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ABSTRACT
The demand for food and energy resources is continuously increasihg 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 biomassdsut the produced hydrochars
suffer from low surface are&yrolysis is suitable for dry biomassebut the
produced biochars contain low nutrient content. We proposed an integrated
HTC/pyrolysis process to produckiochars by co-pyrolyzing cow manure
hydrochar with raw agricultural residues. The physical chaiatts (i.e.
proxi mate analysi s, p H, surface area,
products were investigated for use as solid fu€le integrated HTC/pyrolysis
processdemonstratecan enhancemenin bioavailablenutriens, but the surface

area is sample dependeriResults 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 lintroduction
Food, water, and energy demands are some of the most significant challenges

humanityarepresently facing in a world of rising population. The agricultural industry
consumes the vasnajority 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 gamissions, 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 fertiliZerlowever, 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 causedé#i@nging of

soil dynamicg:® By converting farm and animal waste to nutrientiched soil
amendments and biofuels via integrated thermochemical conversion processes, it is
possible to achieve several goals: (1) lower resource consumption; (2) enhance
nutrient use #iciency; (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 approacketo convert biomass into more valuable products:
Hydrothermal carbonization (HTC), which the sample is heated under subcritical
conditions in water, angyrolysis, which the sample is heated under an inert

atmosphere.



While both HTC and pyrolysisonvert 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 dryoimasses producing materials with high
surface arem 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 cafdeéfiC has the ability to concentrate

and immobilize nutrients present in the manure and decrease reactive oxygen®content.
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 amendmehfsConversely, biochars produced from dry
agricultural waste s1h 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 applic&tioreover, pyrolysis is not suitable

for wet biomass streams such as cow manure due tiryhey required as one of the
pre-treatment Therefore, by proposing the novel integrated process that combines
both HTC and pyrolysis, we can produce a soil amendment with the structural
integrity ofbiocha 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. theantmnation of hydrothermal carbonization of wet
animal waste + dry agricultural residues to produce solid hydrochars or 2. sequential

hydrothermal carbonization of wet animal waste followed bypywlysis of



hydrochars + dry agricultural residues to pra@wplid biochars using a set of
representative biomasses common to Trerdiho Adige, Italy, the Black Sea

Region, Turkey, and New York, USA.



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 morbkan 75% of the freshwater usage, encompassing more than
50% of the global reactive nitrogen load, and occupying around 40% of the total land
areat®1? In the US, there are currently around 94 million dry tons of primary crop
residwes generated each year, which over 75% consist mainly of corn stover and wheat
straw!3 Conventional fertilizers are often abusively used to increase crop yields due to
the limited amount of akde land. This ovefertilization 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 beshwater 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 uptaked 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 washto 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 DIfect landspreading 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!3* However, these substrates are rich in-dailable carbon, which is
highly biodegradable under ambient temperature by bacteria. This carbon loss reduces
the efficiency of microbial activities and increases:@@issions 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 twoenuted greenhouse
gases due to anthropological activiti®githin the total greenhouse gas emissions,
around 50% are electricity/heat production and agricultural related. While tbe CO
enhances the severity of global warming in the long term, a&Ckelertes 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 nutgenthed soil
amendments via integrated the@chemical 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 spreagtnagegy 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.



2.1 The two thermochemical processes to convert biomasses ifutelgiand
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 diffeesndf 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 amendmen
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 bioprodudibe
process occurs in swdyitical water at temperatures between -P80 °C under
autogenic pressure (saturated vapor pressure at the reaction temperature), with
residence time varying from minutes to hot¥$hree products are obtained: a liquid
phase called AHL (aqueous HTC liquid), a solid phase known as hydrochar, and a
gaseous phase mainly consisf CQ!’. The unprocessed hydrochar is usually
separated from the liquid phase as a wateiched slurry, often requiring dewatering

for further utilization. The dried hydrochar can be utilized as a solid fuel (a



replacement for fossil fuglan combustion applications for energy generation, as a
feedstock for gasification, and some have proposed its use as a soil améfdment.

The main reactionsthat occur during HTC are dehydration, hydrolysis,
decarboxylation, and aromatizatishThe 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
decarboxylatiort® These reactions generate polar organic compounds such as phenolic
compounds and aldehydes, which acidify the media. At the same timealipbiaic
carbons are developed in the hydrochars, enhancing its biochemical recalcitrance in
comparison to the starting feedstoéksddowever, when using hydrochars as soil
amendments, aliphatic carbons, in comparison to aromatic carbons, decompose fairly
quickly under the ambient condition iretlsoil. The leached phenolic compounds and
organic acids can drastically affect the soil properties, resulting in negative effects on
plant and microbial respons&s Hydrochars could be used as solid fuels due to their

higher energy densities as compared to their starting biontdsses.

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 pyroRfsBince pyrolysis
intensifies dehydration, wet biomasses are not suitable for this process due to the
energy intensiveness for drying as a requiredtiga@ment. The main products of
biomass pyrolysis are a solid phase (biochar), a liquid plies®il), and a gaseous

phase, which is a necbndensable gasomprised mainly of CO, CQCHs, and H.2°



The amount and composition of each stream varies based on the pyrolysis conditions.
Yields of biochar, bieil, and biesyngas are the highest for slow pyrolysis, fast
pyrolysis, and flashpyrolysis, respectively. Thus, when the primary purpose of
pyrolysis is to produce biochar for soil amendments, slow pyrolysis is preferred to
maximize the solid yield® At the industrial level, slow pyrolysis conditions are
obtained in either fixed bed reactors or rotary Kii#% in the absence of oxygen at
temperatures between 30000 °C at ambient pressure, usually for residence times
greater than 450 seconts.

During pyrolysis, thermal decomposition of biomasses takes place, cleaving more
complex compounds such as cellulose, hemicellulose, and lignin into smaller
compounds likealdetlydes, acids, and keton€sA series of reactions such as
decarboxylation, decarbonylation, and dehydrogenation takes place to form biogas
from the organic matter. A portion of the devolatilizeégjanic matter reondenses

into a highviscosity bicoil, which contains, among other things, measurable amounts
of water and compounds with oxygenated, acidic functional grfuipsthe solid
biochas, aromatic carbons with stabilizettucture form through aromatization.
Because of such carbon condensation in the solid phasbabis thought to increase

the soil catiorexchange capacity, to buffer its pH, and to prevent nutrients from

leaching?! thereby enhancing crop yietd3*

2.2 Physical properties of raw, hydrochars, and biochars that affect soill
Due to the different process temperatures r@adtion media for HTC and pyrolysis,

the structure of hydrochars and biochars vary widelythe literature, both could be

utilized as soil amendments to improve stability, microbial activities, nutrients, water



retenti on caTheagrawthyand yiéle of plants and crops are highly
dependent on the soil properties such as nutrient availabilityelpetric conductivity,
soluble and exchangeableCand organic carborlthough 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 rescfeger studies on hydrochars and
biochars show that these materials have the ability to retain nutrients in the soll, to
adsorb and sequester heavy metals, and to serve as pH Buffarthermore, 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 aresad as fuel applications.

Optimal soil pH is between 6:07.0 for most crops, as this value enhances crop yield

by balancing the soil dynamic for plant nutrients uptake. An acidified soil causes
nutriens deficiency in plants, produces toxic aluminumdatlecrease microbial
activities, eventually decreasing the crop yield. Electrical conductivity (EC) of the saill

is another key parameter to determine the amount of minerals in the soil. The EC
affects crop vyield, crop suitability, nutrient availability, dan mi cr oor gani s |
activities, which is a factor that dictates the emission of greenhouse gases such as
NOx, CHs, and CQ. The nutrients availability is directly related to the physical soil
conditions such as pH and conductivity. AccordingKietterings etal., nitrogen,
phosphorus, potassium, sulfur, calcium, and magnesium have the highest available
fraction inthe pH 6.68.0 range®® 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 activitie$® C, H, O, N, P, K, Mg are the most common



inorganics found in biomass substrates. The concentrations of P, K, and N in the soil
are generally correlated with crop yiéfd.Inorganic P typically exists as
orthophosphate #*Qy and HP@*) i n t he soi |l de“*%whtth ng on
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; @ftake*® Potassium is needed to form
protein and starch in plart$Finally, inorganic nitrogen exists as nitrogen gas, nitrite,
nitrate, and ammonium. Since nitrogen gas naturally exists in the atmosphere, the
equilibrium of te 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 (NQ") and ammonium (NH) 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 pl&n#&n overabundance or
deficiency of plant nutrients can cause toxins to accumulate and the decrease in
yield 4546

Hydrochars are usually acidic (having pH belo#/6} 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 mechafisms.
Considerable amount of inorganics leached into the aqueous gnasg the HTC
process, resulting a lower ash content in hydrochars compare to biochars. The
inorganics that remained @he chars include nutrients and toxic metals such as Si, K,
Na, S, Cl ,°° HeweverCtheéusa af hydrochars as soil amendments is

questionable; some prior research has shown a reduction in niaegggbility when
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using hydrochars as soil amendments, which causes N deficiency in®plants
However, since the properties of hydrochar vary widely depending on processing
parameters, there is potential to modify the N turnover by adsorption, mineralization,
ammonifiation, nitrification, or immobilizatioR? By applying hydrochar as soil
amendments, we could potentially adjust the amount of nitrogen uptake of the plants.
In general, the oxygeoontaining 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 gro¥ps.

Conversely, biochars, overall, are beneficial soil amendmentsancing water and
nutrient retention capabilities, plant growth, and fertilizer efficieidgiochars are
weakly alkaline, which can be used to balance the pitidic soil in order to enhance

crop yield>>°> They also decrease nitrous oxide leaching by adsorbing ammonium or
ammonia®®’ Gascoet 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 forrhAlthough many prior studies report thatlizing biochars

as soil amendments are beneficial, Lehmann ¥taution 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 @ping biochars on agricultural lands, possibly due

to the type of soils and the volatile matter in the biocPfars.

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 glucos@he 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 brealCthe C
bonds and carbon rings. The strate further undergoes dehydration, where C=0 and
C=C bonds are formel.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 formr@matic carbon ring%. Hydrocarbons, sulfur, nitrogen,
phosphorus, halogens, and other carbonaceous derivatives could also be included in
the organic compoundiepending on the starting feedstofk#lthough biomasses

and chars can have different organic compounds such as alkenes, alkynes, ethers,
esters, carboxyliacids, ketones, aldehydes, anhydrides, and thiols, they vary widely
across feedstoclks,

Good indicators of the capability of aastto hold water and to adsorb toxic meals are
the charo6s surface ar e*aTheasorfhce functiohahgroepsf unct
also determine the hydrophobicity of a samplee presence of some hydrophilic
functional groups in the hydrochar and biochar, i.e. carboxylic acid, methanol,
aldehydes, anhydroglucoses, and furanoic comp@&yriduences the hydrophobicity

of the material, promoting its suitdiby for adsorbing hydrophilic pollutants in soil
applicationsRaw 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 peakperature and the residence time incréfasince

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

surface area and pore developnférfor hydrochars, the effect of temperature on the
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surface area is minéf. 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 expeatechim th
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 atf@/eu0

to the decomposition of noafar aliphatic fraction§? According to Qambrani et al.,

more C=0 and € functional groups were obsed at a lower pyrolysis temperature
(250 - 400°C), while less iorexchange functional groups were found in the biochar
obtained at higher pyrolysis temperature (@)0due to the dehydration and

decarboxylation.

2.3 HTC and pyrolysis as pathways toeeable 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 bioil. The energy content of the char, measuredtdy
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 4s coal.
Traditional coal (bituminous or anthracite grades) provides approximateB5 33
MJ/kg of energy’* The typical HHV of raw biomass ranges betweer8BQMMJI/kg on

a dry basi&; HHV of hydrochars ranges between-2@ MJ/kg% HHV of biochars
ranges between 186 MJ/kg, though it varies widely depending on mainly the carbon
and hydrogen compound$’® The HHV is often directly measure via bbm

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 Diitteound that the HHV of
cellulose and hemicellulose both are around- I8 MJ/kg, whereas the HHV for
lignin is 23- 27 MJ/kg.

In addition to knowing the HHV, the elemehtarbon, 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’>’® Calorific values can be estimated using the amount of C, H, N, and O
in the charg! The thermochemicakactions 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 carbonfZd®aw. 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 tocedhe O/C ratié® Qi et

al. observed that hydrogen depletes more than oxygen with higher temperatures during
the carbonization proce$sBasso et al. found that the oxygen content decreases when
temperature and residence time increaskile the carbon content increases.
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 af®, the lowering of the O/C ratio indicates aromatic rings forming that are
graphitelike in structure, which results in biochars havimggher stability in
comparison to hydrochars and raw biomasses. Witk thermochemical processes
promote the lowering of low energy-l€ and GO bonds and enhancing the high

energy CC 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
biomasse§!

During both wet and dry carbonization processes, organic compounds continuously
release from the parent biomass matffike bicoil produced via pyrolysis is highly
oxygenated and enriched with water, as water is an inevitablprdolct of
devolatilizatin® The most common compounds in {mid derived from
lignocellulosic biomasses are lignin fragments, aldehydes, carboxylic acids,
carbohydrates, phenols, furfurals, alcohols, and keftngkkanes and alkenes also
exist in the bieoil depending mainly on operating temperature, duration, and physical
compositiorf* The organiccompounds in biwil dependon several factors: peak
operating temperatures, temperature ramp rates, duration, and feedstocks. Although
bio-oil is more environmentally friendly than conventional petroldhased fuel, its
heating value is often less thaf% of conventional petrolewmased liquid fue®®
Practcally, due to the acidity and instability causkyg the high oxygenated and
hydrogenated compounds in the-oid it is not suitable for liquid fuel substitutid.
However, several upgrading techniques can reduce the amount of hydrogen and
oxygen, which can upgrade the {tiib to an alternative fuel souréé.

By proposing the combination of the HTC and pyrolysis processes, we expgdbetha
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 plantdizetabi

soil from organic and microbial activities, and enhances water retention capacity to

15



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
unbahncing 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
renewabd soil amendments and energy sources is essential to promote a sustainable
society. This thesis focuses on exploring optimal thermochemical pathways, discussed
in the nextchapter, toproduce soil amendments and renewable fuels from waste
biomass that canreplace 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; Treriilto Adige,

Italy; Black Sea Region, Turkey: corn residue (CS), grape marc (GM), and cow
manure (CM). Corn residue is a highlirogen 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@doluct of the wine
making industries of both Ithaca and Trentino, and the expanding-gragecing
regions ofthe 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 wereltained from a local winery and dairy farm in Trento, Italy. The
cow manure was stored in plastic containergt &€ in a freezer and defrosted directly

before use.

3.2 Hydrothermal Carbonization (HTC) of Biomass
HTC was performed in an dnhouse built B8 mL stainless steel (AISI 316) batch

reactor at the University of Trento described in previous literattfr€he temperature

of 220 °C with a residence time of 1 hour was used to mimic industrially relevant
conditions. The reactor was charged wit@.2:1 (dry) biomass to water (B:W) ratio,
fully submerging the biomass while leaving comparable volumes in the #actor

In addition to the pure raw corn stover, grape marc, and cow manureptamonent
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 #.1 mg. The list of the substrates and the corresponding
abbreviations for eachiomass and blend are shown Tiable 1. The purpose of
blending these biomasses is tfadd. First, neither corn stover nor grape marc has
sufficient intinsic 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 thatartbonizing CS or GM with CM lowers

the need for freshwateise. Secondly, cow manure on its own does not produce stable
hydrocharsi such chars are quickly transformedo fine dust that could present an
inhalation hazardipon land application. We hypothesized that bycadonizing cow

manure with these lignetlulosic biomasses that we could improve the hydrochar
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stability. Hy dr ochar s ar e denoted using t he
abbreviation.

Tablel. 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 forpyoolysis with raw biomass using a 2L
reactor over 2hr as detailed below

The setup of the system can be found in previous liter&tieor to the reaction, the
reactor was purged by flushing nitrogen (Airliquide Alphagga. T'he sample and
deionized water were added into the reactor to the 0.2 B:W ratio (0.01g). The system
was then dirdty heated to 220C. The residence time started right after the system
reached 22C°C. Followed by the 1hr reaction time, the reactor was placed on a
stainlesssteel disk at24 °C while the air was blown into the cooling coil surrounding

the reactor. Afteroom temperature was reachéuke valve connected to a graduated
cylinder was opened to allow gas us to collect gas. The produced hydrochar was
recovered by filtering through 45 & cellulose filter paper and dried in a well
ventilated oven at 108 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 byuassg 100% CQ@ produced, as the
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typical CQ molar fraction is greater than 98%ithe liquid mass yield was determined

by the remaining fractioh.

In addition to the dhour hydrochars, cow manure was also carbonized at@2agr 2

hours ina 2L stainless steel (AISI 316) reactor with the same process described above.
The 2 hr HC CM was to be used in-pgrolysis experiments, as described in the

following section.

3.3 Pyrolysis of Biomass
The pyrolysis and cpyrolysis experiments were perfmed at Cornell University

using an MT | 20 horizont al fixed bed

fabricated as detailed ifable2. 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 vemaxing the vials to ensure homogeneity.

Table2. Agricultural waste feedstocks and their mixtures used for Pyrolysis

Feedstock Biochar Abbreviation
CSs 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 28 full to prevent heat and mass transfer limitatitiBhe boat was then
placed in the heating zone in the center section of the furnace, shéigura1(A).

The temperature profile iRigure 2 comprised an isothermal stage (1°0) to drive

off residual moisture, followed by heating at 10€/min to 600, and maintained at

that temperature for one hourwo vacuum flasks (Chemglass) served as cold traps
connected in series to condense-diofrom the exiting gas using dry ice + ethylene
glycol as cooling medidahe pyrolysis system setup is showrFigurel, 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

releasedand (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 emperature profile of the pyrolysis process

The condensed volatile matter (lnd) deposited in the cold traps was dissolved in 20
mL of dichloromethane (DCM). Dewatering of the 4wib was performed to remove

the moisture generated during the pyrolysis process. Anhydrous magnesium sulfate
was addd to the 0.1 mL mark in a 1.5 mL autoclavable microcentrifuge tube, to
which the extracted bioil 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 sepated. The supernatant was extracted and storddat

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 InstrumensiguN
(Airgas) and air as carrier gas@he poximate analysis determines the amount of
Moisture (Moist.), Volatile matter (VM), Fixed carbon (FC), and Ash in the samples,
in this case following ASTM standar® All samples were individually sieved to
106500 * dusing 30 ASTM <certified brass

(CertifiedMTP) for 16 miutes, following ASTM standard8 Particles of this size
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were chosen to prevent heat and mass transfer liont®’ and to ensure
homogeneity before further analyses. An analytical balance (Shimadzu) was used to
weigh out the samples teémg before loading them onfatinum sample pans on

the TGA 5500. The proximate analysis ofraseived (ar) basis and dry basis (db)
were carried out.

The moisture content was determined by raising the TGA temperature t%C140d
holding for 30 minutes at this temperature untgogen ga¥. 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, whésethe

initial sample loadig mass, anched is the sample mass after drying at P00

and 30 minutes.

p R zpmmb (3.41)
The asreceived volatile matteri{ | ) content was determined by raising the
temperature to 919C and held isothermally for 30 minutes at 910 € under nitr8gen
calculated using Equation 3.4.2, whére is the mass of fixedarbon,& is the

mass of asha a is the mass remaining after devolatilization at 910 € under

nitrogen.

P zpnmb (3.42)

The asreceived ashK ) content was determined by raising the terapege to
950 °C and holding for 30 minutes under air for complete oxid&tjomhich was
calculated using Equation 3.48. is the mass of the sample after complete

oxidation.
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P & zpmmbp (3.43)

Lastly, the ageceived fixed carborb( ) content was calculated as the remaining
weight fraction of thesample using Equation 3.4.4.

P prmp P p (3.44)
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 Equations347%4

) P §
P h e (3.4.5)
) P
P h (3.4.6)
b : LA : (3.4.7)

In addition to the proximate analysis, derivative thermognatiic (DTG) curves
were constructed using the TG data by taking its derivativereight change with
respect to time. The DTG curves region was taken fromi1900 °C (pyrolysis) as
most of the organic matter devolatilized during this temperature. Thiesctepresent
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 itjsnthe massat time t,
a i anda | are the masses at 12Q and 910°C. —is the change of

conversion rate in 1/mingxand x are the conversion rates a@nd &, which t and

t2 represent two different consecutive times starting right afteP@10

wo a i a Ta a (3.4.8)
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— ® & To o (3.4.9)

3.5 Ultimate analysis and Higher heatwrague (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 omM40CE
elemental analyzer (Exeter Analytical Inc.) via steathte 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 D3176%. Samples, in the range-3l 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 oxyge975°C, and the produced gas
reduced at 650C. 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. Sulfurwesneasured as it was only
present in trace amounts (<0.2% by wt.) in the raw biom&%#disdata is reported on

dry ashfree basis.

The higher heatingayl ues of the samples were calcul
Equation 3.5.1° where %C, %H, and %0 are weight percentages determined via the

ultimate analysis on dry basis.

O0w— o @tho pT&tP 0O pa&thO (3.5.1)
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3.6 pH and electrical conductivity
Whenused as soil amendments, hydrochars and biochars can alter the soil dynamics

such as pH and conductivity* 1% A SevenExcellencébenchtop 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 beyerg measuring
batch. The water was obtained from a M@liwater purification system (Millipore
Sigma) withminimum resistivity of 18.2 I Blank Milli-Q water was used for each
measuring batch as the baseline since the pH and conductivity of tdeflwetuate

daily.

pH and conductivity analyses were carried out following a modified International
Biochar Initiative (IBl) method to account for the low availability of some sanipftes.

The IBI method states that the standard biochar to water ratio is 1:20, whereby 1 gram
of biochar is suspended in 20 nLf wat er , equil i brated, and
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 initiliomasses (CS, 2i#C CM, GM, andsix 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 conduistivApproximately 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 amductivity 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 agapounds,

the nutrient cycle, microbial activities, and the water retention capacity of thé€soil.
Surface area and pore volume measurements for samples were obtainedzfrom N
physisorption at 77 K using aRdex surface area analyzer (Micromeritics) following

the modified methods of IB1* and ASTM D6558%. Prior to analysis, samples were
dried in a laboratory oven overnight at 110 € to remove surface moisture before
degassing. Degassing was performed in glass bulbs that were evacuated before
thermal treatment. A degassing temperature of 110 € was used for raw biomasses and
hydrochars, and 200 € was used for biochars. The maximum degassing temperature
for each samplevas selected to improve the degassing efficiency without causing
significant thermal degradation. Samples remained degassing until reaching an
outgassing rate op8ttp m mmHg/min, whihh was belowthe recommended
threshold of¢c® tp m mmHg/min that is cosidered 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 byobtaining 23 isotherms points ranging between atixa& 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. Analiygie N 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.
— — — 2 (3.7.1)
where P is th manometer pressure, iB the saturation vapor pressure of nitrogea, V

Is the cumulative pore volume\fs the volume of nitrogen per unit mass that covers

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

be found by pdtting— on the xaxis versus—— on the yaxis from the slope and

the intercept, respectivel}419’The cumulative volume of nitrogen adsorbexd)(per

unit mass of a sample can be calculated using Equation 3.7.2 at each isotherm point
— 1% The total pore volume of a material is determimaédhe point closest to the
relative pressure of 0.99, processed in the software provided by Micromeritics.

@ (3.7.2)

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

multipoint BET, typically at— 1@®. 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 Spectrosc@pVIR)
The surface functional groups of the soil adraents 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 amendmerieurier 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 usidliffuse 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 pe#ler (Diameter oi3 mm) and a benchtop

press (Carver) at 5 tons. The spectra were obtained between the wavenumber range of
4000600 cm', a resolution of 8 crhy and with defaulted scans. The {FRIR spectra

were processed using the OP§f&ctroscopy 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 contel¥ 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, tac metals such as Cd, Cr, and Pb are not desirable in the
s0il.1°® The bioavailable in@ranics of initial biomasses, hydrochars, and biochars were
determined using the Mehlidh (M -lIl) extraction methotf®. All solutions were
made and stored in polypropylene containers and plastic pipettes to prevent
contamination from borosilicate glasswared astainless steel. Trace metal grade
HNOs and ACS reagent grade for other chemicals were purchased from ThermoFisher
Scientific.

The Ml solution wasprepared following the Mehlich protocol. Since the original
Mehlich method'® was prepared for approximately 2000 samples, a modified scaled
down method was use&tock solution Approximately 6 mL of DI (MilliQ) water

was added to a 10 mL polypropylene volumetric flask with 1.389 g afFNidd well
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mixed; sequentially, 0.7306 g &thylenediaminetetraacetic 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 soliitidpproximately 40 mL of DI
water was added to a 50 mL polypropylemméumetric flask with 1.000 g of NH#Os

and well mixed; 0.200 mL of stock solution was sequentially added and mixed. 0.575
mL of CHsCOOH (glacial) and 0.041 mL of HNQvere added into the flask. Lastly,

the flask wadopped to 50 mlwith DI water Tuning of the working solution to the

pH of 2.5 0.1 was performed using 1 M HCI (if pH>2.5) or 1 M X0 (if pH<2.5)

A 1:100 (m:v) biomass to extract ratio was used. Approximately 0.05 g (¥L0%hgof
material was added to a 15 mL falcon tube with 5 mL efiiolution and shaken at

200 rpm for 5 minutes under room temperature. Théll Migestate was filtered
through a 0.45 asyringe filter into a new 15 mL falcon tube. Hot plate carbon
digestion using concentrated nitric acid (70%, Trace metal grade) wateddop
remove the residual carbon in the solution that could potentially promote
mineralization and affect the readings on {B. A micropipette was used to transfer
0.75 mL of the MIlI 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@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 requidy the ICPMS.

The organicfree Ml digestates were analyzed via an {8 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, 3,Gapdb 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 bioll
The bicoil analysis was performed via Gas Chromatographyass spectrometry

(Shimadzu GCMS)P2010SE) coupled with an AGEDi+s autosampler (Shimadzu)

A Rxi-5Sil MS column (Restek) of 0.2% thickness, 0.25 mm inndrameter, and 30

m lengthwas 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 bieoil described from the previous section was directly transferred into GC
vials after returningto room temperature and analyzed without further sample
preparation. Before each batch experiment, automatic tuning was performed. The
injection volume was set to‘1 0 The initial column oven temperature was set to 40

°C with an injection temperature 860°C. The injection mode was set to split with a

1:20 splitratio. 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 pge flow were automatically filled. The ion source
temperature was set to 230 with an interface temperature of 28D. The MS was

set to Electron ionization (El) 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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Table3. GC parameters used for bl analysis

Stages Ramp rate9C/min) Final Temp {C) Hold time (min)
0 - 40 5
1 1.75 150 5
2 1.75 250 10
3 2.50 300 10

After the sample (bimil) was injected into the gas chromatograph and vaporihed,

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 thecolumn, 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 rab (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 fron6QIb m/z to

include both lighter and heari compounds. The mass of the 40 most abundant
compounds (40 peaks withe largest area in chromatogram) were matched in the
GCMS postrun analysis software provided by Shimadzu using the NIST17 database
with a minimum similarity of 80%. The parameters fee the MS are shown ifable

4.

Table4. MS parameters used for badl analysis

Starttime Endtime Acq. Eventtime Scanspeed Start End

(min) (min) mode (sec) (* /sec) m/z 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, sch 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 eitheH€& of animal manure and dry
agricultural residues to ngentrate P and K, or quoyrolysis of precarbonized manure

and raw dry agricultural residues to develop high surfaces,asgacturally sounds

bi ochars, we can reduce agricultureds envi

liquid biofuels as nutriet-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 wagjexpe marc, corn residue,

and cowmanurel were chosen as agricultural residues that represent many regions
across the globe, including Central NY, USA, Trentklito 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 stadkected 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 conteheach biomass was measured
asreceived, the two dry biomasses were dried and stored in sealed plastic containers,
while the cow manure was placed in plastic containers and frozeeceised, at4C

to prevent degradation.

4.1.2 Hydrochars

Hydrothermalcarbonization 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 longeterm stability (less susceptible to microbial and thermal
degradation), whicls an advantage when using them as soil amendments. The yields
from HTC/caHTC processing of the raw feedstocks are shownhainle 5, where the

yields are reported in vWght percentages. All biomasses yielded betweei7556

solid hydrochar, which is in line with literature values for similar feedst6dis.
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Table5. Solid, gas, and liquid yield of hydrochars in weight percentages

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

HC CS 70.0 6.8 23.2
lhr HC CM 72.9 3.1 24.1
2hr HCCM 65.7 7.0 27.3
HC GM 69.2 54 254
HC CS25CM75 73.4 4.9 21.7
HC CS50CM50 69.0 59 25.1
HC CS75CM25 68.2 6.5 253
HC GM25CM75 69.2 51 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 raern 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 inpuydrothermal 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 epyrolysis of the thre raw/HTC feedstocks and thesix
mixtures are shown imable6. 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 Table6, the mixtures with 2 hr HC CM showed a high solid yield.
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Table6. Biochar yield from pyrolysis and quyrolysis

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, GM2lanHC CM) and

their mixtures are shown ifable7. Sincemoisture can be affected by the surrounding
environment such as atmosphere and sample handling, data are reported on a dry basis.
Testing was done in triplicatand the values are reped 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 cahtpate initial
biomasses. This could be explained by the low tenpexrg220°C) and the short
residence time of HTC, in which the cellulose, hemicellulose, and lignin do not fully
decomposeBiochars, in general, have the highest fixed carbon with an average
increase of 34% and the lowest volatile matter, with an avetagease 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
hydrocharsIn addition, hydrochars have significantly less asinthiochars, which
agrees with previous literature, due to some minerals in the hydrochars dissolving and
being washed out into the water media during the HTC prd¢essnong CS, HC

CM, and GM, corn stover has the highest volatile ma2ter 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 proxiaaadysist'? 14 The
distribution of volatile matter, fixed carbon, and ash observékhbie 7 do not vary

much with respect to their mixtures.

Table7. The volatile matter, fixed carbon, and ash weight percentage of raw
biomasses, hydrochars, ahtchars via thermogravimetric analysis

VM FC Ash
VM % FC%  Ash% stdev. stdev. stdev.

Raw 75.56 15.28 9.16 0.06 0.72 0.71

cs 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

Raw 67.62 28.61 3.77 0.81 0.69 0.38

GM 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

1lhr HC 59.01 15.63 25.36 1.63 0.82 0.97

cM 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

Raw 62.79 17.52 19.69 0.31 0.36 0.58

CS25CMT75 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

Raw 65.77 17.51 16.72 0.54 0.31 0.59

CS50CM50 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

Raw 70.74 16.71 12.55 0.64 0.31 0.40

CS75CM25 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

Raw 59.58 20.28 20.14 1.28 1.48 1.44

GM25CM75 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

Raw 62.54 21.93 15.54 0.93 1.78 2.61

GM50CM50 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

Raw 66.68 23.79 9.53 2.35 2.29 0.11

GM75CM25 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 Table 8 on dry asHree (daf) basis. The carbon
determined both organic and inorganic compounds, such as mineral carbonates. The
hydrogen was also accounted for both organic and inorganic compouritie in
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.

Table8. The ultimate analysis of raw biomasses, hydrochars, and biochars on dry
ashfree basis on weight percentages

C% H % N % 0%

Raw 67.08 5.81 1.08 26.03

CS HC 61.37 5.86 1.59 31.18

BC 90.44 1.19 1.91 6.46

1hr HC 66.02 6.48 3.12 24.38

CM 2hr HC 67.28 6.22 3.36 23.14

BC 88.47 0.77 4.17 6.59

Raw 59.22 5.92 1.81 33.05

GM HC 71.79 5.91 1.92 20.37

BC 90.55 1.19 2.21 6.06

Raw 67.44 6.09 2.74 23.74

CS25CM75 HC 71.66 6.22 271 19.40
BC 82.03 0.58 3.29 14.10

Raw 67.30 5.99 2.15 24.56

CS50CM50 HC 64.95 6.19 2.30 26.56
BC 88.90 0.73 2.61 7.76

Raw 67.16 5.90 1.60 25.35

CS75CM25 HC 64.72 6.02 191 27.35
BC 90.61 0.65 2.28 6.46

Raw 65.32 6.09 2.92 25.67

GM25CM75 HC 70.29 6.53 1.57 21.61
BC 80.50 0.71 3.44 15.36

Raw 63.26 6.01 251 28.22

GM50CM50 HC 71.49 6.53 2.53 19.46
BC 90.12 0.74 3.03 6.11

Raw 61.42 5.94 2.15 30.49

GM75CM25 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 oxygentents The 2hr HC CM indicated a slight
increase in carbon and a slight decrease in oxygen compared to the 1hr H&M

HC GM showed a 12 % increase in carbon and a 13% decrease in oxygen to the GM.
The decrease of oxygen and hydrogen and increasa&rtodn was consistent with the

HTC temperature and longer residence time described in the litef&tQern stover

and grape marc biochars demonstrate high carbon conter@9¥%80by wt.) while the
oxygen and hydrogen significantly decsed, 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 agydesx 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 iRigure 3, the H/C atomic ratio of hydrochars and raw biomasses are
similar (1.01.2), while some of the O/C ratios overlapped. Along with the relatively
similar atomic C, H, and O ratios of hydrochamsd 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. Theti@a 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 definitibbiachar. 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.
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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

Soi | pH and conductivity not only influe
interactions, mobility of heavy metals, and corrosiatyt also impact the crop yield.

A modified IBI protocol was used to &ss 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 wadik ensure the accuracy of the results

by this modified method, a series of different loading concentrations-{1120,

biomass to water, m:v) using raw/2hr HC CM biomasses was done, the results of
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which are shown irFigure 4 and Figure 5. The results indicated that the loading
concentrations range im0 1:20 to 1:100 have little effects on the change of pH and

has a close to linear relationship on the conductivity.
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1:100 1:80 1:60 1:40 1:20
Loading concentration
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CS75CM25 —— GM25CM75 —— GMS50CM 50 GM75CM25

Figure 4. Measured pH using 1:20:100 biomass to water (m:vatios

41



4500

4000
3500
3000
2500

2000
1500 |
1000 #__ﬂ_,,——""—'_--—-__—_-_'—-‘Fﬂﬂﬂdﬂﬂ—ﬂ-‘dr-—

500 :_;_______________————-""""_—_-——_——-—'_‘__‘—_‘—_——__—_‘__ﬂ—_——__—_‘__‘—_——_——

0
1:100 1:80 1:60 1:40 1:20

Change in conductivity to water [uS/cm]

Loading concentration

—CS8 ——2hr HC CM —GM CS25CM75 CS50CM50

CS75CM25 —GM25CM75 = GM350CM50 GM75CM25

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

Ultrapur e water (Millipore) with a resistiuvi
no minerals arg@resented in the solution that would affect the measurements. Since

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

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

9 are reported imegardgo the baseline (blank).
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Table9. The pH and the conductivity$/cm) measured from initial biomassks;,
and BC using a 1:100 (m:v) sample to water ratio. (Blank at pH=8.789,
conductivity=2.788S/cm)

Initial biomasses

CS25 CS50 CS75 GM25 GM50 GM75

S ©GM M cm7s cms0 cM25 CcM75  CMs0  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* 75457 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 toTable9, all biochars have higher pH than the water blank, suggesting
more OH ions than Hions are presented in the water, indicating alkalinity of the
biochars. The hydrochars and initthbmasses are acidic as their pH is lower than the
blank. The findings are consistent with published literat(t&:1*Grape marc shows

the lowest pH, indicating the mostkbns 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) demonstratbge 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 tméase 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‘ S/cmi 5700° S/cm (or 1 dS/mi 5.7 dS/m)'’ Excess or insufficient
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conductivity in the soildads to a decrease in crop yield. Additionally, the optimal soll
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 availableutrients!'® 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 thater and nutrient retention capabilities

The results ofthe surface area using nitrogen adsorption are showFRigare 6
reported in mM/g. Both cornstover and grape marc show similar surface areas (<5
m?/g). The corn stover and grape marc hydrochars demonstrate an increase in surface
area of 10250% compared to their raw forms. However, the HTC blends see little
change in surface area, most likelpitied 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% he low surface area on the cow manure is probably due to its
compositions such as lipids and nitrogamtained compounds, in which no real
structure was developed, leading to the failure of pore formation hence decreasing the
surface areaSecondary char formation during the HTC process could also be another
cause besides the unstructured cow manure. Luetamal''® 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 tdheir 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 maters takes place during the process, releasing the pores in the m#erial.
However, some groups observed a decrease in surface area at highgsispyro
temperatures greater than 58D, potentially due to the collapse of pore structures,
which led to the low surface ar&&:'?Tag et al. discovered that low surface area was
obtained for lowash materiald?® This observation was consistent in the {ash

grape marc and higash cow maner biochars. The low biochars surface areas seen in
Figure6 could be due to the high particle densities, the shrinkage of the particles, and
the ash bloking the pores during the pyrolysis procE$3? if the pores released by

the volatile matters are deadded, no contributions would be made towards

increasing the accessible surface afea.
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Figure 6. The surface area of initial biomasses, hydrochars, and biochars obtained
through the BET method by nitrogen adsorption.
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Figure 7 shows the total pore volume at a relative pressure of approximately P/P
0.99, reported in cify. 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 pae 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 volumesin grape marchiochar could also be
influenced by the low degassing temperature (o 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 miAithalugh

N2 isotherms from the sorption instrument are reproducible for biochar samples, the
BET anaysis leads to a relatively poor fit, which could be attributed to the low sample
surface areaDverall, 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
areaof cow manure recommends that using cow manure as soil amendments would
have a better effect on retaining water, nutrients, and limiting heavy metal I€dching

in the soil from the surface area perspective.
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Figure 7. The total pore volume of initial biomasskegdrochars, 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 carborand nitrogen, resulting in the change of nutrient
availability?® Fouriertransform 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 showrFigure 8, Figure 9, Figure 10, andFigure 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 correspoadeetween wavenumbers in the
range of 4000- 500 cm! and associated surface functional groups is extensively
studied in the literature, a summary of which is showable 10. Generally, the

peaks between 4000 cnand 1500 cm 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 beam 1506600 cm!, and the separation
of these individual functional groups is challenging due to overlapping.

Table10. Typical functional groups exist in biomass with their assigned wavenumbers

Wavelength (cm) Types Classification Reference
of
bonds
36003100 O-H Stretching hydroxyl groups 127,128
2850, 2920 C-H Aldehydes, Alkanes, Alkenes, Alkynes
1740 Cc=0 Aldehydes, Ketones, Carboxylic acids 128,129
1630, 1510, 1420 C=C Aromatic compounds 130,131
1385 C-H Stretching vibration ofCH2 132
1261, 1161 C-O  Alcohol, ethers, esters, carboxylic acids, anhydri 133
1101, 1031 - Ash 134
875, 805 C-H Aromatic outof-plane bend 128

AcrossFigure8, Figure9, Figure10, andFigurell, all raw CS, raw GM, and 2hr HC

CM, and the mixtures show significant amounts of alcohol functionalpg:
Compared to the initial biomasses, hydrochars have more complex aromatic
compounds and oxygerontaining functional groups such as ester, ether, and acid.
The increase in the intensities range 16aAM00 cm' was expected since the HTC

was performedn 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 comparedotcorn 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 seétion.
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Figure 8. FTIR spectrum of raw, HC, and BC corn stover
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Figure 9. FTIR spectrum of raw, HC and BC grape marc
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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 carbonsaoohol groups transformed into more
stable functional groups, perhaps alkenes and aromatics at lower wavenumbers. The
peaks at 1101 and 1031 ¢érim the cow manure were attributed to the ash coréént.
Although the raw biomasses show more functional groups at higher wavenumbers (C
H aliphatic and @H stretching), hydrochars show higher intensities across the 1700
900 cm! region (oxygercontaining and aromatic compounds), due to the
recondensing of orgéc 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 containingxggen 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. Oxggetaining
functional groups, such as hydroxyl groupslehlydes, esters, and ethers, can create
negative charges on the particle surface, which promote the immobilization of heavy
metals with positive chargé¥® Past studies show that the oxygeontaining
functional groups increase in hydrochars compared to the feedstocks; pyrolysis
reduces the presence of surface functional gré(jpghich was consistent with the
FTIR spectra shown above and the O/C atomic ratios in the ultimate analysis shown in
the previous section. The lpo functional groups containing oxygens and hydrogens
on the hydrochars may also increase the water retention capability, based on

electrostatic interactions and the hydrogen bdfdSherefore, the enrichment of the
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functional groups in hydrochars, in comparison to the biochars, makes hydrochars
better soil amendnmés to both immobilize heavy metals and enhance water retention
capacity.

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

biochars when utilizing as soil amendments

The hydrochar so and bi oc harperdingnon tthei en't
processing media, temperature, and feedst¥&k& 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 environmerit.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 inhe 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
pyrolysis3” Mehlich-lll extraction was performed to assess the bioavailable nutrients

in the amples. By determining the bioavailable nutrients, we can better understand the
nutrient utilization as soil amendments, and compare them to tA& Baximum
allowed threshold for nutrients.

Bioavailable P, K, Mg, along with Cd, Cr, Co, Cu, Pb, Mo, Ni, Se, Zn were measured
following 1BI1%* protocol for determining the range of maximum allowed threshold for
biochar materials. The bioavailable nutrients and heavy metals are shdaleil,

where the units are in mg of inorganics per kg of sample.
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Tablell. Bioavailable inorganics via Mehliell extraction in initial biomasses,
hydrochars, and biochars reported in mg of nutrients per kg of sample

Initial Biomasses

CS25 CS50 CS75 GM25 GMS50 GM75
s cM GM CM75 CM50 CM25 CM75 CM50 CM25
K 1294.3 2894.2 1932.0 2730.0 2190.7 1906.7 3427.1 3035.5 2401.8
Mg 2957 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 1.0 294 23.2 9.6 34.6 19.5 111
Ni 4.1 4.4 4.0 51 4.3 4.3 4.5 4.3 3.9
Pb 2.3 0.7 2.4 29 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 7243 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 29 3.1 29 3.0 3.0 1.8 29 1.7 15
Cu 11.0 10.9 15.9 111 11.8 0.4 12.8 3.6 3.0
Fe 19.9 211.4 221 153.1 99.6 47.2 154.6 97.2 69.9
Mn 1.8 50.0 14 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 12.4 111 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 1054.9 441 815.5 860.0 651.9 1038.7 754.3 4715
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 13 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 19.3 111
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 24 20.8 N/A 13.4 18.7 13.3 48.3 14.4 12.4
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As shown inTable11, CM has the highest concentrations in K, Mg, and P across raw
biomasses, hydrochars, and biochars. The CM sloowsistency with the literature,
where it is known to have high nutrients, especially in P artéf Khe Mg and P
decrease in biochars compare to raw biomasses and hydrochars while K increases. The
decrease in conceations was also observed in other heavy metals, where the
biochars have more than 50% dropnietal 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 lmioars, which decreased the extractability of K, Mg, and P
even under acidic environme¥if. 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 oilthe s
when using hydrochars and biochars as soil amendments, cow manure biochar is
recommended due to the stable biochar structure described in the previous section.
Further mor e, cow manure biocharo6és higher
concentratias 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 irFigure 12, Figure 13, andFigure 14. The DTG curves were calculated
using the TG data and smoothed withpoint moving averagefsom 110°C through

910 °C. 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 regioffrigure 12, the corn stover and

its mixtures have 330 % higher in the devolatilizing rate in the temperatures between
250 and 350C compare to cow manure and grape marc, which amaindication of

the devolatilization of cellulose, hemicellulose, and partially lignin. The peaks across
initial biomasses and their mixtures suggested that most devolatilization happened at
around 30C°C, which shows consistency with the literattffeThe passive pyrolysis
region is shown after 37%C, where the slow mass loss corresponds to complete
devolatilization of lignin as well as char formatitfi.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 220C, which converted weakdéronded carbons into more
stabilized carbon®8y 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°C, indicating that more volatiles were converted by increasing the
residence time. However, tiséopes of all hydrochars (additional data in Apperfx
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*?

55



0.18

0.16

0.14

Figure 12.

GM

e 2hr HC CM

CS50CMS0
GMS0CMS0
200 300 400 500 600 700 800 900

Temperature [°C]

DTG curves of the initial biomasses and their 50:50 mixtures. More data
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Figure 13. DTG curves of the hydrochars and their 50:50 mixtures. More data
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Figure 14. DTG curves of the biochars and their 50:50 mixtures. More data available
in AppendixA

4.2 Fuel properties of initial biomassagdrochars, biochars, and bod

The hydrochars and biochars could be used as soil amendments, and as solid fuels.
Although coal and petrolewmased liquid fuels are known to have higher calorific

values, coal and petroledbased fuels pollutions to thedronment are exacerbating

global warming. By utilizing biofuels, we can reduce greenhouse gas emissions and
decrease our oveeliance on fossil fuels. To determine the practicality of using
hydrochars and biochars as solid fuele compare the heatingalues to such
conventional fuels.

4.2.1 Hydrochars and biochars as solid fuels using Higher Heating Values

The HHV was <calculated from the #® timate

shown in Equation 4.2.1, where C, H, N, and O are in weight percentages.
"0'00w— o®i6, pta&i’q pe@&id, ¢®tO, Tpmm (4.2.1)
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The HHVs of corn stover, cow manure, grape marc, and the mixtures are shown in
Table12 The corn stover hydrochar showed a desgea 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 contraapegmarc hydrochar

demonstrated a significant increase in its energysitie compared to its raw form,

mainly due to the increase in carbon content while the ash content remains unchanged.

The thour and zhour cow manure hydrochars did not show a significant difference
in HHV 1 this is due to the similar composition of C, N, O, and ash based on
Equation 4.2.1. The biochars showed generally lower HHVs compared to the
hydrochars and raw biomas¥¥sesides grape marc. Hydrochars show higher BIHV
generally compare to the initial biomasses except corn stover. The cow manure
hydrochar and biochar HHVs are consistent with the literaf@r€he bioclars low
HHVs might be due to the | imitations of
O to calculate the higher heating value. Proximate analysis in the previous section
suggests that biochars have approximately timesthe amount of ash compare t
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 accordg t o t he Dul ongos Equat isam. Dur i

biochars vere significantly reduced by 890% compare to the feedstocks as shown
in the ultimate analysis. This can be caused by the formation of the aromatic carbons

and intensified dehydratiomhich reduce the overall hydrogen contents.
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The two most commonly used coal types are bituminous and anthracite, which have
HHVs between 335 MJ/kg’! 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 57 MJ/kg lower than that of bituminous coal, the biochars are

a greener energy source, which #igantly decreasethe 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.

Tablel12 Calculated higher heating values of raw biomasses, hydrochars, and
biochars in MJ/kg

CS25 CS50 CS75 GM25 GMS50 GM75

€S CM  GM' Cm75 CM50 CM25 CM75 CM50 CM25

Initial biomasses 23.85 2041* 21.85 2130 2212 22.98 20.86 21.24 21.63

Hydrochars 2117 19.77* 27.73 2321 2143 22.25 23.04 24.86 27.60

Biochars 2242 1463 28.03 1401 17.93 1970 1466 19.89 23.05
*indicates 2hr HC CM, **indicates 1hr HC CM

4.2.2 Biooil analysis for potential liquid fuel produced durimgrolysis

PetroleurAbased fuel is comprised of more than 90% alkanes, cycloalkanes,
aromatics, and asphaltenes. Conversely-obios mainly composed of highly
oxygenated compounds, with higher viscosity, acidity, and moisture content, and
lower stability and calorific valué®® Understanding the compounds in the -bib
produced during pyrolysis is essential to explore the feasibility of utilizingibias a

liquid fuel. Table 13 shows theorganic compounds found in the wd, 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 thass 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 inTable 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 mamubic-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 amsl 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 fdf<.This explained why the cow manure tmid had methy
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 stoiugr bio
Either trace or no aldehydes and alcohols were registered to the top 40 peaks in cow
manure bieoil. Since all compounds besides alkanes and alkenes have at least one
oxygen attached to the group, it makes the-dilicacidic, viscous, and unstable.
Unstablebio-oil degrades over time and causes severe proldantsagorrosion and

poor efficiency on conventional gas turbirt&The oxygenated compods (ketones,
phenols, aldehydes, alcohols) and water in theobi@re the causes for the low
calorific value (~1/3 compare to petroletbased fuel}*® The phenolic compounds

and acids lower the pH of the bod, making it more corrosive and accelerate its

degradatiort*®
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Synergistic effects were also seenTiable 13 (bolded) in the mixtures. By mixing

corn stover with theow manurephenols increased by an average of 6% compared to
the bicoils produced from corn stover @ow manure.The GM25CM75 mixtue
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 ltey are saturated carbons that stabilize theolbiand 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 andmake 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 @s. The differences in the biochar and feed agreed with the
enhancement of the compounds listed able 13, suggesting that temperature, along
with the mixing of ligneellulosic 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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Table13. Organiccompounds in biwils produced during pyrolysis by groups in area
percentages

CS25 CS50 CS75 GM25 GMSO  GM75
CS CM GM CM75 CM50 CM25 CM75 CM50 CM25

Ketones 40.09 536 1146 15.03 27.11 33.50 7.34 9.57 13.98
Phenols 28.18 30.47 54.48 3358 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 2195 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 22.78 294 1597 9.74 4.64 13.38  15.47 7.75
Others 8.15 471 7.19 4.82 6.63 5.13 4.21 4.46 7.51
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Chapter 5: Conclusion
This workexplores the optimal pathway to produce nutriemtched soil amendments

and biofuel from dryagricultural and animal wastélTC/coHTC and pyrolysis/co
pyrolysis were performed on corn stover, grape marc, cow manure, and their mixtures
to produce hydrochars and biocha’s. combined HTGpyrolysis process was
investigated to convert farm waste to usable soil amendments and biofuels, producing
higher nutrient and surface area biochdrke H/C ratios of raw biomasses and
hydrochars are similar (1:D.2), but the hydrochars ¥ 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, whgciod

for resisting degradation and microbial activities. All biochars are basite 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 &s buffer
to neutralize acidic soil. The biochars showed relatively higher surface areas than the
hydrochars and raw biomasses apart from grape mhecoverall amount of surface
functional groups of biochars decreased across the wavenumbers, which was
explainedby the pyrolysis process that intensified dehydration, driving off more
oxygen and hydrogens, hence resulting in higher C=C ahldatbmatics and fewer

C-H aliphatic, GO, and GH compounds. The development of aromatic compounds
stabilizes biochars, whicimakes 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 anchais. 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 nutremthing. All
nutrients measured are within the IBI maximafiowable threshold. The biochars
illustrate the highest thermal stability in the temperature betweeni 1900 °C,
followed by the hydrochars and raw biomasses, making biochars feasible soil
amendanents due to their high stabilitBC 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), ¢hreduction in sulfur and greenhouse gas emission is beneficial to
the environment. The pyrolysis bl from cow manure is most suitable to serveaas
liquid fuel precursor due to its higher alkarakene and lower oxygeitontained
groups. Synergistieffects were seen in the production of-bits, where the alkanes

and alkenes were promoted in the GM25CM75-doip ketones and phenols were
promoted in the GM75CM25 bioil. When mixing corn stover with 2hr HC CM,
phenolic groups were promoted. Whileetd are still significant amounts of
oxygenated compoundis the bicoil, upgrading methods such as hydrodeoxygenation
can turn phenolic groups into alkenes and alkanes. Therefore, based on the organic
compounds analyzed, the GM25CM75 -bibis recommends for the utilization as

the liquid fuel source.

Lastly, biochars overall are a better soil amendment than hydroshargn inTable

14, due to their possessive to stabilize soil to reduce effects from environmental

64



fluctuations, neutralize acidic soil for maximizing productivity, and higher surface
area for water and nutrient retention. However, the hydrochars are enriched in bio
availablenutrients, making them a better nutrient source than biochars. By integrating
hydrocarbonizedcow manure with dried agricultural waste, we found that the
concentrations of the nutrient®, Mg, K) in biochars did increas€he datasuggest

that pyrolyzing carbonizedbiomass ¢ow manurg resuls in high surface area
possibly due to thstructural carbonformed during the HTC process$f considered
replacing the conventional fertilizers with biochars to improve soil properties, and use
the hydrochars from HTC and bioil 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.

Table14. Properties of amendments that affect soil proper(iegsdicates better, O
indicates neutral, and indicates worsg

Characteristics Raw Hydrochars Biochars
Fixed carbon - 0 +
Stability - 0 +

pH Acidic Acidic Basic

EC 0 - +
Hydroxyl functionaities 0 + -
Surface area - 0 +
Bioavailable Nutrients 0 + -
Bioavailableheavymetals 0 + -
Thermal stability - 0 +
Solid fuel (HHVs) 0 - +
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