparation technique. Korolev
et al. [3] studied seven lots of C60 fullerene that differ in
phase composition. They believe that fullerene powders
contain, along with the crystalline phase with perfect
“large” grains, fine “grains” 2–4 nm across and individ-
ual C60 molecules. The two additional phases show up
in wide-angle X-ray diffraction patterns as halos under
reflections in the interval 10°–15° and 17°–30°, respec-
tively (for CuKα radiation). In Fig. 1, these halos
(shown as dark areas) are seen not so distinctly as in [3].
Significantly, grains 2 nm across are physically unreal-
istic, since the interplanar spacings in the C60 lattice are

Ri 0.644 α–( )1/2.≈

3

on the order of 1 nm (the molecular diameter exceeds
0.7 nm), so that long-range order cannot arise over a
distance of 2 nm. It seems that Korolev et al. [3] meant
clusters consisting of two to four molecules rather than
grains (crystallites).
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Fig. 1. Large-angle diffraction pattern taken of the C60
fullerene powder. Numbers above the peaks are reflection
indices in the fcc and hcp (in parentheses) lattices. CuKα
radiation.
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Fig. 2. (δS)2 vs. m4 (formula (1)) for the C60 fullerene
powder.
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Fig. 3. Large-angle diffraction pattern taken of the fullerene
soot. Reflection indices (except for (002)) correspond to the
fcc lattice of fullerene C60. The (002) reflection is that of
graphite. CoKα radiation.



	 67	

	
 

In Figure 3.5, eucalyptus char (blue) and coke (red) are compared from similar runs with 

similar pyrolyzed temperatures. It can be seen that the char XRD patterns do not show any 

evidence of graphite at this particular temperature, however if the temperature was greater than 

540 °C in the reactor, observed peaks at 26° and 44°	would	be	expected	based	on	literature	

precedent	(prototype		wall	temperature	was	capped	at	500	°C).60 

 

 

Figure	3.	5:	EUC	char	(blue)	and	coke	(red)	sieved	

 

In attempt to rationalize digestate pyrolysis a cellulose feedstock was pyrolyzed as a 

benchmark. Figure 3.6 shows a-cellulose prior to carbonization, with peaks at 15 and 22° (red). 

After pyrolysis, the carbonization of the cellulose matter degrades and peaks visible in the raw 

cellulose are replaced with the peaks associated with graphite (blue; difficult to see based on the 

relative intensity). The cellulose coke (blue) XRD patterns mimic the graphite peaks, however, 

due to impurities in the coke in comparison to pure graphite, the intensity is lower. This XRD 

spectrum illustrates the evidence that carbonization does produce the carbon allotrope graphite.	
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	Figure	3.	6:		Raw	cellulose	prior	to	pyrolysis	(red),	CUL	coke-1	(blue),	graphite	(green)	

 

Sieved vs Non-sieved 

Figure 3.7 compares the difference between XRD spectra with and without sieving. Sieving 

the ground coke or char samples allows for homogenous particle size in order to achieve 

reproducibility with the XRD analysis. After sieving with a 53 µm mesh size, broad peaks that 

existed prior to sieving become more defined because more convoluted peaks are a result of  

particle broadening.61 This can be seen when comparing the below diffraction patterns, as peaks 

become sharper at 37°.  Similarly, the graphite peak of 26°	has	multiple	peaks	prior	to	sieving	

but	is	sharper	after	sieving.	 Literature has recommended that particle size of carbon samples 

should be less than 100 µm.62 As mentioned in 2.2.6, the sample is pulverized and by hard grinding, 

the crystalline structure of  the allotrope deteriorates allowing the proper size to pass through the 

given sieve.63  
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Figure	3.	7:	Digestate	coke	(2),	prior	to	sieving	(blue)	and	digestate	(2)	after	sieving	using	53	µm	(red)	

 

Exfoliation and Sonication 

As shown in Figure 3.8, it is evident that the electrochemical exfoliation using 0.1 M of 

sulfuric acid (H2SO4) was more successful in reducing broad peaks and removing peaks associated 

with other organic matter. Similarly, electrochemical exfoliation, which was applied overnight 

with 9 V resulted in greater intercalation between the coke layers than the vibration using a 

sonicator for 1 hour. Although both processes were able to stabilize and prevent reaggregation, the 

intensity of the 26° peak in Figure 3.7 corresponds to literature, which states that graphite has a 

interlayer spacing of approximately 0.35 nm.64;65 Moreover, coke displays the graphite (100) band 

approximately around 44°. Exfoliation using H2SO4 and applying an electricity source overnight, 

was able to purify the crude coke (Figure 3.8). In comparing the diffraction patterns, the broad 

peak between 10 and 20° as well as any peaks visible from 30° onwards are mitigated. Based on 

this evidence, the exfoliation process was successful. 
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Figure	3.	8:Digestate	(1)	coke	after	sonication	in	black	tea	(blue),	digestate	(1)	coke	after	0.1	M	H2SO4	electrochemical	
exfoliation	(green)	compared	to	digestate	sieved	prior	to	exfoliation	(red)	

	
3.2.5 Raman Results 

Single walled nanotubes (SWNT) or bundles, can be analyzed using Raman analysis, 

because the direction of the optical electric field is relative to the nanotube axis. Similarly, 

changing the diameter and chirality of SWNTs, results in different resonance in the Raman spectra. 

The characteristic signal found in Raman spectroscopy is the G-band. The G-band refers to 

graphene and is also present in graphite. The G-band involves an optical phonon mode between 

the two dissimilar carbon atoms within the unit cell. In contrast to the graphite the Raman G-band 

at 1582 cm-1 is relative to the tangential mode vibrations of the C atoms. The SWNT G-band is 

composed of several peaks due to the phonon wave vector confinement along the SWNT 

circumferential direction and due to symmetry-breaking effects associated with the curvature 

(Figure 3.9).42 The coke and char samples were sent out for analysis and none of the samples 

contained CNT or fullerenes.  
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Figure	3.	9:	G-band	for	graphite	and	SWNTs	

	
Chapter 3 of this thesis was designed to determine whether or not the dewatered digestate 

would serve as a suitable feedstock for pyrolysis with the production of carbon allotropes from 

solid products. In hopes of finding more complex carbon allotropes used for optoelectronic 

applications, the solid by-products of pyrolysis with digestate feedstock were examined for the 

presence of graphenes. Char and coke products from the digestate feedstock has shown that 

graphite is present. Although, it is difficult to optimize the production of pyrolysis owing to a lack 

of temperature control, the presence of graphite is reassuring as it showed that this thermal 

conversion process is able to close the loop on waste, which could provide value for other 

applications.. While in the process of attaining the main goal of this thesis, particle size was noticed 

to be a variable of concern when it came to validating XRD as a characterization technique and. 

the intensities of this carbon allotrope vary based on the purity of the coke. With that being said, 

upon proper exfoliation techniques, the products can be exfoliated to extract graphite to graphene, 

given that graphite is made up of multiple layers of graphene. As shown in the previous section, 

the two types of exfoliations changed the given XRD patterns, however, the electrochemical 

exfoliation using sulfuric acid had shown to be the better choice due to eliminating impurities.  
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with vibrations of carbon atoms along the circumferential direction of the SWNT (TO phonon), and
its lineshape is highly sensitive to whether the SWNT is metallic (Breit–Wigner–Fano lineshape) or
semiconducting (Lorentzian lineshape), as shown in Fig. 14(a) [67,68]. Charge transfer to SWNTs can
lead to an intensity increase or decrease of the BWF feature [69,70].
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Chapter 4: Conclusions and Future Work 
 
4.1 Overall Summary 
	
 To summarize, the first objective of this thesis was CCI Bioenergy’s motivation to 

determine whether or not the digestate converted from 3 different sources via anaerobic digestion 

process would produce an effective fertilizer: based on the components analyzed, the ratios of 

nitrogen could make for an effective fertilizer, however, the potassium component is extremely 

high. After analyzing the digestate using elemental analysis along with total nitrogen and total 

phosphorus, the important N, P and K ratios were discovered to not be in range with an effective 

source of fertilization. Nitrogen and phosphorus were low, whereas the potassium ratio was 

extremely high, leading to other potential concerns. However, digestate is still a liability for 

anaerobic digestion and the city of Toronto pays $126 per tonne (15,000 tonnes per year) to dispose 

of their digestate. Nonetheless, during the filtration process, it was recognized that the dewatered 

digestate could make for suitable pyrolysis feedstock.  

The second objective of this thesis was to use the dewatered digestate as a pyrolysis 

feedstock. The coke and char samples were analyzed for XRD, C, H, N and Raman spectroscopy 

providing evidence that graphite is the present allotrope in the coke production. Further 

observations were made when the cokes particle size was sieved to provide a more homogenous 

sample size prior to XRD analysis. The sieved sample provided sharper and more defined peaks. 

The last objective of this thesis was to purify the crude coke and exfoliate the graphite in 

order to see if graphene is present. An electrochemical exfoliation using H2SO4 and a black tea 

sonication were compared. The electrochemical exfoliation provided more intercalation between 

the crude coke and resulted in a purer XRD pattern than the black tea sonication. However, there 

may not be an economical value associated with exfoliating the coke if there is no evidence of high 
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value nano-carbons. Having said that though, there are numerous applications that the pyrolyzed 

products can be used for (vide infra).  

 4.2 Improvements to Prototypes 
	

As mentioned in 3.3.3, there were multiple challenges with the prototype disallowing 

similarities between every run. In order to provide controlled experiments, the prototype would 

need improvements. First, the biomass feeding system would need to be altered in order to create 

a smooth feeding system for any type of feedstock. As shown in Figure 3.17 the feed would move 

on a conveyor belt directly above the reactor, where the biomass would dry from the latent heat of 

the reactor lid. The dried biomass would then drop into a hopper and another conveyor belt system 

enables any feedstock with any particle size to smoothly transition from the hopper to the reactor.  

Second, inert gas such as nitrogen gas will be entering the hopper, the reactor and the quench, 

keeping a positive pressure flowing in the system. By adding nitrogen gas to the hopper, the hopper 

can remain closed and does not require manual labour. Third, the instrument would need to contain 

ceramic walls and hard-wired thermocouples in necessary spots such as reactor, reactor lid, reactor 

line, and quench to control temperatures that alter each run and product yield. Another 

improvement to the instrument would be adding a coke removal pan similar to a filter present in a 

furnace, however this pan will be made of mesh. This pan allows the coke to be collected as well 

as prevent clogging during the run. Similarly, beneath the quench unit and prior to bio-oil 

collection, a filter will be added to filter out particulate that may have travelled from the reactor 

line. By filtering out these particulates, the bio-oil will strictly be liquid. In order to remove char 

from the reactor without causing too much fume exposure, the char extraction will be a valve in a 

port system. The char extraction pan will be an inert, airtight system, however, similar to a glove 

box, it will allow the user to extract the char and prevent the inert gas from seeping out through 
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the antechamber.   Another improvement is the addition of cyclones in the quench system. These 

would be three steel cyclonic condensers in series, that contain the cold aerosol water and nitrogen. 

The mixture of vapours and gases enter each condenser and are immediately cooled. This causes 

tangential entry forces the vapours and gases to spin, providing good agitation and heat transfer, 

driving the condensed liquid droplets to the wall through cyclonic action.66 

 

 

 

Figure	4.1:New	design	of	pyrolysis	benchtop	prototype	

	
4.3 Future Work with the Carbon Allotropes from Pyrolysis 
	

Since this thesis focused on converting waste to create value and close the loop on this 

waste product, the actual applications for this graphitic product was not fully explore. However, 

creating carbon allotropes from digestate, is possible, but difficult to scale up with based on current 
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prototype. As shown in Table 3.2, the wt % based on how much has been fed is quite low in 

comparison to the other by-products produced. Although, pyrolyzed coke and char do produce 

carbon allotropes, the quality needed for optoelectronic purposes not where it needs to be to 

become cost effective. Therefore, other environmentally friendly purposes should be considered.  

The current imbalance of carbon in the atmosphere is stimulating the search for carbon 

sequestration opportunities and for alternative products with a reduced carbon footprint. Concrete 

is one of the materials with the highest potential for reductions in its environmental impact and the 

related GHG emissions.67 Concrete is an anthropogenic material, with low-cost and high 

compressive strength and is the most commonly used building material with annual production of 

over 14 billion tonnes.68 With large quantities being produced, concrete industry accounts for 7% 

of global CO2 emissions.69  Graphene has been explored in cementitious materials and has shown 

to exhibit unique mechanical, electrical,  and thermal transport properties.70 Another possibility is 

the use of biochar as an additive for concrete, due to its ability to sequester atmospheric CO2. 

Biochar, as previously mentioned, is a porous carbon-based material, incorporating the majority 

of the mineral content of the original feedstock. Biochar has high fixed carbon levels, high specific 

surface areas and pore volumes, and good absorptive capacity.71  Biochar has several properties 

that have been identified to improve various performance characteristics of the concrete to which 

it has been added. The low bulk density of biochar, the low thermal conductivity, and the porous 

nature of the material all presents different advantages for this as an additive to building 

materials.72 The low density allows for lighter concrete and can help displace the larger volume 

fraction taken up by denser materials, such as cement powder. The low thermal conductivity of 

the biochar, along with the pores that are present in the material increases the thermal insulation 

of the material by breaking up the thermal bridging.73 In addition to insulation properties, the 
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biochar creates voids and networks of interconnected pores in the concrete, providing porous 

structure, increasing sound absorption.74 It is also known that the pores can promote water 

retention during the mixing stage. The water is then released as the available moisture is used up 

for hydration reactions, promoting secondary hydration reactions and additional curing, resulting 

in improved mechanical properties.75  Graphene oxide is currently used in cement paste and mortar 

matrix, improving mechanical properties. Similarly, graphite powder has been proven to increase 

damping ability and improvement of self-heating.76  As such the use of the pyrolyzed solid waste 

from biomass represents an exciting material to create green building materials, and a rather 

charming method to sequester carbon from the atmosphere, after we have already paid for 

transportation and extracted the value from human food consumption. Future studies (although 

already ongoing) will be to incorporate biochar and coke into concrete mixer and testing for its 

ability to absorb the microwave radiation and the other properties listed above.  
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