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ABSTRACT

M. Sc. Thesis

SYNTHESIS AND CHARACTERIZATION OF HYDROTHERMAL
CARBONS PRODUCED FROM GLUCOSE, STARCH AND
CYCLODEXTRIN

Mehboob IQBAL

Karabiik University
Institute of Graduate Programs

Department of Chemistry

Thesis Advisor:
Prof. Dr. Selhan KARAGOZ
June 2023, 39 pages

The present thesis aims to investigate the HTC of three different feedstocks, namely
glucose, cyclodextrin, and starch. The HTC process was carried out at 180 and 200°C
for 24 h both with and without the use of 2-chloropropionic acid as a catalyst. The
effects of various operating conditions and catalysts on hydrochar yields and properties
were studied. The obtained hydrochars were characterized using several analytical

techniques, including solid-state 3C-NMR, SEM, FTIR, and elemental analysis.

Key Word  : Hydrothermal carbonization, glucose, cyclodextrin, starch,
2-chloropropionic acid
Science Code : 20102



OZET

Yiiksek Lisans Tezi

GLIKOZ, NISASTA VE SIKLODEKSTRINDEN URETILEN
HIiDROTERMAL KARBONLARIN SENTEZi VE KARAKTERiIZASYONU

Mehboob IQBAL

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Kimya Anabilim Dah

Tez Danismanai:
Prof. Dr. Selhan KARAGOZ
Haziran 2023, 39 sayfa

Mevcut tez, glikoz, siklodekstrin ve nisasta olmak {izere ii¢ farklt hammaddenin
hidrotermal karbonizasyonunu arastirmay1 amaglamaktadir. HTC Islemi, katalizor
olarak 2-kloropropionik asit kullanilarak ve kullanilmadan 24 saat siirede 180 ve
200°C 'de gerceklestirildi. Cesitli calisma kosullarinin ve katalizorlerin hidrokdmiir
verimleri ve Ozellikleri lizerindeki etkileri incelenmistir. Elde edilen hidrokomiirler,
kat1 hal *C-NMR, SEM, FTIR ve elementel analizi dahil olmak iizere cesitli analitik

teknikler kullanilarak karakterize edildi.

Anahtar Sozciikler : Hidrotermal karbonizasyon, glikoz, siklodekstrin, nisasta,
2-kloropropiyonik asit
Bilim Kodu : 20102
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PART 1

INTRODUCTION

Carbon is an essential element that plays a crucial role in the chemistry of life and the
environment. While carbon is most commonly associated with living organisms, it is
also present in a wide range of materials, including minerals, fuels, and various forms
of carbon itself. Among the most well-known carbon-based materials are charcoal,
fullerenes, carbon nanotubes, carbon blacks, and activated carbons. These materials
have been extensively studied and used in various fields due to their unique properties
and applications. In the last two decades, hydrothermal carbons, also known as
hydrochars, have gained significant attention from the scientific community due to
their unique properties and potential applications. Hydrothermal carbons are relatively
easy and inexpensive to produce from a variety of biomass sources, making them a
sustainable and eco-friendly alternative to traditional carbon-based materials.
Hydrochars are produced through a specialized process known as HTC. The process
involves the application of pressure and temperature to biomass in the presence of
water, resulting in the formation of a carbon-rich solid product known as hydrochar,
which has a range of potential applications, including as a solid fuel, a soil amendment,

or a carbon sequestration agent.

In the proposed thesis, the HTC of glucose, cyclodextrin, and starch was carried out
without and with the use of a catalyst (2-chloropropionic acid). The effects of
feedstock type, temperature, and catalyst on the resulting hydrochars were

investigated.

1.1. CARBOHYDRATES

Carbohydrates occur naturally and consist of carbon, hydrogen, and oxygen atoms.
Plants manufacture carbohydrates via photosynthesis, a biochemical process that

1



converts light energy from the sun into chemical energy [1]. The process involves
transforming carbon dioxide and water into a basic sugar called glucose (CeH1206) and

molecular oxygen.

However, most naturally occurring carbohydrates are not simple sugars with the
empirical formula Cx(H20)y. Disaccharides, trisaccharides, and polysaccharides are
larger sugars formed by the linkage of two, three, or many monosaccharide units,
respectively. Instead, they are oligomers (oligosaccharides), or polymers
(polysaccharides) made by joining simple sugars or modified sugars together.
Oligosaccharides are composed of two to ten sugar units, while polysaccharides can
contain hundreds or thousands of sugar units [2]. Carbohydrates are a large and diverse
group of naturally occurring organic compounds that play a fundamental role in many
industries and segments of industries. The versatile nature of carbohydrates enables
them to be utilized in the production of a wide range of essential materials and goods,
spanning from glucose and starch derivatives, to paper, textiles, plastics, and various
foodstuffs. Carbohydrates are also used in fermentation processes and in the
production of pharmaceuticals, drugs, vitamins, and specialty chemicals, although to
a lesser extent [3].

1.1.1. Monosaccharides

Monosaccharides represent the most basic form of carbohydrates, being comprised of
a single unit of sugar. They are organic compounds that contain two important
chemical functional groups: a carbonyl group (C=0) and at least two carbon atoms
that carry hydroxyl (alcohol) groups (-C-OH) [4]. Monosaccharides can be
differentiated into two categories: aldoses, which contain an aldehyde functional group
as their carbonyl moiety, and ketoses, which feature a ketone functional group as their
carbonyl component. Common sugars like glucose and sucrose are examples of
monosaccharides and are known as polyhydroxy aldehydes or polyhydroxy ketones
owing to the existence of multiple hydroxyl groups. The chemical properties of sugars
are determined by the characteristics of alcohols and ketones/aldehydes. However,

because sugars contain both functional groups within the same molecule, they also



have some unique properties. Table 1.1 displays the most frequently occurring

monosaccharides found in nature.

Table 1.1. The most common monosaccharides found in nature [5].

Name Abbreviation
Glucose Glc
Mannose Man
Galactose Gal
N-Acetylglucosamine GlcNac
N-Acetylgalatosamine GalNAc
Fucose Fuc
Xylose Xyl
Sialic acid SA
Glucuronic acid GIcA
Iduronic acid IdoA

1.1.2. Oligosaccarides

Oligomers, which are short chains of monomer units, include oligosaccharides, a class
of oligomers consisting of 2 to 10 monosaccharide units that are linked by glycosidic
bonds. The classification of oligosaccharides can be based on their reducing or non-
reducing nature, which depends on whether the terminal monosaccharide unit contains
a hemiacetal group or not. Moreover, the oligosaccharides can also be categorized into
disaccharides, trisaccharides, and other higher degree of polymerization
oligosaccharides, which are formed through successive attachment of glycosyl units.
The range of oligosaccharides found in nature is quite restricted, the breakdown of
larger polysaccharides into smaller oligosaccharides requires either acid or enzyme as
a catalyst. An example of this process is acid-catalyzed hydrolysis, which involves the
use of aqueous acid and heat to cleave segments of starch molecules [2,6]. B-amylase
enzyme is utilized to cleave maltose disaccharide units from the nonreducing ends of
starch polysaccharides, producing maltose through the process of starch hydrolysis.
Although it is rare in nature, maltose can be found in the seeds of germinating plants

due to the incomplete hydrolysis of starch.



Table 1.2. Some examples for oligosaccharides [6].

Reducing Nonreducing

Homooligosaccharides | Heterooligosaccharides | Homooligosaccharides | Heterooligosaccharides

Disaccharides Disaccharides
Maltose Lactose Trehalose Sucrose
Cellobiose Lactulose Isotrehalose Isosucrose
Isomaltose Melibiose
Gentiobiose Turanose

Trisaccahrides Trisaccahrides
Maltotriose Manninotriose | Raffinose
Tetrasaccharides Tetrasaccharides
Maltotetraose Stachyose

Pentasaccharides

Hexasaccahrides

Heptasaccharides

Octasaccahrides

Nonasaccahrides

Decasaccahrides

Conjugate oligosaccahrides Conjugate oligosaccahrides

Glycolipids

Gangliosides

1.1.3. Polysaccharides

The term used to refer to polysaccharides is glycan, which derives from the Greek

word "glyc-" meaning sweet or sugar, and the suffix "-an" indicating a polymer.
Carbohydrate molecules known as polysaccharides are large molecules with high
molecular weight that are made up of multiple monosaccharide units. These molecules
primarily consist of chains of monosaccharides that are linked together through
glycosidic bonds to form polymers. Polysaccharides make up most of the organic
matter on Earth, with estimates suggesting that over 90% of all carbohydrates found
in nature exist as polysaccharides [2]. These complex carbohydrates are widely
distributed in the natural world and are an essential component of the biomass of living
organisms, including plants, animals, fungi, and bacteria. Table 1.3 demonstrates some
commonly occurring polysaccharides that are representative of those found in nature

[5].




Table 1.3. Examples of polysaccharides in nature [5].

Origin Polysaccharides
Animal Chitin, Chitosan
Algal Biomass Alginate, Agarose
Plant Starch, Cellulose
Microbial Cyclodextrin, dextran

The degree of polymerization (DP) of a polysaccharide, which refers to the number of
monosaccharide units it contains, can vary based on the polysaccharide type. They are
much larger than oligosaccharides, with varying degrees of polymerization. The
majority of naturally occurring polysaccharides have DPs between 200 to 3000.
Polysaccharides with degrees of polymerization under 100 are rare in natural
occurrences. Some of the largest known polysaccharides include cellulose, with DPs
of 7000 to 15.000, and amylopectin, a component of starch, which can have an average
DPs more than 100.000 [2]. Polysaccharides are diverse in their chemical structures
and can be classified based on multiple features, including the sugar units that are
linked, the chain length, the type of linkages between the units, and the level of
branching. When a polysaccharide is composed of a single type of sugar monomer, it
is referred to as a homopolysaccharide. Examples of homopolysaccharides include
glucan and mannan. Glucose homopolymers, such as starch in plants and glycogen in
animals, function as storage forms of glucose. Cellulose and chitin are examples of
homopolysaccharides that play a crucial role in providing mechanical support to plant
cell walls and animal exoskeletons, respectively. Heteropolysaccharides, on the other
hand, are made up of two or more kinds of sugar subunits. Since the shape of polymers
plays a crucial role in determining their physical properties, each of these types of

polymers is further classified as either linear or branched polysaccharides [6].



Table 1.4. Some examples for polysaccharides [6].

Homopolysaccharides Heteropolysaccharides
Linear Branched Linear Branched
Simple polysaccharides

Amylose Amylopectin Mannass Gums

Cellulose Glycogen Xylans Mucilages

Chitin Pectins
Algin
Agar
Bacterial polysaccahrides
Peptidoglycans
Glycoproteins
Lectins

1.1.4. Glucose

Glucose, a ubiquitous monosaccharide, plays a vital role in providing energy to living
organisms. It is also known as dextrose and is classified as an aldohexose because it
has six carbon atoms and an aldehyde functional group (-CHO). D-glucose commonly
exists in the form of a-D-glucopyranose, but when it is dissolved in water, it undergoes
equilibration, resulting in the formation of six different isomers. The various isomers
of glucose that exist in agueous solution include two isomers in the furanose form, two
in the pyranose form, an acyclic carbonyl form, and a hydrated carbonyl form [6].
Glucose is commonly found in fruits, vegetables, and honey, and it is also a product
of photosynthesis in plants. Glucose plays a vital role in various metabolic pathways

of living organisms.

1.1.5. Starch

Starch is a natural biopolymer made up of numerous glucose units joined together by
glycosidic bonds. It is a crucial carbohydrate in the human diet, serving as the primary
source of energy for most living organisms, and has been used for centuries. Starch is

produced by plants as a reserve food material and is stored in various plant organs.
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There are two types of glucose polymers in starch, amylose, which is a linear chain of
glucose units, and amylopectin, which is a branched polymer with both linear and
highly branched regions. Different types of starches have varying amylose to
amylopectin ratios. Enzymes in the human digestive system break down the glycosidic
bonds between glucose units, releasing glucose molecules that the body uses to
produce energy. The digestion of starch begins in the mouth with the enzyme amylase
breaking down the starch into smaller fragments. Starch has a broad range of industrial
applications. Starch is also utilized in the production of bioplastics, textiles, paper, and
adhesives [1,5,7,8]. Starch is an important storage carbohydrate in many plant species,
and it can be obtained from several plant sources. Many crops such as potato, corn,
wheat, rice, cassava, barley, and oat are commonly used to produce starch. However,
there are also other unconventional sources of starch, such as fruits and medicinal
plants, that can be utilized for starch extraction [7]. Starches obtained from various
sources exhibit dissimilarities in terms of their chemical composition and structural
characteristics. For example, the ratio of amylose to amylopectin, two major
components of starch, can vary between different sources of starch. Additionally, the
degree of branching, chain length distribution, and degree of polymerization of the
starch molecules can also differ between different sources of starch. The chemical
composition of starch can also vary within the same source depending on factors such

as plant variety, growing conditions, and processing methods [8].

1.1.6. Cyclodextrin

Cyclodextrins (CDs) are a class of cyclic carbohydrates containing glucose parts. They
are synthesized through the degradation of starch by the enzyme cyclomaltodextrin
glucanotransferase (CGTase), which causes the breaking of glycosidic bonds within
the starch molecule [9]. The three common types of cyclodextrins are a-CD, B-CD,

and y-CD, each consisting of 6, 7, and 8 glucose units, respectively.

Within the cyclodextrin structure, the numbering system of a-1, B-2, and y-3 indicates
the precise location of the glycosidic bond between the glucose units [10].
Cyclodextrins (CDs) are widely used in chromatography due to their ability to

selectively interact with molecules based on their size and shape [9]. CDs have found
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widespread use in various industries, including pharmaceuticals, food, cosmetics, and
agriculture. Some common uses of CDs are: 1) Improving solubility [11,12]
2) Masking odors and flavors [13] 3) Applications in the textile industry [14]

4) Environmental applications [15] 5) Pharmaceutical applications [16].

1.2. SUBCRITICAL AND SUPERCRITICAL WATER

Water can exist under various conditions of temperature and pressure. When water is
maintained at a temperature range of 100-374°C under enough pressure, it is called
subcritical water. In contrast, supercritical water refers to the state of water that exists
above 374°C and 22.1 MPa pressure, and it has unique physical and chemical
properties compared to subcritical water [17]. Under high temperature and pressure
conditions, water can serve as a suitable medium for organic reactions that require
acid-base catalysis. Furthermore, water under hydrothermal conditions can actively
participate in hydrolysis reactions and act as a potential source of hydrogen. The
unique properties of water can be modulated by adjusting temperature and pressure
levels, allowing for diverse applications in various fields of study. Table 1.5 provides
insight into how changes in these variables affect water's properties. The
characteristics of water depending on temperature and pressure.

Table 1.5. The characteristics of water depending on temperature and pressure [18].

Ambient Subcritical Supercritical
Water Water Water

Temperature (°C) 25 250 400 400
Pressure (MPa) 0.1 5 25 50
Density (g.cm™) 0.997 0.80 0.17 0.58
Dielectric constant (g) 78.5 27.1 5.9 10.5
pKwater 14.0 11.2 194 11.9
Heat capacity (kJ.kg™?) 4.22 4.86 13 6.8
Viscosity (m.Pa.s) 0.89 0.11 0.03 0.07
Thermal conductivity (Mw.m*.K?) 608 620 160 438




As water approaches its critical point, its properties undergo significant changes. At
ambient temperature, water has a high dielectric constant (¢~79) due to hydrogen
bonding. However, as it is heated to its critical point, its dielectric constant decreases
(e=6.0), changing its solvent behavior [17]. It is noteworthy that the density of water
at the supercritical point can vary based on temperature and pressure. The density of
water at ambient temperature is roughly 1 g/cm?, but at the supercritical point, it
reduces to about 0.58 g/cm?®. Subcritical and supercritical water possess exceptional

properties that can confer significant advantages in diverse hydrothermal processes.

1.3. HYDROTHERMAL PROCESSES

Hydrothermal processes are a set of conversion methods that involve the use of water
as a reactant, solvent, and catalyst at high temperatures and pressures. Hydrothermal
processes are similar to natural geological processes that occur deep in the Earth's crust
to create fossil fuels. The processes involve the application of high pressure and
temperature conditions to materials, resulting in the transformation of the starting
materials into different products [17]. While hydrothermal processes are used in
industry to modify or transform organic materials on a much shorter time scale, the
geological processes that create fossil fuels occur naturally over millions of years. The
hydrothermal process offers advantages over traditional methods such as gasification
and pyrolysis, as they eliminate the need to dry biomass before processing it, which
saves time and cost [19]. Different types of products can be generated through the
hydrothermal process, which include liquefied, solidified, and gaseous forms,
depending on the chosen method, such as HTC, HTL and HTG. The selection of the
most suitable method is based on the desired output. Table 1.6 shows operating

temperatures based on the desired product.

Table 1.6. Hydrothermal techniques and operating temperatures [20,21].

Types of Hydrothermal Processes Operating Temperatures (°C)
Hydrothermal Carbonization (HTC) 180-250
Hydrothermal Liquefaction (HTL) 280-380
Hydrothermal Gasification (HTG) 400-700




1.3.1. Hydrothermal Gasification

High-temperature and high-pressure conditions in the presence of water can be used
in the process of HTG to convert organic matter into gaseous products [22]. HTG is a
versatile process that can effectively convert various feedstocks such as agricultural
waste, energy crops, and wastewater sludge into valuable gaseous products. In HTG,
organic matter is first dissolved in water, and the resulting slurry is pressurized and
heated to a specific temperature. Under these conditions, the organic matter
decomposes and reacts with water to produce gaseous products [23]. The HTG process
also produces a liquid fraction, which can be further treated to produce fuels or
chemicals. The process of HTG can be divided into three different regions that are
defined by the pressure and temperature at which they occur [24]. The first region,
which is known as catalytic gasification, occurs below the temperature of 374°C. In
this region, a catalyst is typically used to facilitate the conversion of organic matter

into useful gases.

The second region, called supercritical gasification, occurs at higher temperatures
between 374 and 500°C. Under these conditions, water becomes supercritical and
exhibits unique properties that enhance the gasification process. The third and final
region, high-temperature gasification, occurs at temperatures between 500 and 700°C.
This region typically produces the highest quality gas, which can be used directly in
power generation or as a feedstock for chemical synthesis. The production of methane
(CHg4) and hydrogen (H) during HTG is influenced by the operating temperature. The
selection of temperature is a critical factor in controlling the composition and quality
of the gas product. Specifically, lower temperatures in the range of 350-500°C tend to
favor the production of CH4, while higher temperatures between 400-600°C promote
the production of Hz [25]. HTG stands out among other methods of converting biomass
due to its numerous benefits. These include high rates of conversion, minimal
emissions, and the capacity to utilize diverse types of biomasses. The HTG process
also produces a high-quality gas that can be used directly in power generation or as a
feedstock for chemical synthesis.
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1.3.2. Hydrothermal Liquefaction

HTL is conducted in the presence of hot-compressed water under high pressure and
temperature [26]. As pressure and temperature increase in hydrothermal conditions,
water properties change dramatically. For instance, dielectric constant and density of
water decrease while its solubility increases, rendering it a good solvent for
hydrocarbons. Additionally, the water at high pressure allows it to stay in a liquid state,
enabling the process to proceed. The process of HTL involves the conversion of
biomass into high-energy liquid products, which is typically achieved using subcritical
water under high pressure [17]. The outcome of HTL is influenced by multiple factors,
which include temperature, pressure, reaction time, particle size, feedstock type,
solvent-to-biomass ratio, and the presence of reducing agents or catalysts. These
factors affect the yield of the final products, including bio-oil, bio-char, and gas, as
well as their properties such as composition, heating value, and acidity [17]. The HTL
of organic matter yields four main products, namely biocrude, dissolved chemicals in
the aqueous phase, solid residue, and gas. Biocrude is a dark, viscous liquid that is

produced during the HTL process of organic matter, such as biomass.

The chemical composition of bio-oil is highly dependent on the type of feedstock used
in hydrothermal liquefaction, but it typically consists of a diverse range of organic
compounds, including oxygenated hydrocarbons, phenolic compounds, aldehydes,
ketones, and carboxylic acids. Additionally, the presence of nitrogen and sulfur-
containing compounds can also vary depending on the feedstock [27]. Biocrude,
derived from hydrothermal liquefaction, is a promising source of renewable energy
that can be transformed into a variety of useful products such as transportation fuels,
chemicals, and other high-value products. Additionally, the aqueous phase generated
during HTL can contain dissolved organic compounds and be utilized for a variety of
purposes, including gasification [17,19]. Solid product is primarily made up of organic
compounds, including carbon, hydrogen, and oxygen, along with inorganic materials
like ash [17]. There are multiple potential uses for the solid products produced during
hydrothermal liquefaction. One option is carbon sequestration, while another is using

them to synthesize carbon-based materials. The composition of the gas products
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typically consists of high levels of carbon dioxide (COz), along with smaller quantities
of other gaseous compounds [21].

1.3.3. Hydrothermal Carbonization

HTC is a method that involves using high temperature and pressure conditions to
convert biomass into a solid substance that resembles coal. Despite being studied for
nearly a century, this process has recently garnered attention as a promising technology
for converting biomass [28]. During the HTC process, hydrochars, liquids, and gases
are produced. However, because the process operates at low temperatures (generally
180-250°C, the yield of gas products is not as high compared to other processes
[29,30]. The gas products from the HTC typically contain a high proportion (70-90%)
of carbon dioxide, along with trace amounts of carbon monoxide, methane, and
hydrogen [31,32]. The liquid products generated during the HTC process are typically
acidic and contain both organic and inorganic compounds. These liquids may also
contain nitrogen, phosphorus, and other mineral matter originating from the raw
material. The exact composition of the liquid and gas products depends on several
factors, such as the type of feedstock used, the operating conditions, and the pH of
solution. After undergoing the HTC process, a solid material called hydrochar or
hydrothermal carbon is typically produced. This main product usually has a black or
dark brown coloration [33]. It contains carbon, hydrogen, and oxygen, as well as ash.
The presence of heteroatoms, such as nitrogen and sulfur, is also possible in the
hydrochars depending on its source. This process has been studied for almost a century
and has gained interest in recent years as a potential biomass conversion technology.
The HTC process can be applied to a wide range of feedstocks, including various types

of biomass such as wood, plant residues, and coal [34].

1.3.3.1. Influence of Operating Parameters

The operating parameters of the HTC process can significantly influence the yield,
quality, and properties of the resulting hydrochar. Some of the key operating
parameters that can impact the HTC process are temperature, residence time, pressure,

solid load, pH of reaction mixture [28,35].
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Temperature

Achieving optimal temperature is vital in the HTC process since it directly influences
the quality, yield, and properties of the final hydrochar product. Thus, the operating
temperature is crucial for achieving desirable results in the process [28]. Higher
temperatures can decrease the hydrochar yield while increasing carbon content and
heating value. However, excessively high temperatures can also cause the formation
of unwanted byproducts like tar and ash. Conversely, lower temperatures lead to higher
hydrochar yield but lower carbon content and heating value. The ideal temperature for
HTC depends on the feedstock and desired properties of the hydrochar. HTC
decomposition mechanisms are akin to those present in dry pyrolysis, but hydrolysis
plays a more important role. The hydrolysis reaction is typically the first step in the
process, as it has a lower activation energy compared to pyrolysis reactions. Under
hydrothermal conditions, the biomass components become less stable, ultimately

resulting in lower decomposition temperatures [35].

Residence time

The residence time during the HTC process is a critical factor that affects the severity
of the reaction, product yield, and quality. Typically, the reaction time for HTC ranges
from a few hours to several days. Longer residence times lead to increased reaction
severity because the biomass has more time to react with hot water, undergo

decomposition, and carbonization.

Research has shown that longer reaction times can increase the production of
hydrochar, as it allows for more complete conversion of biomass into solid hydrochar.
The process allows for an extended reaction time, which facilitates the reaction and
polymerization of soluble fragments present in the liquid phase. This ultimately leads

to the generation of insoluble solids as the end product [35].
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Pressure

Experimental studies have shown that the effect of pressure on HTC and natural
coalification is relatively low compared to other factors such as temperature and time.
The pressure in the HTC process can affect the reaction network according to
LeChatelier's principle. As the reaction pressure increases, the equilibrium shifts
towards the solid and liquid phases, as well as towards reactants with a lower number
of moles. This can result in a depression of dehydration and decarboxylation, which
are the primary overall reactions. Higher reaction pressure is believed to favor
liquefied products [35].

The ratio of feedstock to water

The ratio of feedstock to water is an important parameter in the HTC process, as it can
significantly influence the yield and properties of the resulting products. In general,
increasing the feedstock-to-water ratio in the HTC process can lead to higher yields of
solid carbonaceous products, as more organic material is available to react with the
water and form carbonaceous compounds [36,37]. However, higher feedstock-to-
water ratios can also lead to lower carbon conversion efficiency, as well as lower
heating values in the resulting products [38]. The feedstock-to-water ratio is a critical
parameter in the HTC process, as it can impact the yield and quality of the hydrochar
produced. The optimum ratio depends on the characteristics of the feedstock as well
as the desired properties of the hydrochar, such as its carbon content and heating value.
Higher ratios of feedstock to water can result in a higher yield of hydrochar, but with
lower carbon content and heating value. On the other hand, lower ratios of feedstock
to water can lead to a higher carbon content and heating value, but with a lower yield
of hydrochar. Thus, the selection of the appropriate feedstock-to-water ratio is crucial

in optimizing the HTC process for a particular feedstock and desired product.

pH of reaction mixture

During HTC, a drop in pH is commonly observed due to the formation of various

organic acids, including acetic, formic, lactic, and levulinic acid. To replicate natural
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coal formation, a slightly acidic to neutral environment is required. The pH of the
reaction mixture is a crucial factor that can influence both the quantity and quality of
the final products. The role of acidic conditions in HTC is still not fully understood,
especially in relation to reaction mechanisms. However, recent studies have indicated

that mildly acidic conditions can accelerate the rate of reaction in HTC [28].
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PART 2

LITERATURE REVIEW

In a study conducted by Elaigwu and Greenway, the microwave-assisted HTC of
glucose was investigated to determine the energy properties of the hydrochars
produced [39]. The HTC process was conducted at 200°C for 5-60 min. The findings
showed that this method significantly reduced the processing time compared to
traditional HTC, while also yielding hydrochars with higher heating values than

previously reported values [39].

Demir-Cakan and co-workers sythesized novel type of functional carbon
microparticles through a straightforward HTC process using glucose and acrylic acid
monomer [40]. The final products exhibited high thermal and chemical stability due
to their amorphous carbon framework, while the incorporated monomer imparted

additional functionality [40].

Ischia and colleagues carried out an investigation on the HTC of a glucose solution
(1.1 M, 25 wt%) under various operating conditions (180-270°C and 0-8 h) and
evaluated the characteristics of the solid and liquid products [41]. The temperature had
a significant impact on hydrochar yield only at 180°C, whereas at higher temperatures

(220-270°C), the yield remained relatively constant at 47-50% [41].

Simsir et al. carried out hydrothermal treatment of glucose and cellulose with acidic
and alkaline catalysts [42]. The experiments were carried out for 4 h at 200°C to
evaluate the impact of the catalyst type on the yield and properties of hydrochar. The

results showed that the use of Al(OTf)s catalyst resulted in decreased hydrochar yields
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for both feedstocks, whereas the use of NaOTf catalyst led to an increase in hydrochar
yields [42].

Sevilla and Fuertes carried out a study on the production of hydrothermal carbons from
cellulose, using hydrothermal conditions at temperatures ranging from 220-250°C for
either 2 h or 4 h [43]. The resultant hydrochars were made up of clusters of carbon
microspheres that were agglomerated, with a size of roughly 2-5 um. Further analysis
of the solid product revealed that it comprised small groups of condensed benzene
rings that formed stable clusters with oxygen located at the core. Meanwhile, the shell
of the microspheres possessed more reactive and hydrophilic oxygen functionalities
[43].

Modugno and Titirici produced hydrothermal carbons by subjecting fructose
(10% w/w) to temperatures of 200°C for 2-12 h, with and without concentrated acids
[44]. They found that both strong and weak acids expedite the conversion of fructose,
and that levulinic acid is formed more quickly than hydrothermal carbon in acidic
conditions [44].

In a study conducted by Yao and colleagues, the HTC of glucose and fructose was
examined at various temperatures from 120°C to 180°C [45]. The hydrothermal
treatment of an aqueous glucose solution resulted in the formation of carbon spheres
through an intermolecular dehydration process without the formation of HMF at 170-
180°C, while an aqueous fructose solution formed HMF by intramolecular dehydration

at 120-140°C [45].

Sevilla and Fuertes conducted HTC of glucose (C=05-1 M), sucrose (C=0.5 M), and
starch (C=0.1-0.5 M) at 170-240°C for 0.5-15 h [46]. By adjusting the operational
parameters, the diameter of the hydrochar microspheres could be controlled. The mean
diameter of the microparticles increased with the rise in reaction temperature,
concentration of the reaction mixture, or reaction time, irrespective of the type of
saccharide used. In terms of mean diameter, the hydrochar particles exhibited the

following trend: glucose < starch < sucrose [46].
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Titirici group performed HTC at 180°C for 24 hours on a range of materials, such as
glucose, xylose, maltose, sucrose, amylopectin, and starch, with a fixed biomass to
water ratio of 1.5 g feedstock/13.5 ml water [47]. The resulting carbon materials
exhibited noticeable differences in structure and morphology between pentoses and
hexoses, but intriguingly, regardless of the specific hexose sugar used, all carbon
materials showed remarkable similarities [47].

Liang et al. synthesized carbon microspheres by subjecting starch to HTC at different
solution pH values and temperatures of 210°C for a duration of 1 h to 6 h [48]. It was
reported that the optimal solution pH range for HTC was determined to be between 3
and 7. However, a starting pH of 1 was observed to expedite the hydrolysis of starch

and the formation of microspheres only during the initial stages of the reaction [48].

Paksung and co-workers prepared hydrothermal carbons from microcrystalline
cellulose and a-cellulose at 180-240°C for 0-240 min [49]. The study revealed that
hydrolysis of the amorphous fraction of cellulose occurred upon subjecting it to a
temperature of up to 200°C, while the crystalline fraction remained unaffected by
water, resulting in a higher char yield for microcrystalline cellulose. However, at
temperatures exceeding 220°C, the impact of crystallinity decreased, leading to a

reduced extent of pyrolysis in microcrystalline cellulose [49].

Zhao et al. conducted the HTC of cellulose with citric acid at 200-240°C for 6-12 h
[50]. It was reported that, the optimal conditions were detected for the synthesis of
carbon spheres with a smooth and regular morphology. The resulting carbon spheres
were composed of both aliphatic and aromatic structures and had abundant oxygen-

containing functional groups on their surface [50].

Lu and Berge performed HTC on diverse feedstocks (such as cellulose, starch, lignin,
glucose, and xylose) at 250°C for 96 h, utilizing a constant feedstock to water ratio of
8 g feedstock/32 g water [51]. It was reported that the properties of the feedstock had
an impact on the properties of the resulting carbonization product. Predictions
regarding the characteristics of the carbonization product were made based on the

results obtained from carbonizing pure compounds. These predictions indicated that
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the energy content of the recovered solids could be more accurately projected than the
solid yields and the amount of carbon in each phase. Additionally, it was also reported
that surface functional groups on the solids were harder to predict using this linear

approach [51].

Carbon spheres were synthesized by Shin and colleagues via hydrothermal treatment
of aqueous solutions that contained a-, B-, and y-cyclodextrin (CD) at 160°C for 16 h
[9]. The cyclodextrin to water ratio was fixed at 2 g CD/20 mL water. Under
hydrothermal conditions, it was observed that cyclodextrin underwent hydrolysis into
glucose, followed by dehydration into HMF. Subsequently, it transformed into porous
carbon spheres. Furthermore, it was reported that the carbon spheres synthesized from
v-CD exhibited a significantly higher amount of aromatic carbon compared to those

generated from other CDs [9].
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PART 3

MATERIALS AND METHODS

3.1. MATERIALS

Anhydrous D (+)-glucose (CAS-No: 50-99-7) was purchased from Merck, Germany.
B-cyclodextrin (CAS-No: 7585-39-9) was purchased from Sigma-Aldrich, USA.
Starch (Cas No: 9005-44-9) Isolab, Germany. 2-chloropropionic acid
(CAS No0:598-78-7) was purchased from Sigma-Aldrich, USA.

3.2. EXPERIMENTAL PROCEDURE

To conduct the HTC experiments, PPL-lined stainless-steel hydrothermal autoclaves
were used. In non-catalytic runs, 2 g of the sample were added to a PPL container with
20 ml of deionized water. The container was then placed in a steel reactor, tightly
closed, and put into a preheated oven. Reactions were carried out at 180°C and 200°C
for 24 h. For catalytic runs, 2 g of the sample were weighed and added to a PPL
container with 20 ml of 0.5 M 2-chloropropionic acid as a solvent. For cyclodextrin
and starch, samples and water were stirred at 60°C for 3 h at 700 rpm. The operating
temperature and reaction time were the same as in non-catalytic runs. After adding the
catalyst, the solutions were stirred for 5 min in an ultrasound bath. Once the reaction
was completed, the resulting product was collected in a centrifuge plastic tube and
centrifuged at 3500 rpm to separate the solid and liquid products. The resulting liquid
product was collected separately for pH measurement. The solid product was washed
three times with 50 ml of deionized water and dried in an oven at 105°C for 24 h. The

yields of hydrochars were calculated using the equation below:

mass yields of recovered solid products(g)xloo
mass yield of feedstock

Hydrochar yields(wt%) =
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3.3. ANALYSIS

The morphologies of the hydrochars were studied using a Carl Zeiss Ultra Plus Gemini
FESEM. 1*C NMR spectra of the samples were recorded with a JEOL ECZ 500R NMR
spectrometer. The functional groups present in the starting materials and hydrochars
were analyzed using a Thermo Scientific Nicolet iS50 FTIR-ATR spectrometer.
Additionally, samples of glucose, starch, and cyclodextrin, as well as the resulting
hydrochars from these materials, were analyzed for their elemental composition using
an elemental analyzer (LECO CHNS-932). The pH of the reaction medium was
measured using a Mettler Toledo SE 5470-K type pH meter.
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PART 4

RESULTS AND DISCUSSION

4.1. HYDROCHAR YIELDS

The yields of hydrochars produced from different materials at different temperatures

are shown in Table 4.1. For the glucose, the hydrochar yields from the non-catalytic

runs were 29.05 and 39.76 wt%, at 180 and 200°C, respectively.

Table 4.1. Yields of hydrochars produced from glucose, B-Cyclodextrin, and starch at
180 and 200°C for 24 h without and with catalyst (2-chloropropionic acid).

Sample Raw material Temgeé;;l ture Catalyst (:/(vltil/g)
G-HC1 Glucose 180 - 29.05
G-HC2 Glucose 180 + 18.45
G-HC3 Glucose 200 - 39.76
G-HC4 Glucose 200 + 18.06
CD-HC1 B-cyclodextrin 180 - 20.77
CD-HC2 B-cyclodextrin 180 + 20.53
CD-HC3 B-cyclodextrin 200 - 42.42
CD-HC4 B-cyclodextrin 200 + 20.54
S-HC1 Starch 180 - 25.54
S-HC2 Starch 180 + 22.31
S-HC3 Starch 200 - 38.20
S-HC4 Starch 200 + 21.18

The increase in temperature resulted in increased hydrochar yields. Sevilla and Fuertes
also conducted HTC on a glucose solution with a concentration of 0.5 mol/L at 180
and 210°C for 4.5 h, yielding 5.1 weight percent hydrochar at 180°C, but a sharply
increased yield of 28 wt% at 210°C [46]. In a study by Falco et al., glucose (C=10%)

was subjected to HTC at 180 and 200°C for 24 h, resulting in a hydrochar yield of
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approximately 33 wt%, which increased to around 39 wt% at 200°C [52]. In another
study, Ischia and co-workers investigated HTC of glucose (C = 1.11 M) at different
operating conditions (T=180-270°C, t=0-8 h) [41]. The hydrochar yield was 39.2 wt%
at 180°C for 8 h and increased to 49.5 wt% at 220°C. All the above-mentioned studies
demonstrated that an increase in HTC temperature led to the production of higher mass
yields of hydrochars [41,46,52]. Notably, hydrochar yields remain stable after 180°C
[41]. For glucose, the use of a catalyst reduced the hydrochar yields both at 180 and
200°C. It is known that acid catalysts promote hydrolysis reactions in hydrothermal
media and increase soluble products [53,54]. The addition of acid catalysts during the
HTC process is believed to cause increased biomass degradation, leading to the
production of smaller or water-soluble products. This, in turn, may result in decreased
yields of hydrochars. Notably, the use of a catalyst did not significantly change the
hydrochar vyields produced from starch and B-cyclodextrin at 180°C but did
significantly reduce the yields at 200°C. One can conclude that the catalytic effect is

more pronounced at 200°C for oligosaccharide and polysaccharides.
The pH value of the reaction mixture can significantly affect the yield and properties

of the resulting hydrochars. The pH values of the slurries before and after the HTC
process were measured, and the results are presented in Table 4.2.

Table 4.2. The pH levels of slurries before and after the HTC process.

Temperature H H
Feedstock 0 Catalyst | (erore the HTC) | (after the HTC)

180 - 474 2.30

Glucose 150 * " yon
200 - 474 2.31

200 n 155 0.51

180 - 5.78 2.34

F-Cyclodextrin ;gg + é?g 22411
200 n 1.60 0.59

180 - 7.30 2.25

180 i 2.02 0.55

Starch 200 _ 7.30 2.19
200 + 2.02 0.53
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The pH levels of the slurries were affected by the type of feedstock used in both
catalytic and non-catalytic runs. The pH levels of all the runs decreased after the HTC
process. This decrease is a common trend in HTC because of the generation of various
organic acids such as acetic, formic, lactic, and levulinic acid [28]. After the HTC
process, there was a noticeable decrease in pH levels for both non-catalytic and
catalytic runs. The pH levels ranged from 2.19 to 2.34 for non-catalytic runs, while for

catalytic runs, the pH levels were even lower, ranging from 0.49 to 0.55.

Table 4.3. Elemental compositions (wt%), H/C, and O/C atomic ratios of glucose, B-
cyclodextrin, starch, and hydrochars obtained from these raw materials.

a
Sample (0-2) Catalyst (wg %) (thO %) (wct)% ) H/CP | O/CP
Glucose - - 39.50 6.37 54.13 194 | 1.03
G-HC1 180 - 64.20 451 31.29 0.84 | 0.37
G-HC2 180 + 65.10 4.78 30.12 0.88 | 0.35
G-HC3 200 - 66.60 4.56 28.84 | 0.82 | 0.32
G-HC4 200 + 66.30 5.12 28.58 | 093 | 0.32
B-cyclodextrin - - 39.20 6.46 5434 | 198 | 1.04
CD-HC1 180 - 65.00 4.42 30.58 0.82 | 0.35
CD-HC2 180 + 66.60 4.59 28.81 0.83 | 0.32
CD-HC3 200 - 66.60 4.50 2890 | 0.81 | 0.33
CD-HC4 200 + 64.20 4.97 30.83 | 093 | 0.36
Starch - - 35.07 6.04 58.89 2.07 | 1.26
S-HC1 180 - 63.30 441 32.29 0.84 | 0.38
S-HC2 180 + 62.60 4.84 32.56 0.93 | 0.39
S-HC3 200 - 66.00 4.38 29.62 0.80 | 0.34
S-HC4 200 + 64.40 5.15 30.45 0.96 | 0.35
2 By difference
b atomic ratio

Table 4.3 demonstrates elemental compositions, O/C and H/C atomic ratios of
hydrochars produced from glucose, p-cyclodextrin, and starch at 180 and 200°C. The
HTC process predominantly decreases the amount of oxygen and hydrogen present in
the feed, which can be measured by the O/C and H/C ratios. This reduction occurs

mainly through two mechanisms: dehydration and decarboxylation [28]. Dehydration
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eliminates oxygen by removing water molecules, while decarboxylation eliminates
oxygen in the form of carbon dioxide [21]. The O/C and H/C ratios of the feedstock
decreased after HTC, irrespective of the feedstock used. The primary reactions that
occurred during the process were found to be dehydration and decarboxylation at 180
and 200°C. However, the use of a catalyst suppressed the dehydration reactions,
resulting in hydrochars with higher H/C ratios. Comparing catalytic and non-catalytic
runs, it was observed that the dehydration reactions were less prominent in the former,

leading to the formation of hydrochars with a higher H/C ratio.

Examination of the surface morphology of the hydrochars was carried out through
scanning electron microscopy (SEM). The SEM images of hydrochars derived from
glucose, B-cyclodextrin, and starch, both with and without the presence of a catalyst at
200°C, are depicted in Figure 4.1. Carbon spheres were found to be produced in all
hydrochars, with their sizes considerably influenced using catalyst. The diameter of
carbon spheres in all feedstocks increased when a catalyst was employed. The
hydrochars produced from glucose, with and without catalyst, had interconnected
carbon sphere particles. The diameter of the spherical carbon particles from non-
catalytic HTC of glucose ranged from 1 to 3 um, while the diameter of the carbon
spheres from glucose with catalyst ranged from 3.5 to 6 um. The size of the carbon
spheres in the hydrochars obtained from the non-catalytic HTC of B-cyclodextrin
varied between 538 nm to 1.3 um, with an average diameter of 850 nm. On the other
hand, the hydrochars obtained from the catalytic HTC of p-cyclodextrin had larger
carbon spheres with a diameter ranging from 5 to 9 um. The results suggest that the
presence of a catalyst can significantly impact the particle size of the carbon spheres
in the hydrochar obtained. The diameter of carbon spheres produced from starch
ranged from 1.2 to 5.0 um for the non-catalytic run and from 2.0 to 8.0 um for the

catalytic run.
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Figure 4.1. SEM images of hydrochars produced from glucose, B-cyclodextrin, and
starch at 200°C for 24 h without and with catalysts (a) G-HC3 (b) G-HC4
(c) CD-HC3 (d) CD-HC4. e) S-HC3 (f) S-HC4.

Figure 4.2 displays the FTIR spectra of glucose and hydrochars obtained from glucose.
The spectra of glucose exhibited characteristic peaks at 3204 cm¥,
2943 cm?, 2913 cm?, 1458 cm?, 1103 cm?, 1048 cm?, 995 cm?, 837 cm?,
774 cm, and 612 cm-1, which correspond to -O-H stretching, -C-H of C2, -C-H of
C1, CH2+ O-C-H+C-C-H bending, C-O vibrations, -C-O and -C-C vibrations, C-H
bending, C-C-O+C-C-H bending, and CHz, respectively [55]. In the hydrochars, the
intensity of the peak at around 3300 cm™ corresponding to -OH group decreased,
indicating dehydration. The presence of a new absorption band at around 1700 cm*
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was assigned to C=0 groups, which was also confirmed by the elemental analysis
results presented in Table 4.3. Two new peaks at around 1605 cm™ and 1511 cm™ were
observed in hydrochars, indicating the aromatization of the samples [56]. The presence
of the 1605 and 1511 cm™ bands indicated that the samples have undergone
aromatization. The peak at around 800 cm™* was assigned to aromatic C-H out-of-plane
bending vibrations [43]. The peak at around 800 cm™ was assigned to aromatic C-H

out-of-plane bending vibrations.
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Figure 4.2. FT-IR spectra were obtained for: a) Glucose, b) Hydrochars produced from
glucose at 180°C without catalyst, ¢c) Hydrochars produced from glucose
at 180°C with catalyst, d) Hydrochars produced from glucose at 200°C
without catalyst, €) Hydrochars produced from glucose at 200°C with

catalyst.

FT-IR spectra of B-cyclodextrin and hydrochars from B-cyclodextrin are shown in
Figure 4.3. The FTIR spectrum of B-cyclodextrin was analyzed to identify key
molecular characteristics. The peak observed at 3250 cm™ was attributed to OH
stretching, while the peaks at 2920 cm™ corresponded to CH stretching. Other
distinctive peaks were observed at 1645 cm™, 1157 cm™, 1030 cm?, and 851 cm?,

which indicated the presence of H-O-H, C-O, C-O-C glucose units, and C-O-C
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rings, respectively, in the B-cyclodextrin molecule. These peaks provide important
information about the molecular structure of the B-cyclodextrin feedstock [57,58]. The
FT-IR analysis of hydrochars obtained from p-cyclodextrin, with and without
catalysts, revealed unique features of the hydrochars. The spectra showed two major
peaks, corresponding to O-H absorption in the range of 3700 to 2800 cm™ and carbon
stretching absorption at 1700 cm™. Furthermore, the FT-IR spectra of hydrochars
produced from B-cyclodextrin indicated the presence of several groups such as
aliphatic hydrocarbon (-C-H) at 2920 cm™, -C=C at 1590-1607 cm™, and -C-O at
1020 cm™. The intensity of the -O-H group was lower in hydrochars produced from

catalytic runs compared to those from non-catalytic runs at the same conditions.
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Figure 4.3. FTIR spectra were obtained for: a) B-cyclodextrin, b) Hydrochars produced
from B-cyclodextrin at 180°C without catalyst, ¢) Hydrochars produced
from B-cyclodextrin at 180°C with catalyst, d) Hydrochars produced from
B-cyclodextrin at 200°C without catalyst, ) Hydrochars produced from -
cyclodextrin at 200°C with catalyst.

FT-IR spectra of starch and hydrochars from starch are shown in Figure 4.4. The FT-
IR spectra of starch and hydrochars produced from starch were analyzed to identify
distinctive peaks that provide insight into the molecular structure of the samples. The
starch spectrum displayed the -O-H stretching peak at 3270 cm™, the C-H stretching
peak at 2927 cm, and several other peaks corresponding to C-O, C-C, and C-O-H
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stretching [59,60]. The FTIR spectra of hydrochars produced from starch with and
without catalysts showed absorption bands between 3700 and 2800 cm
corresponding to O-H stretching, 2927 cm™ corresponding to C-H stretching, and
1700 cm corresponding to C=0 groups. Additionally, the spectra displayed peaks at
1600 cm™ corresponding to C=C stretching and between 1350 and 1500 cm
corresponding to aliphatic C-H deformation vibration. Finally, the peaks around
800 cm™ indicated the presence of aromatic C-H out-of-plane bending vibrations [61].
Overall, the FTIR spectra indicated the presence of functional groups in the hydrochars
outer layers, indicating the presence of aromatic cores in samples produced from

glucose, B-cyclodextrin, and starch.
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Figure 4.4. FTIR spectra were obtained for: a) starch, b) Hydrochars produced from
starch at 180°C without catalyst, ¢) Hydrochars produced from starch at
180°C with catalyst, d) Hydrochars produced from starch at 200°C without
catalyst, e) Hydrochars produced from starch at 200°C with catalyst.

The chemical structures of glucose, B-cyclodextrin, and starch were analyzed using
NMR spectroscopy, as shown in Figure 4.5. The NMR spectra of glucose,
B-cyclodextrin, and starch displayed unique chemical shifts. The NMR spectrum of
glucose revealed chemical shifts between 60 and 110 ppm [62-64]. The C6 carbon
peak was observed at 65.93 ppm, while the C5 peak was seen at 72.73 ppm in the
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13C NMR spectrum. In addition, the C3 and C2 peaks were observed at 74.88 ppm and
75.24 ppm, respectively. The C4 peak was observed at 73.84 ppm, while the C1 peak
was observed at 95.22 ppm, as revealed in the NMR spectra [65]. The peak
assignments for B-cyclodextrin were performed and revealed the peaks for C6 between
60-70 ppm, and for C3, C2, and C5 between 70-78 ppm. The peak for C4 was
identified between 80-86 ppm, while the peak for C1 was located between
103-106 ppm [66]. Similarly, peak assignments were conducted on the NMR spectrum
of starch, which resulted in the same identified peaks for C6, C3, C2, C5, C4, and C1

as those observed for B-cyclodextrin [67].
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Figure 4.5. NMR spectra of glucose, B-cyclodextrin, and starch

The NMR spectra of hydrochars obtained from glucose, B-cyclodextrin, and starch
were analyzed at 200°C, both with and without a catalyst, as shown in Figure 4.6. In
the chemical analysis of the material, the presence of sp® carbon atoms was identified
from a peak observed between 0 and 90 ppm, as reported in [68,69]. Peaks in the range
of 100-160 ppm were attributed to the presence of sp? carbon atoms in C=C double
bonds, with the signals between 140 and 160 ppm indicating the presence of oxygen-
bound O—C=C. Resonance signals were observed between 170-225 ppm, indicating
the presence of C=0 groups that could be in carboxylic acid moieties (177 ppm) or
ketones and aldehydes (200-220 ppm) [68,69]. The main differences in the hydrochars
produced from the non-catalytic runs and catalytic runs were the presence of a peak
corresponding to unreacted glucose (68.80 ppm) in the hydrochars obtained from the
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catalytic runs. Moreover, the intensities of peaks observed at 177 ppm in hydrochars

obtained from catalytic runs were higher than those obtained from non-catalytic runs.
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Figure 4.6. NMR spectra of hydrochars obtained from glucose, pB-cyclodextrin, and
starch at 200°C without and with catalyst.
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PART 5

CONCLUSIONS

In summary, the present study investigated the effects of temperature and the use of a
catalyst on the HTC of three feedstocks: glucose, pB-cyclodextrin, and starch. The
results showed that hydrochar yields increased with increasing temperature in non-
catalytic runs but decreased with the use of a catalyst at both temperatures. The carbon
and oxygen content of hydrochars from each feedstock were similar, and the HTC
process led to a reduction in the O/C and H/C ratios, regardless of the feedstock type.
The use of a catalyst resulted in an increase in the diameter of carbon spheres in each
feedstock. The hydrochars from both non-catalytic and catalytic runs exhibited
characteristic peaks, with higher intensities observed at 177 ppm in hydrochars from
catalytic runs. These findings provide valuable insights into the optimization of the

HTC process for producing hydrochars with desirable properties.
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