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ABSTRACT 

The demand for food and energy resources is continuously increasing as the global 

population grows. Conventional fertilizers are used to promote crop growth to 

meet these demands, but also lead to adverse environmental issues such as nutrient 

runoff. Biochar is a promising soil amendment alternative that is produced from 

hydrothermal carbonization (HTC) or pyrolysis technologies. However, neither 

process is ideal - HTC is suitable for wet biomasses, but the produced hydrochars 

suffer from low surface area; Pyrolysis is suitable for dry biomasses, but the 

produced biochars contain low nutrient content. We proposed an integrated 

HTC/pyrolysis process to produce biochars by co-pyrolyzing cow manure 

hydrochar with raw agricultural residues. The physical characteristics (i.e. 

proximate analysis, pH, surface area, nutrients…etc.) and heating value of char 

products were investigated for use as solid fuels. The integrated HTC/pyrolysis 

process demonstrated an enhancement in bioavailable nutrients, but the surface 

area is sample dependent. Results revealed that the biochars are ideal for soil 

amendment, while the hydrochars are generally more suitable for solid fuel 

applications. 
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Chapter 1: Introduction 
Food, water, and energy demands are some of the most significant challenges 

humanity are presently facing in a world of rising population. The agricultural industry 

consumes the vast majority of the water, nutrient, and land resources. The overuse of 

chemical fertilizers to increase crop yield also pollutes the water and land from 

runoffs. Moreover, the dairy industry across the globe contributes significantly to 

global greenhouse gas emissions, accelerating global warming. A commonly assumed 

management strategy for animal waste, such as manure, is direct land spreading, 

owing to their relatively high nutrient contents as fertilizers.1 However, the 

unprocessed waste is prone to decompose under ambient conditions, releasing 

greenhouse gases into the atmosphere. In fact, the direct spreading of farm waste 

represents a potential waste of valuable carbon, but it also causes the unbalancing of 

soil dynamics.2,3 By converting farm and animal waste to nutrient-enriched soil 

amendments and biofuels via integrated thermochemical conversion processes, it is 

possible to achieve several goals: (1) lower resource consumption; (2) enhance 

nutrient use efficiency; (3) increase crop yields without the use of conventional 

fertilizers; (4) improve renewable energy deployment and (5) lessen anthropogenic 

environmental impacts of industrial agriculture. Two main thermochemical processes 

are promising approaches to convert biomass into more valuable products: 

Hydrothermal carbonization (HTC), which the sample is heated under subcritical 

conditions in water, and pyrolysis, which the sample is heated under an inert 

atmosphere. 
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While both HTC and pyrolysis convert carbonaceous waste to hydrochars and 

biochars, respectively, neither alone is a perfect solution to waste management. HTC 

allows converting using wet biomasses directly with concentrated P and N inside the 

solid hydrochar; pyrolysis can treat dry biomasses producing materials with high 

surface areas. Past literature has demonstrated that hydrothermal carbonization is 

suitable to treat wet biomasses such as municipal solid waste and cow manure to 

concentrate nutrients in a solid amorphous carbon.4 HTC has the ability to concentrate 

and immobilize nutrients present in the manure and decrease reactive oxygen content.5 

However, even though hydrothermal carbonizing manure renders the waste pathogen-

free, it often leads to the unstructured of hydrochars with low surface area, making 

them less ideal for soil amendments.6,7 Conversely, biochars produced from dry 

agricultural waste such as corn stover, cherry pits, and wheat straw appeared to have 

high surface areas, but the low concentrations of nutrients in most pyrolyzed 

biomasses requires separate fertilizer application.8 Moreover, pyrolysis is not suitable 

for wet biomass streams such as cow manure due to the drying required as one of the 

pre-treatment.9 Therefore, by proposing the novel integrated process that combines 

both HTC and pyrolysis, we can produce a soil amendment with the structural 

integrity of biochar and the nutrient retention capacity of a hydrochar. 

In this thesis, we are investigating the optimal process pathway to produce nutrient-

enriched soil amendments and biofuels using agricultural and animal waste. The two 

considered pathways are: 1. the combination of hydrothermal carbonization of wet 

animal waste + dry agricultural residues to produce solid hydrochars or 2. sequential 

hydrothermal carbonization of wet animal waste followed by co-pyrolysis of 
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hydrochars + dry agricultural residues to produce solid biochars using a set of 

representative biomasses common to Trentino-Alto Adige, Italy, the Black Sea 

Region, Turkey, and New York, USA.  
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Chapter 2: Background 

In 2019, the United Nations estimated that 10 billion people would be living on Earth 

by 2050 (United Nations Department of Economic and Social Affairs, 2019). As the 

population rises around the globe, humans are challenged to grow food and 

sustainably generate cleaner energy to reduce greenhouse gas emissions and mitigate 

global warming. Along with the increasing demand for food, the agricultural waste 

that comes with food production would grow in the next century and eventually 

becomes an issue. The agriculture industry utilizes almost half of the Earth's natural 

resources, requiring more than 75% of the freshwater usage, encompassing more than 

50% of the global reactive nitrogen load, and occupying around 40% of the total land 

area.10–12 In the US, there are currently around 94 million dry tons of primary crop 

residues generated each year, which over 75% consist mainly of corn stover and wheat 

straw.13 Conventional fertilizers are often abusively used to increase crop yields due to 

the limited amount of arable land. This over-fertilization not only causes an unbalance 

of nutrients in the soil but also contaminates water streams due to runoff. The nitrogen 

and phosphorus runoff from the excessive deployment of conventional fertilizers 

causes eutrophication of freshwater bodies. To address this issue, we need to develop 

sustainable soil amendments, which could be derived from abundant waste biomasses. 

Previous studies have shown that by using thermally upgraded biomasses as soil 

amendments, the nutrient uptake and water retention capabilities of plants and soil can 

be enhanced. To meet growing food demands in an environmentally responsible 

manner, we must improve the efficiency of water, nitrogen, and phosphorus use while 

converting most of the agricultural waste into renewable bioproducts. 
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Besides the agricultural food waste, the vast quantities of dairy products produced in 

the United States generate over 1 billion tons of animal manure, which contributes to 

over 7% of total greenhouse gas emissions in the US. Direct land-spreading of 

agricultural waste and animal manure is the primary management strategy due to their 

relatively high nitrogen and phosphorus content, making them suitable to be used as 

fertilizers.1,3,14 However, these substrates are rich in bio-available carbon, which is 

highly biodegradable under ambient temperature by bacteria. This carbon loss reduces 

the efficiency of microbial activities and increases CO2 emissions from the soil.  

Not only does the growing population raise the need for food, but the globalization 

and industrialization also require more energy. According to the US Environmental 

Protection Agency, carbon dioxide and methane are the two most emitted greenhouse 

gases due to anthropological activities. Within the total greenhouse gas emissions, 

around 50% are electricity/heat production and agricultural related. While the CO2 

enhances the severity of global warming in the long term, CH4 accelerates the process 

(Energy Defense Fund). The need for clean energy is urged to reduce climate change, 

where we can generate biofuels from biomass.  

By converting agricultural waste to biofuels and stable nutrient-enriched soil 

amendments via integrated thermochemical conversion pathways, we can mitigate the 

environmental impacts on using conventional fertilizers and demonstrate a better 

approach towards sustainable agricultural waste management. In other words, the 

greenhouse gas emissions from land spreading strategy and the rapid nutrient leaching 

could be minimized. Furthermore, the utilization of biofuels produced using this 

method also demonstrates clean energy deployment around the world. 
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2.1 The two thermochemical processes to convert biomasses into biofuels and 

soil fertilizers 

To utilize carbon and nutrients in agricultural waste, either biological (bacteria or 

enzymes) or thermochemical (heat or chemicals) processes can be used. As 

thermochemical processes often react faster and can generate different types of biofuel 

than biological processes, they are selected in this thesis. Several thermochemical 

pathways have been shown to convert biomasses to bioproducts, including 

hydrothermal carbonization/liquefaction, pyrolysis, combustion, and gasification. 

Although all thermochemical processes produce some amounts of solid, liquid, and 

gas, the yields and the characteristics of these three streams vary widely, depending on 

the conditions adopted. Since this thesis focuses on utilizing solids as soil amendments, 

hydrothermal carbonization and pyrolysis were selected based on their high solid 

yields.  

2.1.1 Hydrothermal carbonization process, products, and applications 

The thermochemical process of hydrothermal carbonization (HTC) is gaining 

industrial popularity for the conversion of wet biomasses into bioproducts15. The 

process occurs in sub-critical water at temperatures between 180-280 oC under 

autogenic pressure (saturated vapor pressure at the reaction temperature), with 

residence time varying from minutes to hours.16 Three products are obtained: a liquid 

phase called AHL (aqueous HTC liquid), a solid phase known as hydrochar, and a 

gaseous phase mainly consist of CO2
17. The unprocessed hydrochar is usually 

separated from the liquid phase as a water-enriched slurry, often requiring dewatering 

for further utilization. The dried hydrochar can be utilized as a solid fuel (a 
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replacement for fossil fuels) in combustion applications for energy generation, as a 

feedstock for gasification, and some have proposed its use as a soil amendment.18  

The main reactions that occur during HTC are dehydration, hydrolysis, 

decarboxylation, and aromatization.19 The water, which is used as the reaction 

medium, removes the hydroxyl groups through dehydration, cleavages of esters and 

ethers group through hydrolysis, and removes carboxyl and carbonyl groups through 

decarboxylation.20 These reactions generate polar organic compounds such as phenolic 

compounds and aldehydes, which acidify the media. At the same time, more aliphatic 

carbons are developed in the hydrochars, enhancing its biochemical recalcitrance in 

comparison to the starting feedstocks.21 However, when using hydrochars as soil 

amendments, aliphatic carbons, in comparison to aromatic carbons, decompose fairly 

quickly under the ambient condition in the soil. The leached phenolic compounds and 

organic acids can drastically affect the soil properties, resulting in negative effects on 

plant and microbial responses.22  Hydrochars could be used as solid fuels due to their 

higher energy densities as compared to their starting biomasses.23  

2.1.2 Pyrolysis process, products, and applications 

Pyrolysis is another thermochemical process used for the treatment of relatively dry 

substrates. Depending on the processing parameters, pyrolysis can be categorized into 

three types: slow pyrolysis, fast pyrolysis, and flash pyrolysis.24 Since pyrolysis 

intensifies dehydration, wet biomasses are not suitable for this process due to the 

energy intensiveness for drying as a required pre-treatment. The main products of 

biomass pyrolysis are a solid phase (biochar), a liquid phase (bio-oil), and a gaseous 

phase, which is a non-condensable gas comprised mainly of CO, CO2, CH4, and H2.25 
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The amount and composition of each stream varies based on the pyrolysis conditions. 

Yields of biochar, bio-oil, and bio-syngas are the highest for slow pyrolysis, fast 

pyrolysis, and flash pyrolysis, respectively. Thus, when the primary purpose of 

pyrolysis is to produce biochar for soil amendments, slow pyrolysis is preferred to 

maximize the solid yield.26 At the industrial level, slow pyrolysis conditions are 

obtained in either fixed bed reactors or rotary kilns27,28, in the absence of oxygen at 

temperatures between 300 - 700 oC at ambient pressure, usually for residence times 

greater than 450 seconds.24  

During pyrolysis, thermal decomposition of biomasses takes place, cleaving more 

complex compounds such as cellulose, hemicellulose, and lignin into smaller 

compounds like aldehydes, acids, and ketones.29 A series of reactions such as 

decarboxylation, decarbonylation, and dehydrogenation takes place to form biogas 

from the organic matter. A portion of the devolatilized organic matter re-condenses 

into a high-viscosity bio-oil, which contains, among other things, measurable amounts 

of water and compounds with oxygenated, acidic functional groups.30 In the solid 

biochars, aromatic carbons with stabilized-structure form through aromatization. 

Because of such carbon condensation in the solid phase, biochar is thought to increase 

the soil cation-exchange capacity, to buffer its pH, and to prevent nutrients from 

leaching,31 thereby enhancing crop yield.32–34  

2.2 Physical properties of raw, hydrochars, and biochars that affect soil  

Due to the different process temperatures and reaction media for HTC and pyrolysis, 

the structure of hydrochars and biochars vary widely. In the literature, both could be 

utilized as soil amendments to improve stability, microbial activities, nutrients, water 
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retention capacity, …etc.35 The growth and yield of plants and crops are highly 

dependent on the soil properties such as nutrient availability, pH, electric conductivity, 

soluble and exchangeable Ca+, and organic carbon. Although P, K, and N are naturally 

abundant mostly in rocks, the production cost of usable nutrients is increasing due to 

the increasing demand and the decrease in resources.36 Prior studies on hydrochars and 

biochars show that these materials have the ability to retain nutrients in the soil, to 

adsorb and sequester heavy metals, and to serve as pH buffers.37 Furthermore, the 

physical properties of the chars such as carbon, nitrogen, and hydrogen contents are 

also important when forming organic compounds (hydrocarbons) or determining the 

heating value if they are used as fuel applications.   

Optimal soil pH is between 6.0 - 7.0 for most crops, as this value enhances crop yield 

by balancing the soil dynamic for plant nutrients uptake. An acidified soil causes 

nutrients deficiency in plants, produces toxic aluminum, and decreases microbial 

activities, eventually decreasing the crop yield. Electrical conductivity (EC) of the soil 

is another key parameter to determine the amount of minerals in the soil. The EC 

affects crop yield, crop suitability, nutrient availability, and microorganisms’ 

activities, which is a factor that dictates the emission of greenhouse gases such as 

NOx, CH4, and CO2. The nutrients availability is directly related to the physical soil 

conditions such as pH and conductivity. According to Ketterings et al., nitrogen, 

phosphorus, potassium, sulfur, calcium, and magnesium have the highest available 

fraction in the pH 6.0-8.0 range.38 Furthermore, if the soil is acidic (<6.0), ammonium 

could accumulate due to the low rates of nitrogen mineralization and decrease the 

efficiency of microbial activities.39 C, H, O, N, P, K, Mg are the most common 
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inorganics found in biomass substrates. The concentrations of P, K, and N in the soil 

are generally correlated with crop yield.40 Inorganic P typically exists as 

orthophosphate (H2PO4
- and HPO4

2-) in the soil depending on the soil’s pH41,42, which 

the plants can directly uptake. Potassium, another fundamental element for plant 

growth, improves water retention capability and increases drought resistance, and 

regulates the stomate, which controls the CO2 uptake.43 Potassium is needed to form 

protein and starch in plants.44 Finally, inorganic nitrogen exists as nitrogen gas, nitrite, 

nitrate, and ammonium. Since nitrogen gas naturally exists in the atmosphere, the 

equilibrium of the atmosphere and the soil can be reached. Yet, organisms cannot 

directly use nitrogen gas due to the strong bond between the nitrogen atoms. Instead, 

nitrate (NO3
-) and ammonium (NH4

+) are the forms that can be easily utilized and are 

mostly found in soil. Unfortunately, rainfall and runoff can flush away part of the 

available nutrients causing nutrients deficiency to plants.41 An overabundance or 

deficiency of plant nutrients can cause toxins to accumulate and the decrease in 

yield.45,46  

Hydrochars are usually acidic (having pH below 6)47,48, mainly due to the formation of 

acidic compounds such as formic, acetic, and lactic acids during the HTC process, 

which play important roles in dehydration and carbonization mechanisms.49 

Considerable amount of inorganics leached into the aqueous phase during the HTC 

process, resulting a lower ash content in hydrochars compare to biochars. The 

inorganics that remained on the chars include nutrients and toxic metals such as Si, K, 

Na, S, Cl, P, Ca…etc.50 However, the use of hydrochars as soil amendments is 

questionable; some prior research has shown a reduction in nitrogen availability when 
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using hydrochars as soil amendments, which causes N deficiency in plants51. 

However, since the properties of hydrochar vary widely depending on processing 

parameters, there is potential to modify the N turnover by adsorption, mineralization, 

ammonification, nitrification, or immobilization.51 By applying hydrochar as soil 

amendments, we could potentially adjust the amount of nitrogen uptake of the plants. 

In general, the oxygen-containing surface functional groups are the most contributors 

to create negative surface charges for the reduction of heavy metals through 

adsorption, especially the hydroxyl and carboxyl groups.52  

Conversely, biochars, overall, are beneficial soil amendments, enhancing water and 

nutrient retention capabilities, plant growth, and fertilizer efficiency.53 Biochars are 

weakly alkaline, which can be used to balance the pH of acidic soil in order to enhance 

crop yield.54,55 They also decrease nitrous oxide leaching by adsorbing ammonium or 

ammonia.56,57 Gasco et al. demonstrated that hydrochar and biochar from animal 

manure decrease the leaching of salts and metals, resulting in a lower conductivity 

compared to its raw form.4 Although many prior studies report that utilizing biochars 

as soil amendments are beneficial, Lehmann et al.58 caution that results are dependent 

on soil and biomass feedstock. For example, when applying biochars to forest lands, N 

availability to plants increases. On the other hand, no changes or decrease in N 

availability was observed when applying biochars on agricultural lands, possibly due 

to the type of soils and the volatile matter in the biochars.59  

The two thermochemical processes have varying impacts on the formation of organic 

compounds. During HTC, the hydrolysis of cellulose causes the chains to break down 

to oligomers and glucose. The oligomers form the polymers and the skeleton of the 
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hydrochars while the glucose forms organic acids such as acetic, lactic, and formic 

acids. These acids lower the pH of the reacting media, which helps to break the C-C 

bonds and carbon rings. The substrate further undergoes dehydration, where C=O and 

C=C bonds are formed.60 Since pyrolysis requires higher temperatures and occurs in a 

dry atmosphere, the oxygen and hydrogen in the biomasses significantly decrease in 

comparison to HTC. After the first drying step, the biomass undergoes carbonization 

and aromatization to form aromatic carbon rings.61  Hydrocarbons, sulfur, nitrogen, 

phosphorus, halogens, and other carbonaceous derivatives could also be included in 

the organic compound, depending on the starting feedstocks.62 Although biomasses 

and chars can have different organic compounds such as alkenes, alkynes, ethers, 

esters, carboxylic acids, ketones, aldehydes, anhydrides, and thiols, they vary widely 

across feedstocks.63  

Good indicators of the capability of a char to hold water and to adsorb toxic meals are 

the char’s surface area and surface functional groups.64 The surface functional groups 

also determine the hydrophobicity of a sample. The presence of some hydrophilic 

functional groups in the hydrochar and biochar, i.e. carboxylic acid, methanol, 

aldehydes, anhydroglucoses, and furanoic compounds65, influences the hydrophobicity 

of the material, promoting its suitability for adsorbing hydrophilic pollutants in soil 

applications. Raw biomasses usually have lower surface areas than hydrochars, which 

generally have a lower surface area than biochars. For biochars, the surface area often 

increases as the pyrolysis peak temperature and the residence time increase66, since 

higher temperatures promote the development of aromatic C rings that enhance the 

surface area and pore development.67 For hydrochars, the effect of temperature on the 
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surface area is minor.68 Concerning the surface functional groups on the raw 

biomasses, hydrochars and biochars show distinct differences based on their different 

processes. More aliphatic carbons and fewer aromatic carbons are expected in the raw 

biomasses and hydrochar, compared to biochars.  

Additionally, the intensities of functional groups in biochars from nearly all bands are 

also expected to decrease, even disappear at pyrolysis temperatures above 400 oC due 

to the decomposition of nonpolar aliphatic fractions.69 According to Qambrani et al., 

more C=O and C-H functional groups were observed at a lower pyrolysis temperature 

(250 - 400 oC), while less ion-exchange functional groups were found in the biochar 

obtained at higher pyrolysis temperature (>400oC) due to the dehydration and 

decarboxylation.  

2.3 HTC and pyrolysis as pathways to renewable fuels 

Beyond their potential use as soil amendments, both biochars and hydrochars could 

also be used as solid renewable fuels. While HTC produces minimal liquid fuel, 

pyrolysis does yield a liquid bio-oil. The energy content of the char, measured by its 

higher heating value (HHV), is a critical piece of information to gauge the potential 

for a given char to serve as a replacement for conventional solid fuels such as coal.70 

Traditional coal (bituminous or anthracite grades) provides approximately 33-35 

MJ/kg of energy. 71 The typical HHV of raw biomass ranges between 10-30 MJ/kg on 

a dry basis72; HHV of hydrochars ranges between 24-30 MJ/kg60; HHV of biochars 

ranges between 10-35 MJ/kg, though it varies widely depending on mainly the carbon 

and hydrogen compounds.73,74 The HHV is often directly measure via bomb 

calorimeter or calculated, but it can also be predicted if the amount of cellulose, 
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hemicellulose, and lignin is known. Kambo and Dutta25 found that the HHV of 

cellulose and hemicellulose both are around 17 - 18 MJ/kg, whereas the HHV for 

lignin is 23 - 27 MJ/kg.  

In addition to knowing the HHV, the elemental carbon, hydrogen, and oxygen content 

(determined via ultimate analysis) is useful to construct a van Krevelen diagram from 

the atomic O/C and H/C ratios, often used to gauge the suitability of a given fuel for 

combustion.75,76 Calorific values can be estimated using the amount of C, H, N, and O 

in the chars.77 The thermochemical reactions such as dehydration and decarboxylation 

influence the resulting O/C and H/C ratios, and as such the van Krevelen diagram is 

used to describe the degree and harshness of carbonization.67 Raw biomasses usually 

have H/C and O/C ratios above 1.0 and 0.4, respectively. By going through the HTC 

and pyrolysis processes, the H/C and O/C ratios decrease. Decarboxylation, 

hydrolysis, and dehydration are the main contributors to reduce the O/C ratio.15 Qi et 

al. observed that hydrogen depletes more than oxygen with higher temperatures during 

the carbonization process.78 Basso et al. found that the oxygen content decreases when 

temperature and residence time increase, while the carbon content increases.79 

Likewise, pyrolysis significantly reduces the amount of hydrogen in the biomass due 

to dehydration and decarboxylation reactions, lowering the H/C ratio. As reported by 

Pariyar et al.80, the lowering of the O/C ratio indicates aromatic rings forming that are 

graphite-like in structure, which results in biochars having higher stability in 

comparison to hydrochars and raw biomasses. While both thermochemical processes 

promote the lowering of low energy C-H and C-O bonds and enhancing the high 

energy C-C bonds, research shows that HTC has a more moderate effect on O/C and 
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H/C ratios while pyrolysis significantly reduces both as compared to the raw 

biomasses.81 

During both wet and dry carbonization processes, organic compounds continuously 

release from the parent biomass matrix. The bio-oil produced via pyrolysis is highly 

oxygenated and enriched with water, as water is an inevitable by-product of 

devolatilization.82 The most common compounds in bio-oil derived from 

lignocellulosic biomasses are lignin fragments, aldehydes, carboxylic acids, 

carbohydrates, phenols, furfurals, alcohols, and ketones.83 Alkanes and alkenes also 

exist in the bio-oil depending mainly on operating temperature, duration, and physical 

composition.84 The organic compounds in bio-oil depend on several factors: peak 

operating temperatures, temperature ramp rates, duration, and feedstocks. Although 

bio-oil is more environmentally friendly than conventional petroleum-based fuel, its 

heating value is often less than 50% of conventional petroleum-based liquid fuel.85 

Practically, due to the acidity and instability caused by the high oxygenated and 

hydrogenated compounds in the bio-oil, it is not suitable for liquid fuel substitution.86 

However, several upgrading techniques can reduce the amount of hydrogen and 

oxygen, which can upgrade the bio-oil to an alternative fuel source.87  

By proposing the combination of the HTC and pyrolysis processes, we expect that the 

final product could be a better option for soil amendments, with the benefits of the 

hydrochar such as high nutrient concentrations as well as the biochars high surface 

area and alkalinity. This not only provides enough nutrients to the plants, stabilizes 

soil from organic and microbial activities, and enhances water retention capacity to 
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increase crop yield, but also effectively reduces farm waste by using them as the 

feedstocks. 
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Chapter 3: Materials and Methods 
 

In light of a rising global population, our future supply of food and energy is tenuous, 

given the limited amount of agricultural lands and natural resources available. The 

overuse of conventional fertilizers is disrupting the natural ecosystem, from 

unbalancing soil dynamics to polluting freshwater sources. The direct application of 

agricultural waste as substitute fertilizers, coupled with the increasing use of fossil 

fuels, is increasing greenhouse gas emissions. Therefore, identifying green and 

renewable soil amendments and energy sources is essential to promote a sustainable 

society. This thesis focuses on exploring optimal thermochemical pathways, discussed 

in the next chapter, to produce soil amendments and renewable fuels from waste 

biomass that can replace conventional fertilizers by combining hydrothermal 

carbonization and pyrolysis.  

3.1 Feedstocks 

Three biomasses were selected to represent the agricultural and dairy industries 

equally relevant to three regions: Central New York, USA; Trentino-Aldo Adige, 

Italy; Black Sea Region, Turkey: corn residue (CS), grape marc (GM), and cow 

manure (CM). Corn residue is a high-nitrogen waste left from agricultural production 

in upstate New York, around Trentino, and in the growing agricultural industry in the 

Black Sea region. Corn accounts for over 95% of the total feed grain produced in the 

United States (USDA). Grape marc was selected as it is a by-product of the wine-

making industries of both Ithaca and Trentino, and the expanding grape-producing 

regions of the Black Sea. Cow manure is a nitrogen and phosphorus enriched wet 

biomass source, representing the intensive dairy operations in all three regions. Corn 
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residue was harvested from a Cornell University farm, while the grape marc and the 

cow manure were obtained from a local winery and dairy farm in Trento, Italy. The 

cow manure was stored in plastic containers at -4 oC in a freezer and defrosted directly 

before use.  

3.2 Hydrothermal Carbonization (HTC) of Biomass  

HTC was performed in an in-house built 50 mL stainless steel (AISI 316) batch 

reactor at the University of Trento described in previous literature.7,88 The temperature 

of 220 oC with a residence time of 1 hour was used to mimic industrially relevant 

conditions. The reactor was charged with a 0.2:1 (dry) biomass to water (B:W) ratio, 

fully submerging the biomass while leaving comparable volumes in the reactor88.  

In addition to the pure raw corn stover, grape marc, and cow manure, two-component 

mixtures of these singular biomasses were made by combining [CS + CM] and [GM + 

CM] at 3 different weight percentages (25%, 50%, and 75%) measured on an 

analytical balance to the ±0.1 mg. The list of the substrates and the corresponding 

abbreviations for each biomass and blend are shown in Table 1. The purpose of 

blending these biomasses is two-fold. First, neither corn stover nor grape marc has 

sufficient intrinsic moisture content to be hydrothermally carbonized on its own; 

additional water must be added to carbonize them individually. However, cow manure 

contains greater than 90% water, such that co-carbonizing CS or GM with CM lowers 

the need for freshwater use. Secondly, cow manure on its own does not produce stable 

hydrochars – such chars are quickly transformed into fine dust that could present an 

inhalation hazard upon land application. We hypothesized that by co-carbonizing cow 

manure with these lignocellulosic biomasses that we could improve the hydrochar 
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stability. Hydrochars are denoted using the letters “HC” before the feedstock 

abbreviation. 

Table 1. Agricultural waste feedstocks and their mixtures used for HTC 

Feedstock Raw Abbreviation Hydrochar Abbreviation 

Raw corn stover  CS HC CS 

Cow manure CM 1hr HC CM;  

2hr HC CM* 

Raw grape marc GM HC GM 

Raw CS 25 % + CM 75 % CS25CM75 HC CS25CM75 

Raw CS 50 % + CM 50 % CS50CM50 HC CS50CM50 

Raw CS 75 % + CM 25 % CS75CM25 HC CS75CM25 

Raw GM 25 % + CM 75 % GM25CM75 HC GM25CM75 

Raw GM 50 % + CM 50 % GM50CM50 HC GM50CM50 

Raw GM 75 % + CM 25 % GM75CM25 HC GM75CM25 

* An additional set of CM hydrochar was produced for co-pyrolysis with raw biomass using a 2L 

reactor over 2hr as detailed below 

 

The setup of the system can be found in previous literature.89 Prior to the reaction, the 

reactor was purged by flushing nitrogen (Airliquide Alphagaz 1™). The sample and 

deionized water were added into the reactor to the 0.2 B:W ratio (±0.01g). The system 

was then directly heated to 220 oC. The residence time started right after the system 

reached 220 oC. Followed by the 1hr reaction time, the reactor was placed on a 

stainless-steel disk at -24 oC while the air was blown into the cooling coil surrounding 

the reactor. After room temperature was reached, the valve connected to a graduated 

cylinder was opened to allow gas us to collect gas. The produced hydrochar was 

recovered by filtering through 45 𝜇𝑚  cellulose filter paper and dried in a well-

ventilated oven at 105oC until constant mass. The hydrochar solid mass yield was 

calculated by the mass ratio between hydrochar and feedstocks (dry basis); gas mass 

yield was calculated from the gas volume by assuming 100% CO2 produced, as the 
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typical CO2 molar fraction is greater than 95%90; the liquid mass yield was determined 

by the remaining fraction.7  

In addition to the 1-hour hydrochars, cow manure was also carbonized at 220 oC for 2 

hours in a 2L stainless steel (AISI 316) reactor with the same process described above. 

The 2 hr HC CM was to be used in co-pyrolysis experiments, as described in the 

following section.  

3.3 Pyrolysis of Biomass 

The pyrolysis and co-pyrolysis experiments were performed at Cornell University 

using an MTI 2” horizontal fixed bed furnace. A series of nine biochars were 

fabricated as detailed in Table 2. The three feedstocks consisted of CS, GM, and the 2 

hr HC CM. Blends of 25:75, 50:50, and 75:25 by weight of CS + 2hr HC CM and GM 

+ 2hr HC CM were prepared prior to pyrolysis by weighing the components on an 

analytical balance into glass vials and vortex mixing the vials to ensure homogeneity.  

Table 2. Agricultural waste feedstocks and their mixtures used for Pyrolysis 

Feedstock Biochar Abbreviation 

CS  BC CS 

2hr HC CM BC CM 

GM BC GM 

Raw CS 25 % + 2hr HC CM 75 % BC CS25CM75 

Raw CS 50 % + 2hr HC CM 50 % BC CS50CM50 

Raw CS 75 % + 2hr HC CM 25 % BC CS75CM25 

Raw GM 25 % + 2hr HC CM 75 % BC GM25CM75 

Raw GM 50 % + 2hr HC CM 50 % BC GM50CM50 

Raw GM 75 % + 2hr HC CM 25 % BC GM75CM25 

 

Nitrogen was used as the carrier gas, supplied by a nitrogen generator (ESA) at 150 

mL/min with a minimum purity of 99.5% (confirmed by an Extorr residual gas 

analyzer). The initial biomasses were weighed and loaded into an alumina combustion 
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boat until 2/3 full to prevent heat and mass transfer limitations.91 The boat was then 

placed in the heating zone in the center section of the furnace, shown in Figure 1(A). 

The temperature profile in Figure 2 comprised an isothermal stage (110 oC) to drive 

off residual moisture, followed by heating at 10°C/min to 600 oC, and maintained at 

that temperature for one hour. Two vacuum flasks (Chemglass) served as cold traps 

connected in series to condense bio-oil from the exiting gas using dry ice + ethylene 

glycol as cooling media. The pyrolysis system setup is shown in Figure 1, where (B) is 

the furnace temperature controller, (C) and (D) are the first and second cold traps, 

respectively, (E) is the gas exit point, where the remaining volatiles and nitrogen were 

released, and (F) is the vacuum flasks filled with ethylene glycol and dry ice.  

 

Figure 1. Pyrolysis system setup at Cornell University 
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Figure 2. The temperature profile of the pyrolysis process 

The condensed volatile matter (bio-oil) deposited in the cold traps was dissolved in 20 

mL of dichloromethane (DCM). Dewatering of the bio-oil was performed to remove 

the moisture generated during the pyrolysis process. Anhydrous magnesium sulfate 

was added to the 0.1 mL mark in a 1.5 mL autoclavable microcentrifuge tube, to 

which the extracted bio-oil was added to the 1.3 mL line. The microcentrifuge tubes 

were shaken for 1 min and centrifuged at 2000 rpm for 3 minutes or until supernatant 

and solids separated. The supernatant was extracted and stored at -4 °C.  

3.4 Proximate analysis and Thermal stability 

Thermogravimetric analysis was used to determine the proximate analysis and gauge 

the thermal stability of the materials in a TGA 5500 (TA Instruments) using N2 

(Airgas) and air as carrier gases. The proximate analysis determines the amount of 

Moisture (Moist.), Volatile matter (VM), Fixed carbon (FC), and Ash in the samples, 

in this case following ASTM standards.92–95 All samples were individually sieved to 

106-500 𝜇𝑚  using 3” ASTM certified brass sieves on a motorized shaker 

(CertifiedMTP) for 16 minutes, following ASTM standards.96 Particles of this size 
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were chosen to prevent heat and mass transfer limitations91,97 and to ensure 

homogeneity before further analyses. An analytical balance (Shimadzu) was used to 

weigh out the samples to 4-6 mg before loading them onto platinum sample pans on 

the TGA 5500. The proximate analysis of as-received (ar) basis and dry basis (db) 

were carried out.  

The moisture content was determined by raising the TGA temperature to 110 oC and 

holding for 30 minutes at this temperature under nitrogen gas93. The nitrogen flow rate 

was set to 100 mL/min for both mass and balance flows to ensure an inert chamber. 

As-received moisture content was calculated using Equation 3.4.1, where 𝑚0 is the 

initial sample loading mass, and the 𝑚𝑑𝑟𝑦 is the sample mass after drying at 110 oC 

and 30 minutes. 

%𝑀𝑜𝑖𝑠𝑡,𝑎𝑟 =
𝑚0−𝑚𝑑𝑟𝑦

𝑚0
∗ 100%    (3.4.1) 

The as-received volatile matter ( %𝑉𝑀,𝑎𝑟 ) content was determined by raising the 

temperature to 910 oC and held isothermally for 30 minutes at 910 °C under nitrogen94, 

calculated using Equation 3.4.2, where 𝑚𝐹𝐶 is the mass of fixed carbon, 𝑚𝑎𝑠ℎ is the 

mass of ash.  𝑚𝐹𝐶 + 𝑚𝑎𝑠ℎ is the mass remaining after devolatilization at 910 °C under 

nitrogen.  

%𝑉𝑀,𝑎𝑟 =
𝑚𝑑𝑟𝑦−(𝑚𝐹𝐶+𝑚𝑎𝑠ℎ)

𝑚0
∗ 100%    (3.4.2) 

The as-received ash (%𝑎𝑠ℎ,𝑎𝑟) content was determined by raising the temperature to 

950 oC and holding for 30 minutes under air for complete oxidation95, which was 

calculated using Equation 3.4.3. 𝑚𝑎𝑠ℎ  is the mass of the sample after complete 

oxidation.  
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%𝐴𝑠ℎ,𝑎𝑟 =
𝑚𝑎𝑠ℎ

𝑚0
∗ 100%     (3.4.3) 

Lastly, the as-received fixed carbon (%𝐹𝐶,𝑎𝑟) content was calculated as the remaining 

weight fraction of the sample using Equation 3.4.4.  

 %𝐹𝐶,𝑎𝑟 = 100 − %𝑀𝑜𝑖𝑠𝑡 − %𝑉𝑀 − %𝑎𝑠ℎ   (3.4.4) 

The proximate analysis is reported on a dry basis as moisture content could be affected 

due to the environment. The dry basis was calculated using Equations 3.4.5 - 3.4.7.  

%𝑉𝑀,𝑑𝑏 =
%𝑉𝑀,𝑎𝑟

%𝑉𝑀,𝑎𝑟+%𝐹𝐶,𝑎𝑟+%𝑎𝑠ℎ,𝑎𝑟
   (3.4.5) 

%𝐹𝐶,𝑑𝑏 =
%𝐹𝐶,𝑎𝑟

%𝑉𝑀,𝑎𝑟+%𝐹𝐶,𝑎𝑟+%𝑎𝑠ℎ,𝑎𝑟
   (3.4.6) 

%𝐴𝑠ℎ,𝑑𝑏 =
%𝐴𝑠ℎ,𝑎𝑟

%𝑉𝑀,𝑎𝑟+%𝐹𝐶,𝑎𝑟+%𝑎𝑠ℎ,𝑎𝑟
   (3.4.7) 

In addition to the proximate analysis, derivative thermogravimetric (DTG) curves 

were constructed using the TG data by taking its derivative of weight change with 

respect to time. The DTG curves region was taken from 110 – 910 oC (pyrolysis) as 

most of the organic matter devolatilized during this temperature. The curves represent 

the thermal stability of the biomasses, indicating the relative devolatilization rates of 

different biomasses. The DTG curves were plotted using Equation 3.4.8 and 3.4.9, 

where x(t) is the normalized conversion rate at time t, mt is the mass at time t, 

𝑚𝑑𝑟𝑦,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝑚𝑑𝑟𝑦,𝑒𝑛𝑑 are the masses at 110 oC and 910 oC.  
𝑑𝑥

𝑑𝑡
 is the change of 

conversion rate in 1/min, xt1, and xt2 are the conversion rates at t1 and t2, which t1 and 

t2 represent two different consecutive times starting right after 110 oC.  

 

𝑥(𝑡) = (𝑚𝑑𝑟𝑦,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑡)/(𝑚𝑑𝑟𝑦,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑑𝑟𝑦,𝑒𝑛𝑑)  (3.4.8) 
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𝑑𝑥

𝑑𝑡
= (𝑥𝑡1 − 𝑥𝑡2)/(𝑡1 − 𝑡2)    (3.4.9) 

 

3.5 Ultimate analysis and Higher heating value (HHV) 

In addition to the information provided through proximate and thermal analyses, the 

ultimate analysis gives us the contents of both organic and inorganic carbon, 

hydrogen, nitrogen, and oxygen. The ultimate analysis was performed on a CE-440 

elemental analyzer (Exeter Analytical Inc.) via steady-state combustion analysis using 

oxygen (99.99%, Airgas) as the fuel and helium (99.99%, Airgas) to carry the 

combusted products through the analytical system to the atmosphere in accordance 

with ASTM D317698. Samples, in the range 1-3 mg, were weighed using a 

microbalance (Mettler Toledo, 0.1 mg precision) and loaded in a consumable tin 

capsule and manually placed into the sample chamber connected to the combustion 

tube. The sample was then combusted in oxygen at 975 oC, and the produced gas 

reduced at 650 oC. Acetanilide (>99.9% purity) was used as the standard material to 

calibrate the instrument. Ash was calculated from the proximate analysis, and the 

oxygen content was determined by difference. Sulfur was not measured as it was only 

present in trace amounts (<0.2% by wt.) in the raw biomasses.99 All data is reported on 

dry ash-free basis.  

The higher heating values of the samples were calculated using Dulong’s Equation, 

Equation 3.5.1100, where %C, %H, and %O are weight percentages determined via the 

ultimate analysis on dry basis. 

𝐻𝐻𝑉 [
𝑀𝐽

𝑘𝑔
] = 33.5 ⋅ %𝐶𝑑𝑏 + 142.3 ⋅ %𝐻𝑑𝑏 − 15.4 ⋅ %𝑂𝑑𝑏   (3.5.1) 

 



26 

 

3.6 pH and electrical conductivity 

When used as soil amendments, hydrochars and biochars can alter the soil dynamics 

such as pH and conductivity.101–103 A SevenExcellence benchtop pH/conductivity 

meter (Mettler Toledo) was used to measure the pH and electrical conductivity (EC). 

pH calibrations of pH 4, pH 7, pH 10, and conductivity calibration (12.88 mS/cm) 

solutions purchased from ThermoFisher Scientific were used before every measuring 

batch. The water was obtained from a Milli-Q water purification system (Millipore 

Sigma) with minimum resistivity of 18.2 MΩ. Blank Milli-Q water was used for each 

measuring batch as the baseline since the pH and conductivity of the water fluctuate 

daily.  

pH and conductivity analyses were carried out following a modified International 

Biochar Initiative (IBI) method to account for the low availability of some samples.104 

The IBI method states that the standard biochar to water ratio is 1:20, whereby 1 gram 

of biochar is suspended in 20 mL of water, equilibrated, and the water’s pH and EC 

measured. To determine the effect of dilution on the measured pH and corresponding 

sensitivity, five different biomass to water ratios (1:20, 1:40, 1:60, 1:80, and 1:100, 

m:v) were tested using nine initial biomasses (CS, 2hr HC CM, GM, and six raw + 2hr 

HC CM mixtures). The variation in the results of pH was minimal, and due to the 

limited amount of HC and BC, a modified method was employed using 1:100 biomass 

to water ratio to determine the pH and conductivity. Approximately 0.05 g of each 

sample was weighed on an analytical balance (Shimadzu) into a 15 mL falcon tube 

with 5 mL of water. The tube was shaken at 200 rpm for 90 minutes then centrifuged 
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at 2500 rpm for 5 minutes at room temperature. The pH and conductivity were directly 

measured in the falcon tube using the probes. 

3.7 Surface Area Analysis  

The pore volume and surface area of soil amendments are properties that influence the 

total adsorption of undesired products such as heavy metals and organic compounds, 

the nutrient cycle, microbial activities, and the water retention capacity of the soil.105 

Surface area and pore volume measurements for samples were obtained from N2 

physisorption at 77 K using a 3-Flex surface area analyzer (Micromeritics) following 

the modified methods of IBI104 and ASTM D6556106. Prior to analysis, samples were 

dried in a laboratory oven overnight at 110 °C to remove surface moisture before 

degassing. Degassing was performed in glass bulbs that were evacuated before 

thermal treatment. A degassing temperature of 110 °C was used for raw biomasses and 

hydrochars, and 200 °C was used for biochars. The maximum degassing temperature 

for each sample was selected to improve the degassing efficiency without causing 

significant thermal degradation. Samples remained degassing until reaching an 

outgassing rate of 1.0 ⋅ 10−3  mmHg/min, which was below the recommended 

threshold of 2.5 ⋅ 10−3  mmHg/min that is considered sufficient by the instrument 

manufacturer for an accurate isotherm measurement. Typical outgassing times for 

biomass samples were between 20 and 48 hours. After degassing, samples were 

analyzed by obtaining 23 isotherms points ranging between a relative pressure of 

0.0001 to 0.99. The multipoint BET fitting was performed using 5 isotherm points 

ranging between relative pressures of 0.05 and 0.30. Analysis of the N2 isotherms was 

performed using the Brunauer Emmett and Teller (B.E.T.) method to determine the 
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surface area of representative samples. The BET fitting equation is provided in 

Equation 3.7.1.  

𝑃

𝑉𝑎(𝑃0−𝑃)
=

1

𝑉𝑚𝐶
+

𝐶−1

𝑉𝑚𝐶
∗

𝑃

𝑃0
     (3.7.1)  

where P is the manometer pressure, Po is the saturation vapor pressure of nitrogen, Va
 

is the cumulative pore volume, Vm is the volume of nitrogen per unit mass that covers 

one monomolecular layer, and C is the BET constant. The Vm and the C constant can 

be found by plotting 
𝑃

𝑃0
on the x-axis versus 

𝑃

𝑉𝑎(𝑃0−𝑃)
 on the y-axis from the slope and 

the intercept, respectively. 106,107 The cumulative volume of nitrogen adsorbed (𝑉𝑁) per 

unit mass of a sample can be calculated using Equation 3.7.2 at each isotherm point 

(
𝑃

𝑃𝑜
).106 The total pore volume of a material is determined at the point closest to the 

relative pressure of 0.99, processed in the software provided by Micromeritics.  

𝑉𝑁 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑑𝑜𝑠𝑖𝑛𝑔 𝑖𝑛 𝑐𝑚3

𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑔
   (3.7.2)  

The C constant can be used to evaluate the relative error between single and 

multipoint BET, typically at 
𝑃

𝑃𝑜
= 0.3. If the C constant has a value <20, the BET 

method is considered not a good fit for the isotherm.  

3.8 Fourier Transformed Infrared Spectroscopy (FTIR) 

The surface functional groups of the soil amendments impact the adsorption capability 

of pollutants by altering the surface charge. In addition, microbial activities, which 

impact plant nutrient uptake and greenhouse gas emissions, are also influenced by the 

surface functional groups of the amendments. Fourier transform infrared (FTIR) 

spectroscopy was used to identify the presence of functional groups on the surface of 

the organic materials.  
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FTIR spectra were collected on a Vertex 70 FTIR Spectrometer (Bruker) with a KBr 

beam splitter analyzed using diffuse reflectance (DR) mode. The pellet (~200 mg) was 

prepared with approximately 1% of biomass samples with 99% of IR grade KBr 

(ThermoFisher Scientific) and gently ground and mixed using a mortar and pestle. The 

mixed powder was pelletized using a pelletizer (Diameter of 13 mm) and a benchtop 

press (Carver) at 5 tons. The spectra were obtained between the wavenumber range of 

4000-600 cm-1, a resolution of 8 cm-1, and with defaulted scans. The DR-FTIR spectra 

were processed using the OPUS spectroscopy software by Bruker Inc. 

3.9 Inorganic extraction  

Using hydrochars and biochars as soil amendments can influence the crop yield due to 

the HC and BC nutrient content.108 Elements such as P, K, and Mg are critical to plant 

growth. Other beneficial nutrients that promote microbial activities include Zn, Cu, Ni, 

and Co. Contradictorily, toxic metals such as Cd, Cr, and Pb are not desirable in the 

soil.109 The bioavailable inorganics of initial biomasses, hydrochars, and biochars were 

determined using the Mehlich-III (M-III) extraction method110. All solutions were 

made and stored in polypropylene containers and plastic pipettes to prevent 

contamination from borosilicate glassware and stainless steel. Trace metal grade 

HNO3 and ACS reagent grade for other chemicals were purchased from ThermoFisher 

Scientific. 

The M-III solution was prepared following the Mehlich protocol. Since the original 

Mehlich method110 was prepared for approximately 2000 samples, a modified scaled-

down method was used. Stock solution - Approximately 6 mL of DI (MilliQ) water 

was added to a 10 mL polypropylene volumetric flask with 1.389 g of NH4F and well 
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mixed; sequentially, 0.7306 g of Ethylenediaminetetraacetic acid (EDTA) was added 

into the flask and topped to 10 mL with DI water. The stock solution was mixed until 

no suspended solids were observed. Working solution – Approximately 40 mL of DI 

water was added to a 50 mL polypropylene volumetric flask with 1.000 g of NH4NO3 

and well mixed; 0.200 mL of stock solution was sequentially added and mixed. 0.575 

mL of CH3COOH (glacial) and 0.041 mL of HNO3 were added into the flask. Lastly, 

the flask was topped to 50 mL with DI water. Tuning of the working solution to the 

pH of 2.5 ± 0.1 was performed using 1 M HCl (if pH>2.5) or 1 M NH4OH (if pH<2.5).  

A 1:100 (m:v) biomass to extract ratio was used. Approximately 0.05 g (±10%) of the 

material was added to a 15 mL falcon tube with 5 mL of M-III solution and shaken at 

200 rpm for 5 minutes under room temperature. The M-III digestate was filtered 

through a 0.45𝜇𝑚  syringe filter into a new 15 mL falcon tube. Hot plate carbon 

digestion using concentrated nitric acid (70%, Trace metal grade) was adopted to 

remove the residual carbon in the solution that could potentially promote 

mineralization and affect the readings on ICP-MS. A micropipette was used to transfer 

0.75 mL of the M-III digestate into an autoclavable 1.5 mL microcentrifuge tube along 

with 0.5 mL of 70% concentrated nitric acid. The microcentrifuge tube was left open 

in the fume hood on a hot plate at 40 oC overnight. The digestate level was monitored 

constantly, and 70% nitric acid was added when needed to ensure complete digestion. 

After the carbon digestion, 65% of the nitric acid strength was assumed, which was 

diluted to a 2% nitric acid matrix required by the ICP-MS.  

The organic-free M-III digestates were analyzed via an ICP-MS 2030 (Shimadzu). 

Argon (Airgas) was used as the plasma source and helium (Airgas) as the gas for 
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collision cells. Before analyzing the samples, calibrations with 0.1, 1, 5, and 10 ppb of 

each element stated above were performed with a calibration standard purchased 

through High Purity Standards. The collision cells were turned on to mitigate the 

possible interference of different elements.  

3.10 Analysis of pyrolysis bio-oil  

The bio-oil analysis was performed via Gas Chromatography – mass spectrometry 

(Shimadzu GCMS-QP2010SE) coupled with an AOC-20i+s autosampler (Shimadzu). 

A Rxi-5Sil MS column (Restek) of 0.25𝜇m thickness, 0.25 mm inner diameter, and 30 

m length was installed. This column was selected to reduce the background signal 

generated by the column stationary phase, therefore producing a better signal to noise 

ratio. The bio-oil described from the previous section was directly transferred into GC 

vials after returning to room temperature and analyzed without further sample 

preparation. Before each batch experiment, automatic tuning was performed. The 

injection volume was set to 1 𝜇𝐿. The initial column oven temperature was set to 40 

oC with an injection temperature of 250 oC. The injection mode was set to split with a 

1:20 split ratio. Helium (Airgas) was used as the carrier gas with the GC flow control 

mode set to pressure. A pressure of 49.5 kPa was used while other parameters such as 

total flow, column flow, and purge flow were automatically filled. The ion source 

temperature was set to 230 oC with an interface temperature of 250 oC. The MS was 

set to Electron ionization (EI) mode at 70 eV. The solvent cut time was at 2 minutes. 

Table 3 shows the two heating rates used across three stages, as lower temperature 

ramp rates significantly reduced the shifting of the baseline.  
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Table 3. GC parameters used for bio-oil analysis 

Stages Ramp rate (oC/min) Final Temp (oC) Hold time (min) 

0 - 40 5 

1 1.75 150 5 

2 1.75 250 10 

3 2.50 300 10 

 

After the sample (bio-oil) was injected into the gas chromatograph and vaporized, the 

vapor was carried by the He gas through the column. Different compounds in the 

mixture interact differently with the stationary phase of the column, therefore traveling 

at different speeds and exiting the column at different times. When the compounds 

leave the column, they entered the mass spectrometer, where a high energy beam of 

electrons is applied to the molecules, ionizing them and breaking them into fragments. 

The mass of the charged fragments was divided by the charge applied to get the mass 

to charge ratio (m/z). These charged particles then traveled through the quadrupole 

mass analyzer and reached a detection plate where the relative abundance of the 

compounds was measured. The MS was set to scan across from 15 – 600 m/z to 

include both lighter and heavier compounds. The mass of the 40 most abundant 

compounds (40 peaks with the largest area in chromatogram) were matched in the 

GCMS post-run analysis software provided by Shimadzu using the NIST17 database 

with a minimum similarity of 80%. The parameters set for the MS are shown in Table 

4. 

Table 4. MS parameters used for bio-oil analysis 

 Start time 

(min) 

End time 

(min) 

Acq. 

mode 

Event time  

(sec) 

Scan speed 

(𝜇/sec) 

Start 

m/z 

End 

m/z 

1 6 120 Scan 0.3 1428 15 400 

2 120 170 Scan 0.3 1428 200 600 
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Chapter 4: Results and Discussion 

While both hydrothermal carbonization (HTC; subcritical heating in water) and 

pyrolysis (heating in an inert atmosphere) convert carbonaceous wastes to hydrochars 

and biochars, respectively, neither alone is a perfect solution to biomass waste 

management. Some biomass wastes, such as cow manure, are rich in nutrients such as 

P and K, yet their high moisture content precludes the use of pyrolysis. Other biomass 

wastes, such as corn stover, are relatively dry compared to cow manure and are 

lignocellulosic materials, ideally suited to pyrolysis. By proposing an integrated 

thermochemical process that combines either co-HTC of animal manure and dry 

agricultural residues to concentrate P and K, or co-pyrolysis of pre-carbonized manure 

and raw dry agricultural residues to develop high surface areas, structurally sounds 

biochars, we can reduce agriculture’s environmental impact while recovering solid and 

liquid biofuels as nutrient-enriched soil amendments and possible renewable fuels.  

4.1 Physical properties of raw biomasses, hydrochars, and biochars  

The physical and chemical properties of raw, hydrothermally carbonized, and 

pyrolyzed biomasses were characterized to determine the potential for each material to 

serve as a soil amendment or solid fuel. The three wastes – grape marc, corn residue, 

and cow manure – were chosen as agricultural residues that represent many regions 

across the globe, including Central NY, USA, Trentino-Alto Adige, Italy, and the 

Black Sea Region of Turkey.  
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4.1.1 Raw biomasses 

The raw corn residue consists of leaves and stalks collected from a farm in Central 

NY, USA. The raw grape marc consists of 50% dried grape skin and 50% dried grape 

seed collected from a winery in Trento, Italy. The cow manure was also retrieved from 

a farm located in Trento. The initial moisture content of each biomass was measured 

as-received, the two dry biomasses were dried and stored in sealed plastic containers, 

while the cow manure was placed in plastic containers and frozen, as-received, at -4°C 

to prevent degradation. 

4.1.2 Hydrochars 

Hydrothermal carbonization is a common technique to upgrade wet biomasses such as 

cow manure. Nutrients tend to concentrate in the solid hydrochars, and the hydrochars 

usually exhibit longer-term stability (less susceptible to microbial and thermal 

degradation), which is an advantage when using them as soil amendments. The yields 

from HTC/co-HTC processing of the raw feedstocks are shown in Table 5, where the 

yields are reported in weight percentages. All biomasses yielded between 65-75% 

solid hydrochar, which is in line with literature values for similar feedstocks.79,81   
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Table 5. Solid, gas, and liquid yield of hydrochars in weight percentages 

 Solid [wt. %] Gas [wt. %] Liquid [wt. %] 

HC CS 70.0 6.8 23.2 

1hr HC CM 72.9 3.1 24.1 

2hr HC CM 65.7 7.0 27.3 

HC GM 69.2 5.4 25.4 

HC CS25CM75 73.4 4.9 21.7 

HC CS50CM50 69.0 5.9 25.1 

HC CS75CM25 68.2 6.5 25.3 

HC GM25CM75 69.2 5.1 25.7 

HC GM50CM50 71.1 3.5 25.4 

HC GM75CM25 66.8 3.4 29.8 

 

4.1.3 Biochars 

Pyrolysis was performed on the raw corn residue, raw grape marc, and the 2hr HC 

cow manure to demonstrate an integrated thermochemical pathway. Since pyrolysis is 

suitable for dry biomasses (usually less than 20% moisture), using HTC to pretreat 

cow manure reduces the overall energy input as hydrothermal carbonization imparts a 

somewhat hydrophobic nature to the hydrochars, making it possible to separate the 

solid cow manure hydrochar from the aqueous phase via simple gravity filtration. The 

yields from pyrolysis and co-pyrolysis of the three raw/HTC feedstocks and their six 

mixtures are shown in Table 6. The cow manure has the highest solid biochar yield of 

53.6 %, and the raw corn stover has the lowest biochar yield of 30.3 %. As observed 

from Table 6, the mixtures with 2 hr HC CM showed a high solid yield.  
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Table 6. Biochar yield from pyrolysis and co-pyrolysis 

Starting feedstocks Biochar Yield [wt. %] 

CS 30.3 

2hr HC CM 53.6 

GM 35.4 

CS25CM75 48.5 

CS50CM50 42.5 

CS75CM25 35.9 

GM25CM75 49.9 

GM50CM50 43.9 

GM75CM25 40.6 

 

4.1.4 Proximate Analysis 

The proximate analysis of the three initial biomasses (CS, GM, and 2hr HC CM) and 

their mixtures are shown in Table 7. Since moisture can be affected by the surrounding 

environment such as atmosphere and sample handling, data are reported on a dry basis. 

Testing was done in triplicate, and the values are reported as averages with standard 

deviations. The hydrochars overall showed a decrease or negligible change in volatile 

matter, and a slight (<10%) increased in fixed carbon and ash compared to the initial 

biomasses. This could be explained by the low temperature (220 oC) and the short 

residence time of HTC, in which the cellulose, hemicellulose, and lignin do not fully 

decompose. Biochars, in general, have the highest fixed carbon with an average 

increase of 34% and the lowest volatile matter, with an average decrease of 50% as 

compared to the initial biomasses. Biochars also have approximately twice the amount 

of ash and half the amount of the volatile matter when compared to raw biomasses and 

hydrochars. In addition, hydrochars have significantly less ash than biochars, which 

agrees with previous literature, due to some minerals in the hydrochars dissolving and 

being washed out into the water media during the HTC process.111 Among CS, HC 

CM, and GM, corn stover has the highest volatile matter, 2hr HC cow manure has the 
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highest ash content, and grape marc has the highest fixed carbon fraction. The results 

showed consistency with previous publications on the proximate analysis.112–114 The 

distribution of volatile matter, fixed carbon, and ash observed in Table 7 do not vary 

much with respect to their mixtures.  

Table 7. The volatile matter, fixed carbon, and ash weight percentage of raw 

biomasses, hydrochars, and biochars via thermogravimetric analysis 

  VM % FC % Ash % 
VM 

stdev. 

FC 

stdev. 

Ash 

stdev. 

 

CS  

Raw 75.56 15.28 9.16 0.06 0.72 0.71 

HC 67.87 21.80 10.33 1.07 0.56 0.53 

BC 14.94 60.30 24.76 0.40 1.14 0.81 

 

GM  

Raw 67.62 28.61 3.77 0.81 0.69 0.38 

HC 63.29 33.19 3.53 0.81 0.49 0.68 

BC 11.10 81.11 7.78 0.10 1.23 1.26 

 

CM  

1hr HC 59.01 15.63 25.36 1.63 0.82 0.97 

2hr HC 59.24 17.32 23.44 0.94 0.27 0.67 

BC 17.40 36.19 46.41 0.47 3.17 3.63 

 

CS25CM75  

Raw 62.79 17.52 19.69 0.31 0.36 0.58 

HC 63.02 17.20 19.77 0.57 0.30 0.37 

BC 17.91 40.08 42.01 0.88 2.22 3.08 

 

CS50CM50  

Raw 65.77 17.51 16.72 0.54 0.31 0.59 

HC 63.08 19.31 17.60 0.85 0.42 0.58 

BC 16.37 48.04 35.59 0.19 0.99 1.02 

 

CS75CM25  

Raw 70.74 16.71 12.55 0.64 0.31 0.40 

HC 64.82 21.37 13.81 1.18 0.65 0.75 

BC 14.44 54.15 31.41 0.86 2.39 2.17 

 

GM25CM75  

Raw 59.58 20.28 20.14 1.28 1.48 1.44 

HC 59.31 19.74 20.94 0.64 0.35 0.43 

BC 16.71 44.94 38.35 0.25 1.61 1.63 

 

GM50CM50  

Raw 62.54 21.93 15.54 0.93 1.78 2.61 

HC 62.50 22.29 15.21 0.60 0.34 0.60 

BC 15.20 54.13 30.66 0.59 1.32 1.56 

 

GM75CM25  

Raw 66.68 23.79 9.53 2.35 2.29 0.11 

HC 64.39 25.98 9.63 1.59 2.25 1.38 

BC 13.61 65.34 21.04 0.36 1.09 1.35 
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4.1.5 Ultimate analysis 

The ultimate analysis is reported in Table 8 on dry ash-free (daf) basis. The carbon 

determined both organic and inorganic compounds, such as mineral carbonates. The 

hydrogen was also accounted for both organic and inorganic compounds in the 

sample, and the nitrogen content was assumed to be within the organic compounds of 

the sample. The oxygen was calculated from the remaining fraction. The ultimate 

analysis not only gives the relative stability of the material from the ratio of carbon, 

hydrogen, and oxygen, it could also be used as a cursor to estimate the quality of 

biomass.  

Table 8. The ultimate analysis of raw biomasses, hydrochars, and biochars on dry 

ash-free basis on weight percentages 

  C % H % N % O % 

CS 

Raw 67.08 5.81 1.08 26.03 

HC 61.37 5.86 1.59 31.18 

BC 90.44 1.19 1.91 6.46 

CM 

1hr HC 66.02 6.48 3.12 24.38 

2hr HC 67.28 6.22 3.36 23.14 

BC 88.47 0.77 4.17 6.59 

GM 

Raw 59.22 5.92 1.81 33.05 

HC 71.79 5.91 1.92 20.37 

BC 90.55 1.19 2.21 6.06 

CS25CM75 

Raw 67.44 6.09 2.74 23.74 

HC 71.66 6.22 2.71 19.40 

BC 82.03 0.58 3.29 14.10 

CS50CM50 

Raw 67.30 5.99 2.15 24.56 

HC 64.95 6.19 2.30 26.56 

BC 88.90 0.73 2.61 7.76 

CS75CM25 

Raw 67.16 5.90 1.60 25.35 

HC 64.72 6.02 1.91 27.35 

BC 90.61 0.65 2.28 6.46 

GM25CM75 

Raw 65.32 6.09 2.92 25.67 

HC 70.29 6.53 1.57 21.61 

BC 80.50 0.71 3.44 15.36 

GM50CM50 

Raw 63.26 6.01 2.51 28.22 

HC 71.49 6.53 2.53 19.46 

BC 90.12 0.74 3.03 6.11 

GM75CM25 

Raw 61.42 5.94 2.15 30.49 

HC 73.98 6.37 2.20 17.46 

BC 90.01 0.87 2.64 6.48 
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Interestingly, HC CS shows a decrease in carbon and an increase in oxygen compared 

to its feedstock. This was unexpected because HTC should increase the carbon content 

while decrease the hydrogen and oxygen contents. The 2hr HC CM indicated a slight 

increase in carbon and a slight decrease in oxygen compared to the 1hr HC CM. The 

HC GM showed a 12 % increase in carbon and a 13% decrease in oxygen to the GM. 

The decrease of oxygen and hydrogen and increase of carbon was consistent with the 

HTC temperature and longer residence time described in the literature.115 Corn stover 

and grape marc biochars demonstrate high carbon contents (80-90%, by wt.) while the 

oxygen and hydrogen significantly decreased, possibly due to the inert atmosphere 

during pyrolysis process in comparison to the water media for HTC, which limited the 

interactions between oxygens and hydrogens to the sample. However, the cow manure 

biochar showed a decrease in both carbon and oxygen, suggesting that the pyrolysis 

process drove off the organics that contained carbon and oxygen, which can be further 

verified through the surface functional group analysis in the upcoming section.  

As can be seen in Figure 3, the H/C atomic ratio of hydrochars and raw biomasses are 

similar (1.0-1.2), while some of the O/C ratios overlapped. Along with the relatively 

similar atomic C, H, and O ratios of hydrochars and raw biomasses compare to 

biochars. It is suggested that only dehydration and decarboxylation occurred during 

HTC. And since the HTC temperature was low and the duration was short, the effect 

on reducing the oxygen was not that significant. The reactions described previously 

led to the decrease in oxygen and the increase in carbon, resulting in the lower H/C 

and O/C ratios compare to raw biomasses. Conversely, biochars have H/C and O/C 

ratios that are <0.6 and <0.4, conforming to the IBI definition of biochar. The low H/C 
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and O/C ratios also indicate high stability in comparison to hydrochars and raw 

biomasses. Chars used as soil amendments with high stability are less likely to 

biodegrade under ambient conditions and affected by microbial activities.  

 
Figure 3. van Krevelen diagram of raw biomasses, hydrochars, and biochars 

4.1.6 pH and conductivity effects on the water when exploiting raw biomasses, 

hydrochars, and biochars as soil amendments 

Soil pH and conductivity not only influence soil’s microbial activities, pesticide 

interactions, mobility of heavy metals, and corrosivity but also impact the crop yield. 

A modified IBI protocol was used to assess the pH and conductivity of biomasses. 

This protocol employs a 1:20 biomass to water ratio (m:v) for both measurements. 

However, due to the limited quantities of samples, a modified IBI method with a 1:100 

biomass to water ratio was adopted in this work. To ensure the accuracy of the results 

by this modified method, a series of different loading concentrations (1:20-1:100, 

biomass to water, m:v) using raw/2hr HC CM biomasses was done, the results of 

Demethanation 

Decarboxylation 

Dehydration 
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which are shown in Figure 4 and Figure 5. The results indicated that the loading 

concentrations range from 1:20 to 1:100 have little effects on the change of pH and 

has a close to linear relationship on the conductivity.  

 
Figure 4. Measured pH using 1:20-1:100 biomass to water (m:v) ratios 

1:100 1:80 1:60 1:40 1:20 
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Figure 5. Change of EC using 1:20-1:100 biomass to water (m:v) ratios  

 

Ultra-pure water (Millipore) with a resistivity of at least 18.2 MΩ was used to ensure 

no minerals are presented in the solution that would affect the measurements. Since 

the CO2 in the atmosphere and the temperature fluctuate daily, a blank (100% water) 

was measured to be used as the reference point. Therefore, the results shown in Table 

9 are reported in regards to the baseline (blank). 

  

1:100 1:80 1:60 1:40 1:20 
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Table 9. The pH and the conductivity (𝜇S/cm) measured from initial biomasses, HC, 

and BC using a 1:100 (m:v) sample to water ratio. (Blank at pH=8.789, 

conductivity=2.788𝜇S/cm) 

 Initial biomasses 

 CS GM CM 
CS25 

CM75 

CS50 

CM50 

CS75 

CM25 

GM25 

CM75 

GM50 

CM50 

GM75 

CM25 

pH 7.26 4.18 8.23* 7.88 7.64 7.50 7.01 6.62 5.82 

Cond. 464.10 307.50 954.96* 754.57 651.03 603.90 868.70 640.26 491.63 

 HC 

pH 5.65 5.34 8.11** 7.43 7.01 6.57 7.73 6.76 6.22 

Cond. 457.75 191.93 864.28** 820.69 674.56 485.73 698.06 551.78 317.40 

 BC 

pH 10.36 10.82 11.05 10.67 10.69 10.54 10.96 11.30 10.79 

Cond. 735.34 552.08 1099.56 928.01 1075.50 908.02 1013.71 1099.48 830.99 

* indicates 2hr HC CM, **indicates 1hr HC CM 

According to Table 9, all biochars have higher pH than the water blank, suggesting 

more OH- ions than H+ ions are presented in the water, indicating alkalinity of the 

biochars. The hydrochars and initial biomasses are acidic as their pH is lower than the 

blank. The findings are consistent with published literature.47,111,116 Grape marc shows 

the lowest pH, indicating the most H+ ions released across all samples, which is 

possibly due to the high oxygenated and hydrogenated surface functional groups. The 

CM (1hr HC, 2 hr HC, and BC) demonstrates the greatest change in conductivity 

across samples, possibly due to the ions leached out from the cow manure. GM (raw, 

HC, and BC), on the other hand, shows the least change in conductivity most likely 

due to the high carbon content, which stabilizes the surface functional groups and 

reduces the leaching of ions. According to the United States Department of 

Agriculture (USDA), the optimal soil conductivity for food crops is in the range of 

1000 𝜇 S/cm – 5700 𝜇 S/cm (or 1 dS/m – 5.7 dS/m).117 Excess or insufficient 
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conductivity in the soil leads to a decrease in crop yield. Additionally, the optimal soil 

pH is 6.0 - 7.0, which lowers the dissolution of heavy metals, leading to corrosions of 

concrete and pipes, and increases the microbial activities contributing to the 

breakdown of available nutrients.118 Hence, biochars could be used to raise the pH of 

the soil, and hydrochars can be used to lower the soil pH while both of them can 

increase the conductivity of the soil to optimize the microbial activities.  

4.1.7 Surface area effects on the water and nutrient retention capabilities 

The results of the surface area using nitrogen adsorption are shown in Figure 6 

reported in m2/g. Both corn stover and grape marc show similar surface areas (<5 

m2/g). The corn stover and grape marc hydrochars demonstrate an increase in surface 

area of 100-250% compared to their raw forms. However, the HTC blends see little 

change in surface area, most likely limited by the presence of the cow manure. When 

25% of cow manure is mixed with either corn stover or grape marc, the surface area 

dropped by over 35%. The low surface area on the cow manure is probably due to its 

compositions such as lipids and nitrogen-contained compounds, in which no real 

structure was developed, leading to the failure of pore formation hence decreasing the 

surface area. Secondary char formation during the HTC process could also be another 

cause besides the unstructured cow manure. Lucian et al.119 demonstrated that 

spherical structured secondary char would precipitate on the primary char mainly from 

the furfural produced during the sequential hydrolysis, dehydration, and isomerization 

in HTC with the intermediate acids presented in the media. These spherical secondary 

chars deposited on the surface and block the pores, resulting in low surface areas.  
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The corn stover and cow manure biochars showed an increase in surface area 

compared to their hydrochars and raw materials. The grape marc biochar has a lower 

surface area than its hydrochar, which was unexpected. Biochars in the literature 

generally show an increase in surface area due to its reactions, in which devolatilizing 

of organic matters takes place during the process, releasing the pores in the material.120 

However, some groups observed a decrease in surface area at higher pyrolysis 

temperatures greater than 500 oC, potentially due to the collapse of pore structures, 

which led to the low surface area.121,122 Tag et al. discovered that low surface area was 

obtained for low-ash materials.123 This observation was consistent in the low-ash 

grape marc and high-ash cow manure biochars. The low biochars surface areas seen in 

Figure 6 could be due to the high particle densities, the shrinkage of the particles, and 

the ash blocking the pores during the pyrolysis process.116,124, if the pores released by 

the volatile matters are dead-ended, no contributions would be made towards 

increasing the accessible surface area.125  

 
Figure 6. The surface area of initial biomasses, hydrochars, and biochars obtained 

through the BET method by nitrogen adsorption.  



46 

 

Figure 7 shows the total pore volume at a relative pressure of approximately P/P0 = 

0.99, reported in cm3/g. As shown, the total pore volumes of corn stover and cow 

manure increase in both hydrochar and biochar forms, while grape marc presented a 

low total pore volume compare to corn stover and cow manure. The cow manure 

biochars have relatively high total pore volume compare to corn stover and grape marc 

shown in Figure 6. The low pore volumes in grape marc biochar could also be 

influenced by the low degassing temperature (200 oC) to prevent thermal degradations 

of the samples. 

Although reporting surface area using BET theory is often considered as a standard in 

carbon science, it might not be a good fit in this case since the surface areas were 

minimal. In other words, the underlying theory of BET uses a monolayer of nitrogen 

to adsorb onto the sample. If the sample has more effects on multilayer adsorption 

between particles, the reading of the nitrogen adsorbed would be minimal. Although 

N2 isotherms from the sorption instrument are reproducible for biochar samples, the 

BET analysis leads to a relatively poor fit, which could be attributed to the low sample 

surface area. Overall, it may be said that the cow manure has the highest surface area, 

and the grape marc has the lowest surface area using BET theory. The high surface 

area of cow manure recommends that using cow manure as soil amendments would 

have a better effect on retaining water, nutrients, and limiting heavy metal leaching33 

in the soil from the surface area perspective.  
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Figure 7. The total pore volume of initial biomasses, hydrochars, and biochars at a 

relative pressure of 0.99 

4.1.8 Surface functional groups that affect soil dynamics and heavy metal adsorption 

The surface functional groups of soil amendments play a vital role, which is linked to 

the mineralization of carbon and nitrogen, resulting in the change of nutrient 

availability.126 Fourier-transform infrared spectroscopy (FTIR) was used to 

qualitatively assess the presence of different surface functional groups on the surface 

of the specimens. The normalized infrared spectra of the biomass feedstocks, their 

hydrochars and biochars are shown in Figure 8, Figure 9, Figure 10, and Figure 11. 

Since the carbon content plays a major role in the development of the surface 

functional groups, only GM25CM75 and GM75CM25 were selected for 

measurements across the mixtures. The correspondence between wavenumbers in the 

range of 4000 - 500 cm-1 and associated surface functional groups is extensively 

studied in the literature, a summary of which is shown in Table 10. Generally, the 

peaks between 4000 cm-1 and 1500 cm-1 are easily distinguishable and are usually due 

to the stretching vibration of diatomic units. However, many different functional 
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groups may exist in the fingerprint region between 1500-500 cm-1, and the separation 

of these individual functional groups is challenging due to overlapping.  

Table 10. Typical functional groups exist in biomass with their assigned wavenumbers 

Wavelength (cm-1) Types 

of 

bonds 

Classification Reference 

3600-3100 O-H Stretching hydroxyl groups 127,128 

2850, 2920 C-H Aldehydes, Alkanes, Alkenes, Alkynes 

1740 C=O Aldehydes, Ketones, Carboxylic acids 128,129 

1630, 1510, 1420 C=C Aromatic compounds 130,131 

1385 C-H Stretching vibration of -CH2 132 

1261, 1161 C-O Alcohol, ethers, esters, carboxylic acids, anhydrides 133 

1101, 1031 - Ash  134 

875, 805 C-H Aromatic out-of-plane bend 128 

 

Across Figure 8, Figure 9, Figure 10, and Figure 11, all raw CS, raw GM, and 2hr HC 

CM, and the mixtures show significant amounts of alcohol functional groups. 

Compared to the initial biomasses, hydrochars have more complex aromatic 

compounds and oxygen-containing functional groups such as ester, ether, and acid. 

The increase in the intensities range 1600 - 1000 cm-1 was expected since the HTC 

was performed in an acidic aqueous solution. The organic matters dissolved in the 

HTC media containing carbon, oxygen, and hydrogen recondensed back to the surface 

of the chars, resulting in more functional groups. Grape marc hydrochars showed more 

aromatics compared to corn stover hydrochar and cow manure hydrochars. The 

increase in C=C bonds in grape marc was possibly due to its higher lignin content in 

comparison to corn stover presented in the previous section.135  
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Figure 8. FTIR spectrum of raw, HC, and BC corn stover 

 

 

Figure 9. FTIR spectrum of raw, HC and BC grape marc 
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Figure 10. FTIR spectrum of HC and BC cow manure 

 

Figure 11. FTIR spectrum of HC and BC mixtures 



51 

 

Biochars showed lower intensities in the alcohol groups and aliphatic carbons 

compared to raw biomasses and hydrochars. The lower peaks in between those 

wavelengths suggest that aliphatic carbons and alcohol groups transformed into more 

stable functional groups, perhaps alkenes and aromatics at lower wavenumbers. The 

peaks at 1101 and 1031 cm-1 in the cow manure were attributed to the ash content.134 

Although the raw biomasses show more functional groups at higher wavenumbers (C-

H aliphatic and O-H stretching), hydrochars show higher intensities across the 1700-

900 cm-1 region (oxygen-containing and aromatic compounds), due to the 

recondensing of organic matters in the HTC process. Biochars overall have lower 

intensities compare to hydrochars and raw biomasses, due to its devolatilization of 

organic matters during the pyrolysis, which also devolatilize most of the surface 

functional groups containing oxygen and hydrogen. This suggests that the raw 

biomasses and hydrochars could have similar particle surface charges, which is 

significant to the adsorption of heavy metal cations in the soil. Oxygen-containing 

functional groups, such as hydroxyl groups, aldehydes, esters, and ethers, can create 

negative charges on the particle surface, which promote the immobilization of heavy 

metals with positive charges.136 Past studies show that the oxygen-containing 

functional groups increase in hydrochars compared to the feedstocks; pyrolysis 

reduces the presence of surface functional groups137, which was consistent with the 

FTIR spectra shown above and the O/C atomic ratios in the ultimate analysis shown in 

the previous section. The polar functional groups containing oxygens and hydrogens 

on the hydrochars may also increase the water retention capability, based on 

electrostatic interactions and the hydrogen bonds.137 Therefore, the enrichment of the 
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functional groups in hydrochars, in comparison to the biochars, makes hydrochars 

better soil amendments to both immobilize heavy metals and enhance water retention 

capacity. 

4.1.9 Nutrients (P, K, Mg) and heavy metals in raw biomasses, hydrochars, and 

biochars when utilizing as soil amendments 

The hydrochars’ and biochars’ nutrient concentrations vary depending on the 

processing media,  temperature, and feedstocks.108,138 Nutrients such as phosphorus 

(P), potassium (K), and magnesium (Mg) in the soil help plants fight diseases, expand 

the roots for growth, aid in the process of photosynthesis, and enhance the adaptability 

in a drought environment.43 Microbial activities, which facilitate the transport of these 

nutrients, can also be enhanced by the addition of nitrogen and carbon. Heavy metals 

in soil can bioaccumulate in plants and crops and be harmful to human organs when 

ingested. As reported in the literature, the amount of bioavailable nutrients are 

relatively low in biochars compared to their feedstocks, which may be explained by 

the accumulation of the nutrients when releasing the volatile organic matter during 

pyrolysis.137 Mehlich-III extraction was performed to assess the bioavailable nutrients 

in the samples. By determining the bioavailable nutrients, we can better understand the 

nutrient utilization as soil amendments, and compare them to the IBI104 maximum 

allowed threshold for nutrients.  

Bioavailable P, K, Mg, along with Cd, Cr, Co, Cu, Pb, Mo, Ni, Se, Zn were measured 

following IBI104 protocol for determining the range of maximum allowed threshold for 

biochar materials. The bioavailable nutrients and heavy metals are shown in Table 11, 

where the units are in mg of inorganics per kg of sample.  
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Table 11. Bioavailable inorganics via Mehlich-III extraction in initial biomasses, 

hydrochars, and biochars reported in mg of nutrients per kg of sample 

 Initial Biomasses 

 CS  CM GM  
CS25 

CM75 

CS50 

CM50 

CS75 

CM25 

GM25 

CM75 

GM50 

CM50 

GM75 

CM25 

K 1294.3 2894.2 1932.0 2730.0 2190.7 1906.7 3427.1 3035.5 2401.8 

Mg 295.7 1011.0 79.2 994.0 788.1 490.7 1144.8 690.8 366.1 

P 158.6 1330.0 233.8 1241.8 943.7 478.7 1545.8 978.7 583.1 

As  N/A 0.1 N/A 0.1 0.1 N/A 0.1 0.1 N/A 

Cd N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Co N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Cr 2.8 1.8 3.1 3.0 1.7 1.7 3.3 1.8 1.7 

Cu 10.6 N/A 14.7 11.0 N/A N/A 11.9 2.3 3.7 

Fe 14.4 142.7 16.4 129.6 103.6 38.3 166.3 84.4 53.6 

Mn 1.6 31.8 1.0 29.4 23.2 9.6 34.6 19.5 11.1 

Ni 4.1 4.4 4.0 5.1 4.3 4.3 4.5 4.3 3.9 

Pb 2.3 0.7 2.4 2.9 0.6 0.4 3.2 0.5 0.4 

Se 8.5 7.1 8.6 7.9 8.6 8.8 9.4 10.8 11.0 

Zn 19.6 29.3 12.8 34.0 17.8 10.3 37.0 16.1 8.9 

 HC 

K 1209.9 3257.1 724.3 2902.1 2208.2 1564.7 2887.5 2106.5 1427.7 

Mg 318.3 1385.7 78.0 965.4 646.6 436.5 961.0 526.0 286.9 

P 265.3 1828.6 300.0 1436.5 1117.1 631.4 1439.4 1101.7 866.3 

As  N/A 0.1 0.1 0.1 0.1 N/A 0.1 0.1 N/A 

Cd N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Co N/A N/A N/A 0.1 N/A 0.1 0.1 N/A N/A 

Cr 2.9 3.1 2.9 3.0 3.0 1.8 2.9 1.7 1.5 

Cu 11.0 10.9 15.9 11.1 11.8 0.4 12.8 3.6 3.0 

Fe 19.9 211.4 22.1 153.1 99.6 47.2 154.6 97.2 69.9 

Mn 1.8 50.0 1.4 28.9 18.2 9.7 30.9 21.2 13.5 

Ni 4.2 4.3 4.3 5.0 4.4 4.8 4.6 4.4 4.4 

Pb 2.7 3.3 2.6 3.3 3.0 0.4 3.2 0.7 0.4 

Se 12.4 11.1 13.0 11.3 11.9 10.9 12.2 11.6 12.2 

Zn 14.6 44.4 13.2 34.4 24.2 9.0 38.5 26.2 16.4 

 BC 

K 1703.8 3562.4 1154.3 3074.2 2840.0 2644.4 3040.0 2314.3 1717.0 

Mg 112.0 869.1 6.8 510.9 569.3 398.8 704.0 431.4 256.2 

P 154.5 1054.9 44.1 815.5 860.0 651.9 1038.7 754.3 471.5 

As  N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Cd N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Co N/A N/A 0.1 N/A N/A N/A N/A N/A N/A 

Cr 1.4 1.4 1.2 1.3 1.4 4.2 1.7 1.4 1.4 

Cu N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Fe 5.5 82.6 1.3 60.0 75.1 62.2 88.7 85.9 37.0 

Mn 1.3 36.5 0.5 20.2 23.2 14.8 29.7 19.3 11.1 

Ni N/A N/A 0.5 N/A N/A 0.2 N/A N/A N/A 

Pb 0.6 1.2 N/A N/A 0.1 N/A 0.5 N/A N/A 

Se 8.5 8.8 7.8 8.5 8.0 8.9 8.8 8.9 8.9 

Zn 2.4 20.8 N/A 13.4 18.7 13.3 48.3 14.4 12.4 
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As shown in Table 11, CM has the highest concentrations in K, Mg, and P across raw 

biomasses, hydrochars, and biochars. The CM shows consistency with the literature, 

where it is known to have high nutrients, especially in P and K.139 The Mg and P 

decrease in biochars compare to raw biomasses and hydrochars while K increases. The 

decrease in concentrations was also observed in other heavy metals, where the 

biochars have more than 50% drop in metal concentrations. Some heavy metals such 

as Cd and Co were below detection limits. This was possibly due to the highly stable 

aromatic structures in the biochars, which decreased the extractability of K, Mg, and P 

even under acidic environment.140 According to the IBI maximum allowable 

thresholds, all heavy metals are within the range for use as a soil amendment. To 

maximize the K, Mg, P, and to minimize the heavy metals that are present in the soil 

when using hydrochars and biochars as soil amendments, cow manure biochar is 

recommended due to the stable biochar structure described in the previous section. 

Furthermore, cow manure biochar’s higher concentrations in nutrients, and lower 

concentrations in heavy metals are also beneficial to soil and plant growth.  

4.1.10 The thermal stability of initial biomasses, hydrochars, and biochars when 

utilizing as soil amendments and solid fuels 

To gauge the thermal stability of each sample, the derivative thermogravimetric curves 

are shown in Figure 12, Figure 13, and Figure 14. The DTG curves were calculated 

using the TG data and smoothed with 10-point moving averages from 110 oC through 

910 oC. The DTG curves show the relative rates of devolatilization of the volatile 

matter.  
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Two regions are shown in the DTG curves: active pyrolysis (devolatilization region) 

and passive pyrolysis. In the devolatilization region in Figure 12, the corn stover and 

its mixtures have 30-70 % higher in the devolatilizing rate in the temperatures between 

250 and 350 oC compare to cow manure and grape marc, which was an indication of 

the devolatilization of cellulose, hemicellulose, and partially lignin. The peaks across 

initial biomasses and their mixtures suggested that most devolatilization happened at 

around 300 oC, which shows consistency with the literature.141 The passive pyrolysis 

region is shown after 375 oC, where the slow mass loss corresponds to complete 

devolatilization of lignin as well as char formation.135 Furthermore, hydrochars in 

Figure 13 illustrated the increase in thermal stability due to the uninformative of the 

slopes compared to the raw biomasses. The increase in thermal stability is due to the 

HTC reactions at 220 oC, which converted weaker-bonded carbons into more 

stabilized carbons. By comparing the 2hr HC CM and 1hr HC CM, we can see that the 

conversion rate of 1hr HC CM was around 15% higher than the conversion rate of 2hr 

HC CM at 300 oC, indicating that more volatiles were converted by increasing the 

residence time. However, the slopes of all hydrochars (additional data in Appendix A) 

showed decrease devolatilizing rates, suggesting the even a slight decrease and 

increase in the volatile matter and fixed carbon have significant effects on thermal 

stabilities.142  
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Figure 12. DTG curves of the initial biomasses and their 50:50 mixtures. More data 

available in Appendix A 

 
Figure 13. DTG curves of the hydrochars and their 50:50 mixtures. More data 

available in Appendix A 
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Figure 14. DTG curves of the biochars and their 50:50 mixtures. More data available 

in Appendix A 

4.2 Fuel properties of initial biomasses, hydrochars, biochars, and bio-oil 

The hydrochars and biochars could be used as soil amendments, and as solid fuels. 

Although coal and petroleum-based liquid fuels are known to have higher calorific 

values, coal and petroleum-based fuels pollutions to the environment are exacerbating 

global warming. By utilizing biofuels, we can reduce greenhouse gas emissions and 

decrease our over-reliance on fossil fuels. To determine the practicality of using 

hydrochars and biochars as solid fuels, we compare the heating values to such 

conventional fuels.  

4.2.1 Hydrochars and biochars as solid fuels using Higher Heating Values  

The HHV was calculated from the ultimate analysis using Dulong’s Equation143, 

shown in Equation 4.2.1, where C, H, N, and O are in weight percentages.  

𝐻𝐻𝑉 [
𝑀𝐽

𝑘𝑔
] = (33.5 ⋅ 𝐶% + 142.3 ⋅ 𝐻% − 15.4 ⋅ 𝑂% − 24.5 ⋅ 𝑁%)/100 (4.2.1) 
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The HHVs of corn stover, cow manure, grape marc, and the mixtures are shown in 

Table 12. The corn stover hydrochar showed a decrease in energy content compared to 

its raw form - this might be due to the higher ash content in the corn stover hydrochar, 

which does not contribute to the heating value. In contrast, grape marc hydrochar 

demonstrated a significant increase in its energy density compared to its raw form, 

mainly due to the increase in carbon content while the ash content remains unchanged. 

The 1-hour and 2-hour cow manure hydrochars did not show a significant difference 

in HHV – this is due to the similar composition of C, H, N, O, and ash based on 

Equation 4.2.1. The biochars showed generally lower HHVs compared to the 

hydrochars and raw biomasses144 besides grape marc. Hydrochars show higher HHVs 

generally compare to the initial biomasses except corn stover. The cow manure 

hydrochar and biochar HHVs are consistent with the literature.145 The biochars low 

HHVs might be due to the limitations of Dulong’s Equation using a dry basis C, H, N, 

O to calculate the higher heating value. Proximate analysis in the previous section 

suggests that biochars have approximately two times the amount of ash compare to 

hydrochars and raw biomasses. Since the ash mainly consists of incombustible 

products such as silicon oxides, it has no contribution to the heating value. 

Furthermore, the main contributor for the HHV is the hydrogen with the highest 

coefficient according to the Dulong’s Equation. During pyrolysis, hydrogens in 

biochars were significantly reduced by 80-90% compared to the feedstocks as shown 

in the ultimate analysis. This can be caused by the formation of the aromatic carbons 

and intensified dehydration, which reduce the overall hydrogen contents.  
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The two most commonly used coal types are bituminous and anthracite, which have 

HHVs between 33-35 MJ/kg.71 In comparison to the hydrochars and biochars, the BC 

GM demonstrated the closest to coals HHV value to be used as a solid fuel. Although 

the HHV of BC GM is 5-7 MJ/kg lower than that of bituminous coal, the biochars are 

a greener energy source, which significantly decreases the sulfur oxides that creates 

acid rain when bond to oxygen significantly. By using hydrochars upgraded from 

agricultural and animal waste, we could have better farm waste management and 

generate energy from a cleaner source.  

Table 12. Calculated higher heating values of raw biomasses, hydrochars, and 

biochars in MJ/kg 

 CS CM GM 
CS25 

CM75 

CS50 

CM50 

CS75 

CM25 

GM25 

CM75 

GM50 

CM50 

GM75 

CM25 

Initial biomasses 23.85 20.41* 21.85 21.30 22.12 22.98 20.86 21.24 21.63 

Hydrochars 21.17 19.77** 27.73 23.21 21.43 22.25 23.04 24.86 27.60 

Biochars 22.42 14.63 28.03 14.01 17.93 19.70 14.66 19.89 23.05 

*indicates 2hr HC CM, **indicates 1hr HC CM 

 

4.2.2 Bio-oil analysis for potential liquid fuel produced during pyrolysis 

Petroleum-based fuel is comprised of more than 90% alkanes, cycloalkanes, 

aromatics, and asphaltenes. Conversely, bio-oil is mainly composed of highly 

oxygenated compounds, with higher viscosity, acidity, and moisture content, and 

lower stability and calorific value.146 Understanding the compounds in the bio-oil 

produced during pyrolysis is essential to explore the feasibility of utilizing bio-oil as a 

liquid fuel. Table 13 shows the organic compounds found in the bio-oil, which are 

categorized and reported under the categories of ketones, phenols, alkanes, alkenes, 

acids, aldehydes, alcohols, and other groups. The top 40 peaks were selected for each 

biomass, which were matched to the mass spectrometry library (NIST) for compounds 
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with a minimum similarity of 80%. More detailed compounds of each group are also 

available in Appendix B.  

As seen in Table 13, the oil produced by corn stover has significantly more ketones, 

followed by the grape marc and the cow manure. The oil produced from the cow 

manure mainly consists of phenols, alkanes, and acids, which add up to more than 

80% (by area). The cow manure bio-oil contained longer saturated alkane chains and 

acids that appeared later in the gas chromatograph with the most significant peak at 

around 101 min (Methyl Stearate). This peak was exclusive to cow manure as it only 

appeared in the cow manure and its mixtures. Methyl Stearate is a saturated methyl 

ester and is a key molecule in the biofuel which comes from the fatty acids from 

vegetables and animal fats.147 This explained why the cow manure bio-oil had methyl 

stearate in it. The oil produced from grape marc was around 54% (by area) phenols, 

with 11% - 12% (by area) of ketones and alkanes. Furthermore, either trace or no 

alkanes, alkenes, and acids were registered to the top 40 peaks in corn stover bio-oil; 

Either trace or no aldehydes and alcohols were registered to the top 40 peaks in cow 

manure bio-oil. Since all compounds besides alkanes and alkenes have at least one 

oxygen attached to the group, it makes the bio-oil acidic, viscous, and unstable. 

Unstable bio-oil degrades over time and causes severe problems such as corrosion and 

poor efficiency on conventional gas turbines.148 The oxygenated compounds (ketones, 

phenols, aldehydes, alcohols) and water in the bio-oil are the causes for the low 

calorific value (~1/3 compare to petroleum-based fuel).146 The phenolic compounds 

and acids lower the pH of the bio-oil, making it more corrosive and accelerate its 

degradation.149  
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Synergistic effects were also seen in Table 13 (bolded) in the mixtures. By mixing 

corn stover with the cow manure, phenols increased by an average of 6% compared to 

the bio-oils produced from corn stover or cow manure. The GM25CM75 mixture 

promoted the formation of alkanes and alkenes by an average of 15% and 5%, 

respectively. The GM75CM25 mixture enhanced the ketones and phenols formation 

by 5% and 2%, respectively. The formation of alkanes and alkenes are beneficial for 

liquid fuels as they are saturated carbons that stabilize the bio-oil and decrease the 

water content and viscosity. The formation of oxygenated compounds such as ketones 

and phenols have negative effects on the fuel characteristics as they are prone to 

acidify the fuel and make the fuel unstable. The reduced intensities in the biochar 

FTIR spectra could be compensated by the compounds in the oil produced from the 

pyrolysis feed, as most of the organic matter devolatilized during pyrolysis to form 

bio-oil or in the exiting gas. The differences in the biochar and feed agreed with the 

enhancement of the compounds listed in Table 13, suggesting that temperature, along 

with the mixing of lignocellulosic biomasses and cow manure, has synergistic effects 

during the pyrolysis process that lead to the increase in more phenolic groups in CS-

CM mixtures and more alkanes/alkenes in GM25CM75.  
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Table 13. Organic compounds in bio-oils produced during pyrolysis by groups in area 

percentages 

 

  

      

  CS CM  GM  

CS25 

CM75  

CS50 

CM50 

CS75 

CM25 

GM25 

CM75 

GM50 

CM50 

GM75 

CM25 

Ketones 40.09 5.36 11.46 15.03 27.11 33.50 7.34 9.57 13.98 

Phenols 28.18 30.47 54.48 33.58 34.03 38.20 28.73 40.88 46.91 

Alkanes 0.00 30.94 11.86 25.37 9.60 2.03 36.69 21.95 11.77 

Alkenes 0.00 5.75 0.72 1.95 0.00 0.00 7.88 3.40 2.10 

Aldehydes 9.85 0.00 9.42 0.00 3.25 5.49 0.00 2.32 5.49 

Alcohols 13.73 0.00 1.93 3.28 9.63 11.00 1.78 1.95 4.48 

Acids 0.00 22.78 2.94 15.97 9.74 4.64 13.38 15.47 7.75 

Others 8.15 4.71 7.19 4.82 6.63 5.13 4.21 4.46 7.51 
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Chapter 5: Conclusion 
This work explores the optimal pathway to produce nutrient-enriched soil amendments 

and biofuel from dry agricultural and animal waste. HTC/co-HTC and pyrolysis/co-

pyrolysis were performed on corn stover, grape marc, cow manure, and their mixtures 

to produce hydrochars and biochars. A combined HTC-pyrolysis process was 

investigated to convert farm waste to usable soil amendments and biofuels, producing 

higher nutrient and surface area biochars. The H/C ratios of raw biomasses and 

hydrochars are similar (1.0-1.2), but the hydrochars have a lower O/C ratio, suggesting 

that more oxygens were driven off during the HTC process, mainly from 

decarboxylation and dehydration. Biochars have the lowest H/C and O/C ratios 

compare the hydrochars and raw biomasses, indicating high stability, which is good 

for resisting degradation and microbial activities. All biochars are basic, while raw 

grape marc and all other hydrochars are acidic, due to the highly oxygenated and 

hydrogenated compounds in the hydrochars. This allows biochar to be used as buffers 

to neutralize acidic soil. The biochars showed relatively higher surface areas than the 

hydrochars and raw biomasses apart from grape marc. The overall amount of surface 

functional groups of biochars decreased across the wavenumbers, which was 

explained by the pyrolysis process that intensified dehydration, driving off more 

oxygen and hydrogens, hence resulting in higher C=C and C-H aromatics and fewer 

C-H aliphatic, C-O, and O-H compounds. The development of aromatic compounds 

stabilizes biochars, which makes them a better choice for soil amendments. The 1hr 

HC cow manure has the most bioavailable Mg and P while the BC cow manure has 

the most K. Hydrochars also have slightly higher bioavailable heavy metals 
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concentrations compared to raw biomasses and biochars. The biochars show overall 

lower in bioavailable nutrient and heavy metals concentrations compared to 

hydrochars and raw biomasses, most likely due to the stable carbon structure 

developed in the biochars, which increased the difficulty of nutrient leaching. All 

nutrients measured are within the IBI maximum allowable threshold. The biochars 

illustrate the highest thermal stability in the temperature between 110 – 910 oC, 

followed by the hydrochars and raw biomasses, making biochars feasible soil 

amendments due to their high stability. BC GM showed the highest HHV, which is 

also the closest to the HHVs of bituminous and anthracite coals. Even though the 

HHVs of biochars are lower than conventional fossil fuels (i.e., bituminous and 

anthracite coals), the reduction in sulfur and greenhouse gas emission is beneficial to 

the environment. The pyrolysis bio-oil from cow manure is most suitable to serve as a 

liquid fuel precursor due to its higher alkane, alkene, and lower oxygen-contained 

groups. Synergistic effects were seen in the production of bio-oils, where the alkanes 

and alkenes were promoted in the GM25CM75 bio-oil; ketones and phenols were 

promoted in the GM75CM25 bio-oil. When mixing corn stover with 2hr HC CM, 

phenolic groups were promoted. While there are still significant amounts of 

oxygenated compounds in the bio-oil, upgrading methods such as hydrodeoxygenation 

can turn phenolic groups into alkenes and alkanes. Therefore, based on the organic 

compounds analyzed, the GM25CM75 bio-oil is recommended for the utilization as 

the liquid fuel source. 

Lastly, biochars overall are a better soil amendment than hydrochars, shown in Table 

14, due to their possessive to stabilize soil to reduce effects from environmental 
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fluctuations, neutralize acidic soil for maximizing productivity, and higher surface 

area for water and nutrient retention. However, the hydrochars are enriched in bio-

available nutrients, making them a better nutrient source than biochars. By integrating 

hydrocarbonized cow manure with dried agricultural waste, we found that the 

concentrations of the nutrients (P, Mg, K) in biochars did increase. The data suggest 

that pyrolyzing carbonized biomass (cow manure) results in high surface area, 

possibly due to the structural carbons formed during the HTC process. If considered 

replacing the conventional fertilizers with biochars to improve soil properties, and use 

the hydrochars from HTC and bio-oil from pyrolysis as energy sources, we can 

mitigate the environmental impacts from the chemical fertilizers and greenhouse gas 

emissions, hence, leading to a better farm waste management and providing energy 

sustainably. 

Table 14. Properties of amendments that affect soil properties. (+ indicates better, 0 

indicates neutral, and – indicates worse) 

Characteristics Raw Hydrochars Biochars 

Fixed carbon - 0 + 

Stability - 0 + 

pH Acidic Acidic Basic 

EC 0 - + 

 Hydroxyl functionalities 0 + - 

Surface area - 0 + 

Bioavailable Nutrients 0 + - 

Bioavailable heavy metals 0 + - 

Thermal stability - 0 + 

Solid fuel (HHVs) 0 - + 
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APPENDIX 
A. Figures. This appendix includes the remaining mixtures of the DTG 

curves from the initial biomasses, hydrochars, and biochars 

 
Figure 15. DTG curves of the initial biomasses remaining mixtures 

 
Figure 16. DTG curves of the hydrochars remaining mixtures 
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Figure 17. DTG curves of the biochars remaining mixtures 
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B. Tables. This appendix includes detailed organic compounds found in the 

bio-oil produced during pyrolysis 
 

Table 15. Organics in bio-oil from pyrolysis - Ketones and derivatives 
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Table 16. Organics in bio-oil from pyrolysis - Phenols and derivatives 

 

 

Table 17. Organics in bio-oil from pyrolysis - Alkanes and derivatives 
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Table 18. Organics in bio-oil from pyrolysis - Alkenes and derivatives 

 
 

 

Table 19. Organics in bio-oil from pyrolysis - Acids and derivatives 

 
 

 

Table 20. Organics in bio-oil from pyrolysis - Aldehydes and derivatives 
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Table 21. Organics in bio-oil from pyrolysis - Others 

 

 


