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Chapter

Hydrothermal Conversion
of Lignocellulosic Biomass
to Hydrochar: Production,
Characterization, and Applications

Meegalla R. Chandravatne and Asfaw Gezae Daful

Abstract

The high moisture content poses a major technical barrier to using wet biomasses
in thermochemical conversions. Hydrothermal conversions open efficient ways to
convert wet biomass into carbonaceous products as an alternative to thermochemical
methods such as pyrolysis, gasification, and combustion. Three types of hydrother-
mal conversions, hydrothermal carbonization (HTC), hydrothermal liquefaction
(HTL), and hydrothermal gasification (HTG), use different operating conditions
to convert wet biomass into distinct products: solid (hydrochar), liquid (aqueous
soluble bio-oil), and gaseous fractions. Water plays a dominant role in hydrothermal
conversions. HTC uses relatively mild conditions. HTL and HTG use subcritical
and supercritical conditions, respectively. Conversion mechanisms and the effect of
process parameters are also discussed in detail. The solid product hydrochar (HC) has
properties comparable to biochar and activated carbon, hence a range of potential
applications. Current and emerging applications of HC, including energy production
and storage, soil amendment, wastewater treatment, carbon capture, adsorbent, and
catalyst support, are discussed.

Keywords: bioenergy, hydrothermal carbonization, bio-oil, biofuel, thermochemical
conversion, biomass composition, pyrolysis

1. Introduction

Over the past few decades, the world has seen a rapid increase in energy demand
and consumption. Currently, fossil fuels (oil, natural gas, and coal) are the primary
source of global energy supply. The combustion of fossil fuels releases greenhouse
gases into the atmosphere, resulting in global warming, environmental pollution,
and climate change. Due to higher prices and a finite supply of fossil fuels and to
reduce greenhouse gas emissions and mitigate climate change, more attention has
been given to finding a sustainable long-term alternative to fossil fuels. As a result,
renewable energy resources (such as biomass, solar, wind, geothermal, and tidal)
are gaining popularity. Biomass, available abundantly at a relatively low cost, is
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considered a promising alternative renewable energy source to substitute for fossil
fuels. It is a clean, environmentally friendly, and carbon-neutral source of energy.
Burning biomass or fossil fuel releases carbon dioxide (CO,), a greenhouse gas.
However, when biomass burns, it releases CO, back into the atmosphere that the
plants have absorbed recently by photosynthesis during the growth process produc-
ing biomass. Thus, burning biomass does not add to the total CO, inventory of the
earth and is considered carbon neutral. Nevertheless, the overall biomass chain,
including planting, harvesting, processing, and transporting, needs to be considered
for true carbon neutrality of biomass. In addition, burning biomass releases a variety
of pollutants, including carbon monoxide (CO), nitrogen oxides (NOx), and particu-
late matter [1-4].

2. Lignocellulosic biomass

Biomass is defined as a plant or animal-based organic matter of recent origin.
Biomass includes agricultural crop residues (residues of agricultural crops that are
not harvested for commercial use, including stalks, leaves, husks, etc.), forestry and
wood residues (residues associated with the production of timber in the forest, as
well as the processing of timber into their final products), dedicated energy crops
(herbaceous and short rotation woody energy crops), aquatic biomass (algae, plants,
and microbes found in water), sewage sludge, digestate (remains of anaerobic diges-
tion), industrial crops, animal, industrial, municipal and food waste [1, 5]. A detailed
discussion on biomass sources, classification, composition, and analysis is available
in [1, 5]. If improperly managed, these biomass residues and waste could lead to
environmental issues, including water contamination, greenhouse gas emissions,
pests and insects breeding, and foul odor. Converting biomass residues and wastes
into bioenergy (a) reduces the burden on waste management, (b) energy generated
reduces the dependence on fossil fuels, and (c) reduces the amount of decomposing
waste and associated environmental issues [5-7].

Biomass is a complex heterogeneous mixture mainly of organic matter (and a
small amount of inorganic matter). Biomass is also classified based on its chemical
composition as carbohydrates, lignin, essential oils, vegetable oils, animal fats, natu-
ral resins (gums), etc. The most abundant biomass on earth is lignocellulosic biomass
(LCB), which includes agricultural crop residues, forestry and wood residues,
dedicated energy crops, industrial crops, and food waste. LCB is a complex mixture
of biopolymers consisting of carbon (C), oxygen (O), and hydrogen (H), with total
content reaches typically above 95%. The elemental composition of C, O, and H in
plant biomass on a dry basis is 42-47%, 40-44%, and 6%, respectively. Plant biomass
has a substantial amount of oxygen with a carbon-to-oxygen (C/O) ratio of almost
one. Because of the higher level of oxygen content, the energy density of biomass is
relatively low compared to fossil fuels. Plant biomass also contains macronutrients,
micronutrients, trace elements, and other heavy metals, which are present in varying
amounts, depending on the plant species and environment, summing all together up
to about 4% [1, 4, 8-10].

The three major constituents of LCB are cellulose, hemicellulose, and lignin.
These constitute the cell wall of plants. The most abundant polymer of the ligno-
cellulosic plant cell wall is cellulose, which provides structural support that gives
trees and wood their strength. It is a linear polymer chain composed of D-glucose
(pyranose) units linked by p-1,4 glycosidic bonds. Cellulose has a high (300-15,000)
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degree of polymerization (DP) depending on the plant species. Cellobiose, glucose
disaccharide, is the repeating unit of cellulose. Cellulose chains are grouped to form
elementary fibrils, which are interlinked by hydrogen bonds and Van der Walls
forces to form long microfibrils. Microfibrils represent the main component of the
cell wall. Because of the high degree of hydrogen bonding, cellulose is highly stable
and resistant to chemical attack. Interaction of hydroxyl (OH) groups present on the
inner and outer surfaces of cellulose forms hydrogen bonds (intra- and intermolecu-
lar), which stiffens the chains and provides crystalline structure to cellulose. The
interchain hydrogen bonds create crystalline (uniform and ordered) and amorphous
(loose and disordered) regions of cellulose. The amorphous regions are more reactive
than crystalline regions. The crystalline structure of cellulose leads to its mechanical
strength and chemical stability and provides strength and toughness to leaves, roots,
and stems. Cellulose is insoluble in almost any solvent [4, 5, 8, 11-13].

Hemicellulose is the second most abundant polymer in LCB. It is a branched
heterogeneous structural polysaccharide composed of C5 and C6 sugars, including
D-xylose, L-arabinose, D-mannose, D-galactose, and D-glucose units. Hemicellulose
has a lower DP (80-200) than cellulose. Because of the branched structure, hemi-
cellulose is amorphous and easy to hydrolyze by dilute acids, bases, and enzymes.
Hemicellulose lateral chains form a tightly bound network with cellulose microfibrils
through hydrogen bonds, which makes a highly rigid cellulose-hemicellulose-lignin
matrix with the interaction of lignin via covalent bonds [4, 9, 11, 12].

Lignin is the third most abundant polymer in LCB. Lignin is an aromatic polymer
composed of three phenylpropanoid monomers: guaiacyl, p-hydroxyphenyl, and syrin-
gyl. The phenylpropanoid monomers in lignin are linked in alkyl-aryl, alkyl-alkyl, and
aryl-aryl ether bonds. Lignin, an amorphous and highly complex aromatic hydrophobic
biopolymer, is the natural phenolic glue that tightly binds cellulose and hemicellulose.
Lignin plays a cementing role for linkages between cellulose and hemicellulose to form
a 3-D structure of lignin-polysaccharide complex in the cell wall, leading to a strong
cell wall structure that makes it insoluble in water and provides mechanical strength to
plants. Lignin provides sealing for a water-conducting system linking roots with leaves.
The cross-linking between polysaccharides (hydrophilic and permeable) and lignin
(hydrophobic and impermeable) creates vascular tissues for the efficient conduction
of water in plants. Lignin forms a natural protective shield protecting cellulose and
hemicellulose in plants and makes plants resistant to pathogens, oxidative stresses, and
biodegradation by enzymes and microorganisms [5, 14, 15].

The key component in woody biomass is cellulose. Leaves and grasses are rich in
hemicellulose, and lignin is the major component in shells. Hemicellulose is thermally
least stable, and lignin is the most stable of all three. The cellulose, hemicellulose, and
lignin content vary with the biomass falling in the range of 40-60%, 15-30%, and
10-25%, respectively. In addition to three major components, inorganic compounds
and organic extractives, including fats, waxes, proteins, simple sugars, gums, resins,
starches, phenolics, pectins, essential oils, and mineral compounds, are also present
in biomass as nonstructural components, which are responsible for the smell, color,
flavor, and natural resistance to decaying of some species. Inorganics present in LCB
include nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), sulfur (S),
calcium (Ca), chlorine (Cl), iron (Fe), boron (B), manganese (Mn), zinc (Zn), cop-
per (Cu), molybdenum (Mo), nickel (Ni), selenium (Se), silicon (Si), sodium (Na),
aluminum (Al), titanium (Ti), cadmium (Cd), and chromium (Cr). Woody biomass
contains a high (~90%) amount of cellulose, hemicellulose, and lignin, whereas
agricultural and herbaceous biomass contain more extractives and ash [5, 8, 11, 12].
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Biomass analysis, including proximate and ultimate analysis, as well as higher
heating value (HHV), is essential in understanding the behavior of biomass in
energy applications. The proximate analysis determines the volatile matter (VM),
fixed carbon (FC), ash (noncombustible solid residue), and moisture (M) content.
VM is the vapors/gases released during heating. FC is the nonvolatile solid carbon
that remains after devolatilization. Inorganic matter, including silica, calcium, iron,
aluminum, potassium, sodium, magnesium, and titanium, are the main constituents
of ash. High-ash content biomasses include agricultural residues, grasses, and straws.
Contamination of biomass with dirt, soil, rock, and other impurities during collection
and handling partly contributes to ash content. Moisture content has a significant
impact, and high moisture content is a major concern in biomass conversion. The
moisture content of some biomasses, such as water hyacinth, can be very high (>
90%). Moisture can affect the storage and handling of biomass. High moisture
content significantly increases transportation and energy costs. It lowers the calorific
value as the energy released is used in the evaporation of moisture, which is not
recovered. Moisture drains much of the deliverable energy during conversion. The
ultimate analysis expresses biomass composition in terms of major elements (C, H, O,
S, and N) on a mass percent, dry, and ash-free basis. These are useful for performing
mass balances on biomass conversion processes. Typically, the sulfur and nitrogen
content of biomass is very low. The characteristics of raw biomass include high mois-
ture content, low bulk density, low energy density (calorific value), poor grindability,
compositional non-homogeneity, hygroscopic nature, higher biological degradation,
and lower storability [9, 16-18].

3. Biomass conversion

The primary goal of biomass conversion is to break down the rigid and complex
structure of biomass polymers into smaller and lower molecular weight (MW) com-
pounds. Typically, the reaction time, temperature, and reaction medium influence
the rate of destruction of the biomass polymeric structure. Chemical, biochemical,
and thermochemical conversion processes convert biomass into end products such as
chemicals, biofuels, or heat. Chemical conversion processes use chemicals to convert
biomass into biofuels. Biochemical conversion processes utilize microorganisms or
enzymes to convert biomass into products. Thermochemical conversion processes
employ high temperatures in oxygen free, reduced, or normal oxygen environments.
The thermochemical conversion approaches are applicable for a wide range of biomass
types using different temperatures to break down the bonds of organic matterina
relatively short period. The advantages of thermochemical conversions over bio-
chemical conversions include better conversion efficiency, handling a wide variety of
feedstocks, shorter reaction times, and high energy efficiency. In most situations, the
selection of the conversion process is based on the biomass feedstock available and the
desired form of end products. Environmental standards, policy, economic conditions,
and specific factors related to the project may influence the selection process. The
moisture content of biomass is a primary aspect determining the conversion process.
Thermochemical conversions, such as pyrolysis, gasification, or combustion, generally
require relatively dry biomass with a moisture content of less than 30 wt.%, but mois-
ture contents of 10 wt.% are preferred. The low energy density of wet biomass due
to higher moisture content makes it unsuitable for these processes. The biochemical
conversion process, a wet conversion process, is suitable for processing high moisture
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content biomass. Hydrothermal (HT) processing is a thermochemical conversion
that involves applying heat (and pressure) in subcritical or supercritical water. It can
process high moisture content (> 70 wt.%) biomass feedstock without dewatering or
drying. Biochemical conversion consumes less energy compared to HT processing but
requires more time. Subsequently, cost-effective HT processing has gained growing
attention as a method suitable for processing wet biomass [1, 5-8, 19, 20].

4. Hydrothermal (HT) processing

Biomass with a moisture content of more than 30 wt.% needs to be dried before
being suitable for some thermochemical processes such as pyrolysis, combustion, and
gasification. Drying is a highly energy-intensive process and requires a large amount
of energy. As a result, for biomass with high moisture content, the heat of moisture
evaporation is higher than the heat available from biomass, becoming a net energy
consumption. Wet biomass, typically with 70 wt.% or more water, can be converted
using HT processing without energy-intensive drying [1, 5, 8].

HT processing applies heat and pressure in subcritical or supercritical water in a
closed reactor. The biomass is surrounded by water during the reaction, and the pres-
ence of water speeds up biomass conversion. HT reactions are supported by water,
which plays an active role as a solvent, reactant, and even a catalyst or catalyst precur-
sor in the hydrolysis reactions. Due to the high ionic product in subcritical conditions,
water shows both acidic and basic properties and behaves as a catalyst. As a result, the
addition of acid or base catalyst can be avoided. Water behaves as a catalyst precursor
due to relatively high concentrations of hydronium (H;0") and hydroxide (OH")" ions
resulting from the dissociation of water. In HT processing, water is used as a reacting
medium. It is cheap, environmentally friendly, nontoxic, inherently present in wet
biomass, and a better alternative to corrosive chemicals and toxic solvents. In HT pro-
cessing, the reaction pressure is usually not controlled, but the temperature maintains
the autogenic pressure corresponding to the saturation vapor pressure of water. It
is an attractive process to convert wet biomass into three distinct product fractions,
solid (HC), liquid (bio-oil/water), and a mixture of non-condensable gases. All three
product fractions (solid, liquid, and gaseous) are formed at all temperatures in HT
processing. However, reaction temperature (and pressure) determines the product
distribution. The reaction shifts from solid products at low temperatures through
liquid products at medium temperatures to gaseous products at high temperatures.
The advantages of HT processing include the elimination of energy-intensive drying,
high conversion efficiency, and relatively low operating temperature. Depending on
the operating conditions, HT processes can be classified into three processes as hydro-
thermal carbonization (HTC), hydrothermal liquefaction (HTL), and hydrothermal
gasification (HTG) [1, 5, 8, 21-23].

The physicochemical properties of water are strongly affected by pressure and
temperature. Water exhibits gas-like behavior at or around the critical point with
low density, low viscosity, high compressibility, and high diffusivity. Some physical
and chemical properties of water at various conditions are shown in Table 1. Above
the critical point, a single homogeneous fluid phase exists, and the density, viscosity,
compressibility, and diffusivity of water are very sensitive to pressure and tempera-
ture changes. This unique property of water is a result of hydrogen bonding. When
water is heated, hydrogen bonding in the water molecules becomes weak, allowing
the dissociation of water into H;0" and OH" ions. The characteristics of water change
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Ambient Subcritical water Supercritical water
Temperature (°C) 0-100 100-374 > 374
Pressure (MPa) 0.003 (24°C) 0.1 (100°C)-22.1 >221
(374°C)
Density (kg/ m>) 997 958 (101°C, 0.11 MPa) between gas-like and
692 (330°C, 30 MPa) liquid-like densities
252 (410°C, 30 MPa)
Viscosity (mPa s) 0.89 (25°C, 0.11 (250°C, 5 MPa) 0.03 (400°C, 25 MPa)
0.1 MPa) 0.064 (350°C, 25 MPa) 0.07 (400°C, 50 MPa)
Dielectric constant 78.5 (25°C, 271 (250°C, 5 MPa) 5.9 (400°C, 25 MPa)
0.1 MPa) 18.2 (330°C, 30 MPa) 10.5 (400°C, 50 MPa)

14 (350°C, 20 MPa)

Ion product K, (mol?/L?)

107 (25°C)
1072 (100°C)

107 (100°C)
107 (300°C)

107%° (400°C)
1072 (550°C)

Heat capacity Cp (kJ/ 4.22 (25°C, 4.86 (250°C, 5 MPa) 13 (400°C, 25 MPa)
kg K) 0.1 MPa) 10.1 (350°C, 25 MPa) 6.8 (400°C, 50 MPa)
Thermal conductivity 0.608 (25°C, 0.62 (250°C, 5 MPa) 0.16 (400°C, 25 MPa)
(W/mK) 0.1 MPa) 0.438 (400°C, 50 MPa)

Table 1.

Physical and chemical properties of water at various conditions [24—27].

from a polar solvent at ambient conditions to a nonpolar solvent at supercritical
conditions. At ambient conditions, organic compounds, and gases are poorly miscible
in water. But the high dielectric constant (about 80) makes water a good solvent for
salts. The dielectric constant decreases rapidly with increasing temperature to about
27 (at 250°C and 5 MPa) and about 14 (at 350°C and 20 MPa). Under HT conditions,
water displays less polar behavior due to decreasing dielectric constant and the
miscibility of organic compounds is improved, which opens new reaction pathways.
Temperature and pressure can be controlled to adjust reaction rates. Above the critical
point, organic compounds are completely miscible. Below the critical point, organic
compounds are miscible. When HT processing products are cooled down to ambient
conditions, water, and organic compounds are separated again [23, 26, 28-30].

4.1 Hydrothermal carbonization (HTC)

HTC is carried out in compressed water at temperatures between 180 and 260°C
under autogenous pressures (up to 4 MPa), and biomass feedstock in water is con-
verted mostly to solids (HC). The residence time of HTC varies from minutes up to
several hours. HTC aims to maximize the yield of HC. In addition, HTC produces
bio-oil mixed with water in the liquid fraction (aqueous solution) and a small volume
of gases (consisting of H,, CH,, and CO,). The product distribution and character-
istics primarily depend on the process conditions and the type of biomass feed. The
reaction temperature remains the main process parameter even though both reaction
time and temperature influence the physicochemical characteristics of products.
Solids concentration has a relatively smaller influence. The characteristics of HC
are significantly affected by the chemical composition of the feedstock. The liquid
fraction contains valuable chemical compounds, including organic acids (acetic
acid, formic acid, lactic acid, levulinic acid, and propionic acid), furan compounds

6



Hydrothermal Conversion of Lignocellulosic Biomass to Hydrochar: Production...
DOI: http://dx.doi.org/10.5772/intechopen.112591

(furfural, furfuryl alcohol, and 5-hydroxymethylfurfural (5-HMF)), esters, phenolic
compounds, lignin fragments, amino acids, sugars, and some nutrients (nitrogen and
phosphorus) that are formed via the biomass polymers degradation. Hemicellulose
degradation temperature in subcritical water is usually around 180°C and cellulose
decomposition in subcritical water usually starts above 200°C, while lignin decom-
poses above 220°C [5, 8, 21, 31-34].

During HT decomposition, the physical structure of biomass is altered through
a series of reaction mechanisms such as hydrolysis, dehydration, decarboxylation,
aromatization, polymerization, and condensation. These reactions do not run
sequentially; instead, they show simultaneous and interconnected reaction paths
and the mechanisms depend on the feedstock type. Hydrolysis has a lower activation
energy than most decomposition reactions, which initiates biomass HT degradation
[35-37]. Under HTC conditions, marked changes in water properties (such as dielec-
tric constant, ionic product, and polarity) zcatalyze the hydrolysis of biomass. These
property changes unlock different reaction pathways that are not possible in other
conversion conditions such as pyrolysis, liquid water, or steam at atmospheric pres-
sures. The dissociation of water into H;O" ions facilitates hydrolysis reactions. As a
result of property changes, under HTC conditions, water acts as a reagent for various
reactions and as a solvent for a wide range of organic biomass compounds. In hydro-
lysis, biomass polymers (such as hemicellulose, cellulose, extractives, and lignin)
react with water and break ester and ether (mainly p-1-4 glycosidic) bonds creating
oligosaccharides and fragments of lignin that enter the liquid phase. Consequently,
complete disintegration of the physical structure of biomass may occur. Rapid
degradation and depolymerization of hemicellulose and cellulose chains following
hydrolysis produces a wide range of fragments, including water-soluble oligomers
(cellobiose, celotriose, cellotetraose, cellopentaose, cellohexaose, arabinose, etc.)
and monomers (glucose and fructose). Hydrolysis of lignin fragments gives rise to
phenolic compounds. Most extractables possess good water solubility and are eluted
simultaneously [35-37].

Subsequently, two important reactions (dehydration and decarboxylation) occur
simultaneously, reducing both the oxygen and hydrogen content of the biomass. The
extractables increase dehydration and decarboxylation, leading to a condensation
reaction. The reaction mechanism of the HTC process mainly involves dehydration,
decarboxylation, and polymerization. Dehydration is favored at low temperatures
(< 300°C) [38, 39]. The soluble hydrolysis products undergo further dehydration,
which removes water from the biomass by eliminating hydroxyl (-OH) groups. It also
releases more water into the reaction medium and carbonizes biomass by lowering
the H/C and O/C ratios. Decarboxylation removes CO, from the biomass, eliminating
carboxyl (-COOH) groups. Condensation and polymerization convert these com-
pounds to larger molecules, which undergo further aromatization. The net result for
LCB is highly aromatized fragments combining phenolic structures derived from the
lignin dehydration with aromatization resulting from the carbonization of carbohy-
drates. The fragments undergo condensation and polymerization to form humic acid
and bitumen-like material and partly precipitate to form HC [23, 40].

The main reason for a significant decrease in oxygen content could be the elimi-
nation of carboxyl groups, mainly from hemicellulose, cellulose, and extractives.
Aromatization occurs because of dehydration and decarboxylation. In the process,
hydroxyl and carboxyl groups in biomass are replaced by C=0 and C=C bonds.
Aromatic carbon structures formed are considered the building block of HC. The
furfural compounds generated undergo hydrolysis, which further breaks them down
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into acids, aldehydes, and phenols. Due to the formation of organic acids such as
acetic acid, lactic acid, formic acid, propionic acid, and levulinic acid pH of biomass
and process water decrease as HTC proceeds, which further promotes hydrolysis and
dehydration of small-chain polymers and monomers into much smaller fragments.
The dehydration process of eliminating OH groups is sometimes called chemical
dehydration. During the HTC of biomass, physical dehydration also occurs in addi-
tion to chemical dehydration. In physical dehydration, the reduction in the hydro-
philic nature of biomass expels water out of the biomass matrix [35, 36].

The dehydration and decarboxylation of hydrolyzed products (fragments and
extractable) lead to the formation of intermediate compounds. The 5-HMF generated
from C6 sugars (D-fructose and D-glucose) and furfural generated from C5 sugars
(D-xylose) are well-known dehydration intermediate compounds of sugars. The
HTC process under acidic conditions allows the effective conversion of D-glucose to
5-HMEF. D-glucose first isomerizes to D-fructose, and then undergoes dehydration to
form 5-HMF. The 5-HMF (C¢H¢O3) is C6 heterocyclic aldehyde containing aldehyde
and alcohol functional groups. It has formyl (-CHO) and hydroxy methyl (-CH,-OH)
functional groups attached to 2 and 5 positions, respectively. The 5-HMF, one of
the “top 10 biomass derived value-added chemicals” defined by the US Department
of Energy, is a versatile platform chemical for a wide range of fuel and chemical
products, including 2,5-furan dicarboxylic acid (FDCA), 2,5 dimethylfuran (DMF),
2 methyl furan, levulinic acid, formic acid, furfuryl alcohol, adipic acid, caprolac-
tam, and maleic acid. The furfural (CsH40,) is C5 heterocyclic aldehyde containing
aldehyde (-CHO) and two olefins (-CH=CH-) functional groups. Furfural can
undergo various chemical reactions due to its aldehyde and olefin functional groups
are considered a promising platform chemical that can be used to produce a range of
chemical products, including DMF, tetrahydrofuran (THF), furan, furfuryl alcohol,
2-methyl furan, and levulinic acid [1, 35, 38, 39, 41, 42].

There are two pathways to HC formation: solid-to-solid conversion (primary char)
and polymerization of aqueous phase intermediate compounds (secondary char). The
carbon-rich intermediate compounds (such as furfural and 5- HMF) resulting from
hydrolysis and dehydration undergo condensation, polymerization, and aromatiza-
tion to produce bio-oil. After successive polymerization and aromatization, bio-oil
converts into a solid product with or without auto nucleation to form secondary char
[37]. A high concentration of HMF favors secondary char formation. The typical HTC
temperatures are too low to convert lignin completely, and lignin forms primary char
via solid-to-solid conversion. Sequential hydrolysis, dehydration, and isomerization
producing furfurals and cleavage reactions yielding intermediate organic acids are
thought to have resulted in secondary char. These dissolved intermediates can lead to
the precipitation of the furfurals as a secondary organic phase, which polymerizes as
microspheres. Both primary and secondary chars are called HC when they are formed
by HTC, despite their different chemical structures [34, 43].

The solid fraction of the HTC is in the form of slurry mixed with an aqueous
fraction, and it has to pass through a series of steps such as mechanical dewater-
ing (compressing), filtering, and drying before it can be used as a fuel. HC has
high hydrophobic and homogeneous properties and can be easily separated from
the liquid fraction. HTC process removes part of oxygen from biomass during
decarboxylation and dehydration. Consequently, by mechanical dewatering, the
moisture content of solid fraction can be reduced to 50% (only 70-75% moisture
content can be achieved in mechanical dewatering of wet biomass). This reduces
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the energy and time required for drying. Dried HC (moisture content <5%) pellets
can be produced from the separated solid fraction, which can be used for energy
production [21, 44].

Initially, the liquid fraction was considered a waste, hence higher costs for waste-
water treatment and disposal. Recently, it has been considered a potential added
resource of the HT'C process as it contains various valuable organic and inorganic
compounds, including organic acids, furan compounds, esters, phenolic compounds,
lignin fragments, amino acids, sugars, and some nutrients. Mono sugars and chemi-
cals can be recovered from liquid fraction. The gas fraction contains less CO and CO,
and is less harmful [5, 8, 21, 31-34].

The inorganic elements (Ca, Mg, P, K, Na, S, and Fe) present in LCB remain in
ash as oxide forms (CaO, MgO, P,0s, K,0, Na,0, SO;, and Fe,03) after combustion.
Even though the ash content of LCB is usually minimal, these oxides can cause severe
agglomeration, fouling, clinker formation, and corrosion during combustion, pyroly-
sis, and gasification. Inorganic compounds are very stable and may remain unchanged
under HTC conditions, but the degradation of biomass polymers might release inor-
ganics from the solid structure; hence some of the ash-forming elements can leach
out from the biomass to the aqueous solution reducing the overall ash content of the
HC. In addition, the HTC process can convert organic chlorine to inorganic chlorine
reducing chlorine content in HC, which reduces the potential for corrosion and dioxin
formation in combustion [21, 22].

Some of the advantages of the HTC process include (a) fewer emissions, low
carbonization temperatures, and lower energy consumption than pyrolysis; (b) a
greater variety of wet and dry feedstocks can be processed in an aqueous medium (no
drying is required); (c) higher solid yields; (d) final product with lower ash content;
and (e) inexpensive process. Feedstock material and processing conditions signifi-
cantly influence the performance and properties of the HC. HC obtained from HTC
has the following properties: (a) versatile properties make it suitable for a wide range
of applications in the energy and environmental sectors, (b) oxygenated functional
groups at the surface (OH, C=0, and COOH groups), (c) controlled porosity can be
easily introduced using activation procedures, thermal treatments, etc., (d) uniform
spherical micro-sized particles, (e) easily controlled surface chemistry and electronic
properties via additional thermal treatment, and (f) specific physicochemical prop-
erties tailored for particular applications can be obtained by adding other components
(such as inorganic nanoparticles) to biomass [1, 37-39].

HC is more energy dense, hydrophobic, and easily friable and has a lower H/C
ratio and O/C ratio than the feedstock used. H/C and O/C ratios of selected biomasses
and HC are given in Table 2. This is a result of reducing the oxygen and hydrogen
content of the biomass through dehydration and decarboxylation, disrupting col-
loidal structures, and reducing the hydrophilic functional groups. A complex series
of reactions, reducing hydrophilic functional groups, take place in HT medium,
including the removal of hydroxyl groups through dehydration, removal of carboxyl
and carbonyl groups through decarboxylation, and cleavage of many ester and ether
bonds through hydrolysis [23, 40]. Specific characteristics, including H/C ratio, O/C
ratio, elemental composition, porosity, conductivity, morphology, energy content,
etc., are needed for applications in many fields such as solid fuel in soil amendment,
adsorbent in water purification, power generation, and carbon capture. The charac-
teristics of HC can be modified by combining HTC with other processes. The initial
use for the HTC process was organic materials degradation, liquid and gaseous fuels,
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Feedstock Temperature, H/C** o/C** Fuel HHV Ref.
time, B/'W Ratio (MJ/kg)
(FC/
VM)
Sewage sludge 220°C, 12 h, 1/7.5 2.07%, 0.52%, 0.12%, 9.26*,5.97 [45]
1.77 0.36 0.22
Peanut shells 220°C, 12 h, 1/75 1.58%, 0.75%, 0.36%, 12.6%, [45]
0.99 0.27 0.76 28.14
Orange peel 220°C,12h, 1/75 1.76%, 0.86%, 0.23%, 12.06%, [45]
1.02 0.27 0.83 28.21
Fallen leaves 220°C,12h,1/75 1.63%, 0.63%, 0.25%, 18.4%, [45]
1.21 0.26 0.5 2721
Rice straws 240°C, 1.5h, 1/12 1.74%, 0.86%, 0.22%, 16.93%, [46]
1.11 0.28 0.73 20.6
Waste textile 240°C, 1.5h, 1/12 1.39%, 0.58%, 0.2%, 19.23%, [46]
0.81 0.36 0.29 2211
Waste wood 240°C, 1.5h, 1/12 2.13%, 0.74%, 0.4%, 18.04%, [46]
1.29 0.28 1.53 26.46
Wastepaper 240°C, 1.5h, 1/12 2.07*,1.2 0.9%, 0.16%, 14.28%, [46]
0.29 0.53 24.05
Waste food 240°C, 1.5 h, 1/12 2.25%, 0.54%, 018", 21.33", [46]
144 0.15 0.94 25.65
Hornbeam 225°C,1h,1/20 1.51%, 0.69%, 0.17%, 17.29%, [47]
wood 250°C, 1h, 1/20 117 0.57 0.32 18.45
275°C,1h, 1/20 1.08 0.49 0.95 1991
1.02 047 1.36 20.46

B/W — biomass to water ratio, * Values of biomass, ** atomic ratios.

Table 2.
Properties of biomass and hydrochar.

and basic chemical production. In recent years, the technology gained research inter-
est to produce solid HC and as a technique to synthesize nano- and micro-size carbon
particles [1, 31, 32, 48].

The HC produced by HTC directly from LCB lacks porosity. Only a small porosity
is developed after further carbonization at a higher temperature. This is due to HC
being pre-carbonized material produced under autogenic pressures and temperatures
between 160 and 200°C. The high surface area and porosity of HC are essential for
most industrial applications, such as adsorption or catalysis. This would ensure
efficient transport and diffusion throughout the material. Different techniques have
been developed to improve porosity [1, 32].

4.2 Hydrothermal liquefaction (HTL)

HTL is carried out at temperatures between 260 and 350°C under autogenous
pressures of 5-20 MPa (subcritical); biomass in compressed water is primarily
converted to an aqueous fraction (bio-oil, bio-crude). Bio-oil is a complex mixture
of organic compounds containing acids, alcohols, aldehydes, ketones, furans,
sugars, amines, amides, esters, ethers, phenols, etc. Free radical and ionic reactions
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are considered to be leading reactions in HTL. The dissociation of water increases
with an increase in temperature. The ionic product of water (K) 107 mol%/L? at
25°C increases to 10! mol?/L? at 300°C. At HTL conditions (with elevated tem-
perature), mass transfer is improved because of accelerated mass-transfer-limited
chemical reactions resulting from the lower viscosity of water. In HTL, water plays
an important role as reaction media, helps in the dispersion of biomass, provides
hydrogen, and stabilizes radicals. Water inhibits the polymerization of intermedi-
ate products, improving the quality and production of bio-oil but at the expense of
HC yield [5, 26, 49-51].

The primary conversion of biomass during the HTL comprises three basic reac-
tion mechanisms: depolymerization, decomposition, and recombination. Long-
chain biomass polymers are depolymerized and decomposed into shorter-chain
compounds. These short-chain compounds are highly reactive and may recombine
(repolymerize) to form liquid, gaseous, and solid products. Some bio-oil compo-
nents could originate from biomass feedstocks, while others could be converted
through hydrolysis, depolymerization, decomposition, and recombination of reac-
tive fragments. The important parameters for the depolymerization of long-chain
polymer structures to shorter-chain hydrocarbons are temperature and pressure.
Depolymerization liquefies macromolecules of biomass by breaking down their
physical and chemical components and characteristics. Higher temperatures of the
HTL process and desirable physicochemical properties of water help the depoly-
merization process to overcome the resistance of biomass. Water acts as a catalyst at
HTL conditions. The three steps involved in decomposition are dehydration (loss of
H,0 molecule), decarboxylation (loss of CO, molecule), and deamination (removal
of amino acid content). The two mechanisms, dehydration and decarboxylation,
facilitate the removal of oxygen from the biomass in the form of H,O (eliminating
the hydroxyl group) and CO, (eliminating the carboxyl group), respectively. Biomass
macromolecules are hydrolyzed to form monomers and oligomers. When HTL
occurs at lower temperatures, biomass undergoes hydrolysis to convert biopolymers
into soluble intermediates such as 5-HMF, furfural, amino acids, and fatty acids. The
hydrolysis of polysaccharides and proteins begins around 190°C. When temperature
increases, subcritical water at HTL conditions breaks down the hydrogen bonds
of the cellulose structure to form sugar monomers, which are rapidly degraded by
different reactions, including isomerization, dehydration, hydrolysis, reverse aldol
defragmentation, rearrangement, and recombination to reactive intermediates. The
degradation products, such as furfurals, phenols, organic molecules, glycoaldehydes,
and organic acids, are highly soluble in water. Recombination and repolymerization
of light MW compounds to yield higher MW compounds occur due to excess oxygen
or unavailability of hydrogen molecules [26, 52-55].

Higher temperatures of the HTL process provide the necessary activation energy
to decompose lignin in the presence of water. In addition, desirable physicochemical
properties, such as low dielectric constant, high ionic product, weak hydrogen bond,
and high diffusivity at HTL conditions, catalyze the hydrolysis of biomass breaking
down the hydrogen bonds of the cellulose structure to form sugar monomers via
free radical reactions [56]. Hydrolysis and alkylation reactions rapidly convert lignin
fragments into phenolic compounds, including catechols, phenols, guaiacols, etc. The
phenolic compounds are then polymerized to form solid residues, which take place
at a slower rate than hydrolysis reactions. Unconverted lignin forms char by solid-to-
solid conversion [51]. Lignin fragmentation depends on the operating conditions and
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reactor design and/or is further converted into H,, CO, CO,, CH4, C,Hg, and other
low MW fragments. HTL process relies on the cleavage of ether or C-C bonds in
lignin to form low MW fragments. Competition reactions hydrolysis and cleavage of
the ether and C-C bond, demethoxylation, alkylation, and condensation occur during
HTL of lignin for phenolic production [50].

The increase in temperature reduces the HC yield. At high temperatures, biomass
polymers are degraded, and solid-to-solid conversion necessary for the formation of
the HC does not occur or is reduced. The heating rate has been shown to affect the
production of HC. Fast heating rates have resulted in higher bio-oil yield and lower
HC yield; however, slow heating rates have resulted in a lower bio-oil and higher
HC yield. The fast-heating rate significantly increased the reaction temperature,
thereby inhibiting the formation of the char [51]. Bio-oil (liquid fraction) is the main
product of HTL. The product distribution (gaseous, liquid, and solid) depends on
the operating parameters of HTL, including biomass feedstock, temperature, heat-
ing rate, residence time, pressure, biomass-to-water ratio (B/W), particle size, and
catalyst. The HTL process is endothermic at low temperatures but exothermic at
higher temperatures. The advantages of HTL compared to pyrolysis are low operating
temperature, high energy efficiency, low gases yield, and low tar yield [52].

The HTL temperature and pressure could impact the reaction directly (activation
energy and reaction equilibria) and indirectly (solvent properties). During HTL,
cellulose, hemicellulose, and lignin behave differently. Generally, biomass with high
cellulose and hemicellulose tends to yield more bio-oil. But there are conflicting views
on this. In addition to the three main components, extractives may also affect the
yields of bio-oil and HC. Higher bio-oil yields have been obtained from hardwood
samples than from softwood. Hardwood contains less lignin than softwood, hence,
higher bio-oil yield [49, 50, 57]. Both temperature and lignin contents of wood were
shown to have a marked effect on bio-oil yield. Maximum bio-oil production was
obtained from wood with low lignin contents [58, 59].

Biomass particle size has negligible to minimal effects on the HTL process as sub/
near supercritical water in HTL acts as a good heat transfer medium to overcome
the heat transfer limitations, which makes the particle size of biomass a secondary
parameter. Excessive biomass feedstock size reduction is not needed. Particle sizes
between 4 to 10 mm have been reported as more suitable for the HTL process, which
may vary with the operating conditions. No stipulated criteria for particle size selec-
tion are available to achieve maximum bio-oil yield during HTL [49, 55, 58].

Although many process parameters can influence the results of the HTL process,
generally, it is accepted that temperature is a dominant factor that can alter the
yield and properties of bio-oil. It is considered the key process parameter because
it has the highest impact, as well as the parameter that can be directly controlled.

A temperature range of 260-350°C would be viable for HTL of LCB [49, 52, 55, 58,
60]. Due to the increased fragmentation of biomass at higher temperatures, the
effect of temperature on the bio-oil yield is synergetic. Biomass depolymerization
occurs when the temperature is sufficiently large enough to overcome the activation
energy of bond dissociation. The competing reactions hydrolysis, fragmentation,
and repolymerization define the role of temperature during the HTL process. The
dominant reaction during the initial stages of HTL is depolymerization. At later stages
of HTL, repolymerization becomes active, leading to the formation of HC [49, 58].
Higher HTL temperatures enhance the reaction rates, as well as change the reaction
mechanisms. lonic reactions are favored at lower temperatures; the formation of
radicals by homolytic bond breakage is promoted at higher temperatures. A highly
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diverse product spectrum usually results in free radical reactions, leading finally to
gas formation [49, 61, 62]. Various authors have observed increased bio-oil yields with
increasing HTL temperature. Due to reduced bio-oil yield at the maximum operating
temperature, various optimum temperatures have been proposed by different authors
for various biomasses. The optimum bio-oil yield is considered to occur in a specific
temperature range which depends on the properties of biomass feedstock. The reduc-
tion of bio-oil yield at high temperatures is due to hydrolysis and repolymerization
reactions. It can be assumed that the temperature range of 280-350°C would be suit-
able for the decomposition of biomass under HTL conditions. Intermediate tempera-
tures usually produce higher bio-oil yields. The peak of bio-oil yield is usually around
300°C with an optimum range of 280-320°C have been reported. The final optimum
HTL temperature varies with the biomass type. Temperature increase beyond opti-
mum results in lower bio-oil yield and higher HC yield [49, 52, 55, 58, 60].

The heating rate is still a contentious parameter. Some researchers believe that the
bio-oil yield and conversion rate mainly depend on the final temperature; the contri-
bution of the heating rate is negligible. The perception of other researchers is that the
heating rate is an important parameter in enhancing the bio-oil yield. The effect of
heating rates on the product distributions in HTL is minimal compared to pyrolysis
due to the better dissolution and stabilization of fragments in subcritical water. The
undesirable breakdown of organic compounds and excessive polymerization of inter-
mediates are reduced at faster heating rates. A positive correlation between heating
rates and bio-oil yields has been obtained. Slow heating rates tend to yield more HC
due to the increased secondary reactions. Secondary reactions are dominant at very
high heating rates and yield more gases. In another study, it was found that the effect
of the heating rate depends on the solvent. The heating rate is an important parameter
in subcritical water but an optional parameter in supercritical alcohol. Moderate heat-
ing rates may be suitable to overcome heat transfer limitations, leading to extensive
fragmentation and minimal secondary reactions [49, 52, 53, 58, 60].

The effect of residence time (reaction time) on product distribution during the
HTL process has been examined by several researchers. Residence time has been
observed to affect biomass conversion, bio-oil yield, and residue yield. Sufficient
residence times are required to get high biomass conversions and bio-oil yield. The
residence time may characterize the overall biomass conversion and the product
compositions. For short residence time, bio-oil yield is lower due to incomplete
biomass conversion. Alternatively, if the residence time is too long, the bio-oil may
be decomposed and repolymerized, resulting in higher gaseous and solid fractions.

A high repolymerization is not conducive to the yield and quality of bio-oil as deg-
radation and repolymerization reactions convert some liquid organic fractions into
other compounds. It is essential to inhibit the decomposition of intermediates into
lighter products to obtain a higher bio-oil yield. Retention time can be regulated to
control further cracking and repolymerization of intermediates. Improved yield and
properties of bio-oil have been obtained with increasing residence times. However,

a decrease in bio-oil yield has been observed at extended residence times (beyond

the threshold limit). The type of biomass, its composition, type of catalysts, and
operating conditions define the threshold limit of residence time. Two optimum
residence times for maximum bio-oil yield have been reported depending on reaction
temperature (120 min at 280°C and 5 min at 375°C), suggesting that shorter residence
times are needed at higher reaction temperatures to reduce repolymerization of liquid
fraction. In contrast, longer residence times can improve biomass conversion and bio-
oil yield at lower reaction temperatures. The products obtained at different residence
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times of the same temperature can vary. Therefore, it is important to consider all fac-
tors and obtain the optimal residence time and temperature. Generally, bio-oil yield
is maximum at optimum residence time, whereas gas yield and biomass conversion
continue to increase. Residence time is a key parameter in HTL, which strongly affect
the bio-oil yield [49, 50, 52-55, 58, 60].

In the HTL process, pressure is an important parameter for biomass decomposi-
tion. It alters the bio-oil yield and supports a single-phase system. HTL uses pressure
to maintain a single-phase system and avoid large heat inputs required for phase
change. A large heat supply is needed to maintain the temperature of two-phase
systems. Pressure increases solvent density and penetrates effectively into larger
molecules of biomass, resulting in improved disintegration into smaller fragments.
Pressure, once reached supercritical condition, has no significant effect on bio-oil
or gas yield. Higher pressures increase the density of the water; it may also cause the
local solvent density to increase. This lead to a cage effect around the C-C bonds,
which impedes the free radical reactions, inhibits the cleavage of C—C bonds, and
ends up in low fragmentations, leading to a decrease in bio-oil yield. Within a specific
range, pressure is positively correlated with bio-oil yield, but increasing the pressure
above the upper limit shows no noticeable effect [24, 49, 52, 53, 55].

The influence of different solvents (such as subcritical and supercritical alcohols)
on the bio-oil yield of LCB has been investigated. Alcohols have lower critical pres-
sures and temperatures than water and significantly milder HTL reaction conditions
could be used. Dielectric constants of alcohols are lower than water; hence, relatively
high MW intermediates derived from cellulose, hemicelluloses, and lignin are
expected to dissolve. Widely employed alcohols for biomass liquefaction have been
ethanol and methanol. The biomass/water mass ratio is considered a vital parameter
for the HTL process. Different authors have investigated the effect of water density on
HTL bio-oil yield. The dilution of reactants, intermediates, and products during the
reaction benefit all solvolytic conversions. Cross-reactions are minimized by dilu-
tions and produce a more distinct product spectrum. Cross-reactions due to higher
substrate concentrations inevitably lead to undesirable polymerization of the reaction
products. Such processes have been observed for the HTL of biomasses. High biomass
concentrations were shown to promote HC formation [24, 49, 52, 53, 55].

The lower oxygen and moisture content of HTL bio-oil promotes the higher
calorific value and stability. The HTL bio-oil has lower H/C and O/C ratios, indicating
a higher energy density than pyrolysis bio-oil. The decrease in the O/C ratio is higher
than the H/C ratio indicating that more oxygen is removed as CO, or CO during HTL.
As aresult, HTL produces bio-oil with low oxygen content and improved quality [60].

4.3 Hydrothermal gasification (HTG)

At temperatures between 400 and 600°C and pressures of 23-45 MPa, biomass is
primarily converted to a gas fraction (a mixture of non-condensable gases, including
H,, CO, CH,4, and CO,) in a process known as HTG. It can produce syngas enriched
with H,. The biomass polymers decompose in supercritical water (SCW) above the
critical point of water (374°C and 22.1 MPa) with enhanced conversion efficiency.
The conversion rate of HTG is typically higher than 80%. The higher reaction tem-
peratures of HTG cause reactions to progress faster, achieving complete decomposi-
tion of biomass, a distinctive feature of HTG compared to HTC and HTL. HTC and
HTL often produce undesirable by-products that are occasionally dissolved in liquid
fraction, and one of the problems of HTC and HTL is the difficulty in by-products
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posttreatment. Due to high conversion, only a small amount of organic compounds
remain in the liquid fraction of HTG. Consequently, posttreatment of liquid fraction
is not required or easily carried out [5, 8, 63].

When water changes from ambient conditions (25°C and 0.1 MPa) to supercriti-
cal conditions (400°C and 25 MPa), the properties of water change significantly and
exhibit lower density, viscosity, ionic product, and dielectric constant. The dielectric
constant at 400°C and 25 MPa is about six. Because of the decrease in the number of
hydrogen bonds, water begins to display the behavior of a nonpolar solvent that can
completely dissolve many organic compounds, hydrocarbons, and gases (such as CO,,
CH., Hy, and N,). Due to the absence of phase boundaries, many rapid homogeneous
reactions involving organic compounds occur at supercritical conditions. Inorganic
polar compounds, usually soluble in subcritical water, are insoluble in SCW and
easily separated from the reaction products. SCW has low density, low viscosity and
exhibits gas-like properties. SCW combines both the dissolution of the liquid phase
and the diffusion of the gaseous phase. The advantages of using SCW as the reaction
medium in HTG include high diffusion coefficient, enhanced mass transfer, increased
solvation properties, single-phase reaction environment in the reactor, and complete
miscibility with different organics and gases, and product gas (syngas) does not have
tar. It has a high heating value and prevents poisoning of catalyst (if used) and coke
formation [6, 26, 49, 63, 64].

Conventional gasification is ineffective for wet biomasses (moisture content
>80%), but HTG can be effectively employed when biomass is wet. In conventional
gasification, syngas is partially diluted with nitrogen due to partial oxidation using air
and contain tar. HTG converts biomass in the presence of water; hence, no dilution
of syngas occurs with nitrogen. Syngas from HTG does not contain tars; if produced,
they remain in the liquid fraction. HTG produces a high amount of H, and a very
small amount of CO and char compared to conventional gasification. At low reaction
temperatures or when the B/W is too high, HTG encounters a problem with the for-
mation of tarry material. It can cause low gasification efficiency, reactor plugging, or
the process water turns dark. At high heating rates, tarry material yield is decreased.
This can be explained by assuming ionic reaction during tarry material production
and free radical reaction during gasification [5, 8, 63].

During the HTG process, the biomass polymers cellulose and hemicellulose are
converted into simple sugars (glucose, fructose, xylose, etc.). Some of the glucose is
isomerized to fructose. Fructose produces 5-HMF and furan, which are then con-
verted to alcohols, ketones, and organic acids. Hydrolysis products of small molecules
in water are consequently gasified to produce H,-rich syngas. Simultaneously, glucose
and fructose are converted into glyceraldehyde, dihydroxyacetone, etc. Additionally,
highly polymerized oligomers produced from the gasified small molecules and some
intermediates eventually become liquid products. Phenols that are formed during
the reaction are considered to be the final obstacle to complete biomass gasification.
Inverse aldol condensation reaction converts xylose (a decomposition product of
hemicellulose) to glyceraldehyde and methyl formate, producing propionic acid and
acetic acid. Propionic acid and acetic acid are eventually gasified into small molecule
gases (H; and CO). Propanoic acid may decompose in a second pathway and be
gasified to ethane and CO,. Simultaneously, dehydration of xylose produces furfural,
which is decomposed in three proposed pathways. In the first pathway, furfural can
be converted into water-soluble humic substances, which are gasified to CO and H,,
or in the second pathway, methyl cyclopentenolone, which is gasified to CO, CHy, and
H,, or third pathway, gasified directly to CO, H,, CHy, and CO, [63, 65-67].
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At low temperatures (< 500°C), biomass tends to produce low concentrations of
H, in the gaseous fraction along with oil-based liquid faction. The liquid fraction
contains a wide range of products, including acids, phenols, aldehydes, and furfu-
rals. Ions (H" and OH") from SCW ionization support the cleavage of ring com-
pounds to form simple molecules. At low-temperature HTG of biomass, ions are
stable and ionic reactions dominate. In contrast, at high temperatures (> 500°C),
free radicals are more stable than ions, and free radical mechanisms dominate in
HTG of biomass. The gasification temperature and reactants influence free radi-
cal concentration. The most difficult biomass component to gasify is lignin. The
efficient conversion of lignin in SCW is particularly important for the efficiency
of the gasification process. In SCW, Lignin primarily dissociates into phenolics;
phenolics decompose into gases [65, 66].

The operating conditions, including biomass characteristics, temperature, pres-
sure, residence time, B/W, and catalyst, strongly influence the performance of HTG.
The key parameters that affect the H, yield of the HTG process include temperature,
pressure, B/W, and residence time. Short residence times are expected to degrade
biomass successfully as the rate of hydrolysis and decomposition is relatively fast in
the HTG process. For efficient destruction of biomass, residence time optimization
is required. A large heat supply is needed to maintain the temperature of two-phase
systems. HTG uses pressure to maintain a single-phase system and avoid large heat
inputs required for phase change. By maintaining pressure higher than the supercriti-
cal pressure, the rate of hydrolysis and biomass dissolution can be controlled, which
may enhance favorable reaction pathways for bio-oil or gas yield. In the supercritical
region, pressure has a minimal effect on the properties of water. As a result, the effect
of pressure on bio-oil or gas yield is minor or negligible [49, 58, 64, 68].

5. Applications of Hydrochar

HC is considered a valuable material for various agricultural, environmental,
and industrial applications. The high versatility of HC allows for many applications,
including soil amendments in agriculture, solid fuel in power generation, electrode
materials in energy storage technologies, adsorbents in contaminant removal, and
materials used as sensors and fuel cell catalysts [34]. HC could show different prop-
erties based on HT technology, process conditions, and feedstock used. Due to the
formation of hydrocarbons on the surface, the surface area and porosity of HC are
generally low, hindering its application. High surface area and porosity are vital for
contaminant adsorbents and catalysts/catalyst support applications. The physico-
chemical properties of HC can be altered and improved through different activa-
tions. Chemical activation is achieved by impregnating HC with one or a mixture of
chemical agents, followed by an activation process under a nitrogen flow. The most
used chemical activating agents for the chemical activation process are potassium
hydroxide (KOH), phosphoric acid (H;PO,), Zinc chloride (ZnCl,), sodium hydrox-
ide (NaOH), and potassium carbonate (K,COs) [69]. Biochar has a high degree of
carbonization, a highly aromatized carbon structure, lower H/C, and O/C ratios, with
a strong anti-decomposition ability (environmentally more stable). But the cost of
biochar production was higher. Alternatively, HC has higher H/C and O/C ratios than
biochar and is mostly composed of aliphatic hydrocarbons; hence, its environmental
stability is lower. The lower H/C and O/C ratios of biochar indicate a higher degree of
aromaticity and maturation than HC [70].
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Due to low bulk and energy densities, high moisture, and ash contents, untreated
biomass is a poor-quality fuel. Biomass is usually pelletized to increase bulk density.
But, long-term storage of biomass pellets causes moisture adsorption and biochemi-
cal and microbiological activities [71]. Granulated HC showed higher densities.

HC densities in the range of 180 to 482% than raw biomass pellets made from four
types of biomasses (pine sawdust, coconut fiber, coconut husk, and rice husk) have
been obtained. HC pellets showed lower moisture uptake than raw biomass [72].
Consequently, HC has better fuel characteristics compared to biomass. HC needs to
meet certain fuel characteristics, including energy density, combustion behavior,
grindability, hydrophobicity, and thermal stability, to be effective as a replacement
for coal. Its fuel-related characteristics are similar to lignite and can be used in power
generation. But the chemical composition is different. HC has a significantly higher
amount of volatiles than lignin. Also, the oxygen content of HC is higher than lignite.
HC has a similar HHV as lignite. HC could be easily incorporated within existing coal-
based processes. During the HTC process O/C ratio of the solid fraction is reduced,
leading to increased HHV [28, 32, 37, 69, 73]. A high HHV (20.6-29.2 MJ/kg) of HC
has been reported by many researchers as comparable to soft coal (20.93-33.5 MJ/kg)
[51, 73, 74]. In addition to increased HHV, HC has lower volatile content (compared
to biomass), which ensures better combustion. The low ash melting temperature of
biomass makes burning more complicated. Due to the removal of many ash-forming
minerals in liquid fraction, HC might have reduced mineral content. As a result, HC
can achieve similar ash melting temperature as lignite. Only low-ash HC from certain
biomasses (low ash) is suitable for power generation. High ash biomasses include
sludge from wastewater treatment plants, agricultural residues, grasses, straws, etc.
(28, 32, 37, 73].

The direct use of HC in agricultural and environmental applications might be
complicated due to the presence of phenolic and organic acid compounds on the HC
surface, which can cause negative plant and microbial responses. -Post-treatments,
such as composting or anaerobic digestion, can reduce the toxicity of HC and make
it suitable for soil application [70]. The factors, such as feedstock used, production
process and process conditions, nature of the HC, morphological properties, and
nature of the soil (loamy clay, fertile, sandy, or infertile), are important for HC appli-
cation of crop improvement in the agricultural sector. The application of HC could
result in either productive or counterproductive crop yield response. As a result of the
low quantity of polar functional groups on the surface of the freshly produced HC,
it shows hydrophobicity. However, due to oxidation by interacting with atmospheric
oxygen, HC becomes more hydrophilic in nature by creating phenolic and carboxylic
functional groups on the surface over time when mixed with soil. The water-holding
capacity, cation exchange capacity, and nutrient retention capacity would increase
significantly due to these functional groups on the surface [69]. The ability of HC to
increase the nutrient supply for plants and decrease leaching losses makes it a good
soil amendment to improve soil nutrient retention capacity. HC has a porous struc-
ture, low surface area, charged surface, and functional groups, including carbonyl,
carboxyl, hydroxyl, and phenolic hydroxyl groups, to remedy the soils contaminated
with heavy metals and organic compounds through adsorption [54]. Increased fertil-
ity has been achieved by the direct application of HC as a soil amendment, in addition
to the formation of stable carbon sinks [75].

Reduced N,0O emission was observed in studying the effect of corn-based HC on
the soil. HC was less effective as it is less stable than biochar. However, its produc-
tion costs are less. Other studies have found that HC reduced N,O emissions and
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contributed to NH;, CO,, and CH, emissions [69, 76]. The nutrient level of HC (espe-
cially plant biomass derived) is lows; still, it can be used as fertilizer. HC can reduce
loss from the surface runoff of fertilizers, enhancing fertilizer use. A decrease in total
nitrogen, total phosphorus, nitrate, phosphate, and organic carbon has been reported
using fertilizer containing an HC additive. HC addition improved fertilizer runoff
and retention. Adding HC to soil could increase nutrient capacity and water retention
in soil. Nutrients accumulated in the HC pores are released as needed. Adding HC to
soil could change water aggregation, pH, cation, and anion exchange capacity. The
addition of HC might improve the water-holding capacity of sandy soils. The coloni-
zation of the HC surface by fungi has been observed due to the hydrophobicity of the
HC, which had a negative effect on water retention [76].

Increasing levels of HC in soil have been shown to deteriorate the growth of the
Taraxacum plant. Some studies reported the negative effects of HC caused by nitro-
gen on crop yields. The absence of nitrogen migration in the first week of HC addition
and the slow release of nitrogen with time has resulted in the nonavailability of nitro-
gen to the plants. Mixing HC into the soil for several weeks before planting has been
suggested to overcome this. More research is needed to understand the ecotoxicologi-
cal properties of HC and evaluate the impact of HC on soils. This will help lower the
negative effects of HC in soil improvement for agricultural applications [69].

Energy storage becomes more critical with the increasing use of renewable energy.
Carbon-based materials are widely utilized in capacitors. Thus, HC is an attractive
material for energy applications. Its properties include surface area, electrical con-
ductivity, tunable pore structure and size, easy accessibility, and strong mechanical
properties. These are favorable for applications as supercapacitors and as anode and
cathode material for batteries and fuel cells [69, 77, 78]. Due to surface area, polar-
ity, porosity, aromaticity, and stability, HC has gained attention for electrochemical
devices such as supercapacitors and batteries. Compared to the lower cycle stability,
discharge/charge rate, and higher energy density of rechargeable batteries, HC-based
supercapacitors usually exhibit higher cycle stability and power density [69]. Very
high capacitance has been reported of HC derived from different sources and acti-
vated with KOH at different temperatures. Successful results have been reported
of HTC nanospheres as anodes in Li* and Na* batteries. Their reversible capacity
has reached up to 370 mA h/g at a 1C rate, which was better than that of traditional
graphite electrodes. In another study, corn straw-based carbon spheres have been used
as an anode in Li" batteries. The device showed excellent cycle stability with a specific
capacity of 577 mA h/g after 100 cycles at 0.2C [77, 78]. Corncobs-based HC having
a high surface area has been investigated as a carbon source. Sulfur loaded on HC
achieved a discharge capacity of 1600 mA h/g and a reversible capacity of 554 mA h/g
after 50 cycles [69]. Walnut shell-derived HC, activated HC/ZnO composites, and
activated HC has been investigated for supercapacitors. The specific surface areas of
819 and 1073 m”/g have been obtained for activated HC/ZnO composite and activated
HC, respectively. The specific capacitance of activated HC/ZnO composite was
117.4 F/g at a current density of 0.5 A/g in KOH aqueous solution, which was found to
be stable for 1000 cycles [79].

HC can also be used as an adsorbent to remove impurities in aqueous solutions.
Depending on the raw material and manufacturing conditions, HC has a wide range
of sorption properties [76]. The factors that determine the adsorption efficiency of
HC include the specific surface area, pore structure, and surface functional groups.
The functional groups on the surface give the HC a high chemical affinity and
hydrophobicity, which has good potential adsorption applications [75, 78]. Relative
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to biochar, HC has a lower surface area. However, the adsorption capability of the

HC is higher than biochar due to the abundance of oxygen-rich functionality and

the presence of functional groups such as carbonyl, carboxyl, and hydroxyl groups
on the surface [69]. Some of the weaknesses of HC include poor sorption properties
compared to other adsorbers, high amounts of volatiles, low pore volume, low surface
area, and negative surface charges, which repel negatively charged compounds such
as phosphate. Despite the weaknesses, sorption properties for polar and nonpolar
contaminants have been confirmed [76, 80]. HC subjected to chemical activation has
better properties, which can be done during or after the HTC process. After chemical
activation, enhanced sorption of heavy metals has been reported. Lanthanum activa-
tion has shown to be effective in phosphate removal as it can the negative surface
charges of the HC. The results showed a maximum absorption of 61.5 mg/pg. [76, 81].

Heavy metal removal using HC has attracted many research interests. Different
mechanisms, such as complexation, physical adsorption, precipitation, and elec-
trostatic interactions, can be used to extract heavy metals. The research focused
on heavy metal remediation using high-temperature HC has been reported. HC
produced at high temperatures has improved surface area, less volatiles, increased ash
content, and reduced functional groups. Higher adsorption of Cu by HC (compared
to biochar) has been reported due to large quantities of functional groups found
in HC. Removal of lead using HC derived from pine wood and rice husk has also
been reported. The presence of oxygen functional groups on the HC surface was the
primary factor influencing the strong removal capacity of heavy metals [51]. The
comparison of the performance of switchgrass-based HC, KOH-activated HC, and
activated carbon to remove Cu and Cd from the aqueous solution has shown close
to 100% adsorption for Cu and Cd in 24 h by activated HC relative to the HC and
activated carbon. The adsorption of lead from an aqueous solution using pinewood
and rice husk-derived HC produced by HTL was favored at high temperatures as it
is a physical endothermic process [69]. HC has effectively removed Cr (VI) from an
aqueous solution. Low pH has been shown to give maximum adsorption efficiency.
Pinewood sawdust-derived HC activated with H,0, has been reported to have
enhanced adsorption efficiency. The uptake of Pb** ions was 42 times higher [78, 82].

Adsorption of organic contaminants, including common inflammatory drugs
(diclofenac sodium (DCF) and ketoprofen) and fungicides (diphenylamine), have
been performed successfully using cellulose-derived carbon spheres. Successful
removal of DCF from aqueous samples using KOH-activated HC produced from
municipal woody and herbaceous pruning has been demonstrated [78, 82].
Absorption of pharmaceuticals (salicylic acid, flurbiprofen, and DCF) using orange
peel-derived HC activated with H;PO,4 has shown to be effective [83].

HC could serve as an adsorbent for capturing CO, to mitigate CO, quantities in the
atmosphere. HC is economical, but for effective adsorption of CO,, it needs post-
treatments. The CO, adsorption potential of HC derived from woody and herbaceous
pruning activated with KOH at higher temperatures was tested. The HC showed
uptake of 84.5 mg CO,/g. HC has excellent prospects as a cost-efficient and environ-
mentally friendly material for CO, capturing, treating, and monitoring wastewater
[78]. Sugarcane bagasse-derived HC and KOH-activated HC have been used to study
CO; adsorption, which resulted in higher affinity for N, and CO, at 50°C by activated
HC [69]. In another CO, adsorption study, silver fir sawdust-derived HC and KOH-
activated HC were used in a pressure swing adsorption that resulted in 6.57 mmol/g of
CO, adsorption at 5 bars with HC. The performance of HC was higher than activated
HC and some traditional sorbents [84].
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Dye removal by chemical and biological methods is effective, but they produce
a lot of by-products. Natural physical adsorbents are environmentally safe, cheap,
and abundant and can provide a better solution to this issue [48]. Activated carbon
is the widely employed adsorbent for dye removal. The use of activated carbon is
limited due to its high cost. HC has proven to be an efficient and economically viable
adsorbent for the treatment of dye-contaminated water. Studies have shown that the
adsorption performance of HC is most in favor of cationic dyes (methylene blue, rho-
damine b, and methyl green) rather than anionic dyes (methyl orange and acid red
1). LCB-derived HC and sewage sludge have shown slightly lower adsorption capacity
than commercial activated carbon. The same study reported a higher dye adsorption
capacity of HC (128.6 to 160.5 mg/g) compared to biochar (12 to 130 mg/g). HC has
been shown more effective in removing cationic dyes such as malachite green (10—

40 mg/g) and methylene blue (15-45 mg/g) from the aqueous solution than anionic
dye methylene orange (< 6.5 mg/g). HC could be used as an industrial adsorbent and
a potential low-cost replacement for activated carbon after undergoing activation

[51, 75]. Chemically activated HC could be used as a low-cost adsorbent to remove
malachite green [85]. A maximum adsorption capacity of 34.9 mg/g of HC has been
achieved in removing methylene blue dye from an aqueous solution using coffee
husk-derived HC. In another study, the maximum adsorption capacity was 97 mg/g of
HC in removing congo red dye using bamboo-derived HC [69]. A new chitosan-based
adsorbent has been synthesized and used to remove methylene blue from wastewater.
The adsorbent had outstanding reusability and a maximum adsorption capacity of
215.73 mg/g at 318.15 K based on Langmuir isotherm. Another novel chitosan-based
adsorbent has been prepared and tested for methylene blue, methyl orange, and
rhodamine B removal. The adsorbent had excellent reusability and ease of separat-
ing them from the solution using a magnetic field, and the maximum adsorption
capacity for rhodamine B was 191.57 mg/g at 25°C. Carbon-coated polyacrylonitrile
nanofibers have been used to adsorb methylene blue, and the adsorption capacity was
153.37 mg/g at room temperature. Even after 5 cycles, adsorption efficiency remained
high [48].

Applications of HC in wastewater treatment have been extensively studied. HC
has been shown to remove about 55% of gross pollutants from blended (50% of raw
+50% of post HTL) wastewater. In the same study, ammonia, COD, nitrate, and phos-
phate removal efficiencies were 48, 53, 59, and 60%, respectively [21, 51, 86]. Sewage
sludge-derived HC and KOH-activated HC has been used to remove orthophosphate
(anions) and copper (cations) from wastewater, revealing that 97% of orthophos-
phates were removed through activated HC at 6 g/L, a higher adsorption capacity
than HC [69]. HC is porous, has functional groups, and has a high content of micro-
and macronutrients; therefore, it is a highly favorable and suitable environment for
microorganisms to grow and can be used as an additive for anaerobic digestion. The
addition of HC has been reported to increase methane yield in anaerobic digestion.
HC has been shown to increase COD removal capacity in anaerobic digestion [51].

6. Conclusions
LCB, the most abundant biomass, represents a major carbon source. It is a sustain-

able and eco-friendly alternative renewable energy source. LCB is a complex hetero-
geneous mixture of three main biopolymers (cellulose, hemicellulose, and lignin) and
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a small amount of inorganic compounds and organic extractives. Biomass conversion
breaks down the complex structure of biopolymers into smaller molecules. The selec-
tion of the biomass conversion process depends on several factors. Thermochemical
conversion processes usually offer many advantages, but processes such as pyrolysis,
gasification, or combustion, generally require dry biomasses. High moisture content
is a major barrier and significantly impacts the biomass conversion process as it
requires a large amount of energy to evaporate moisture.

In recent years, more attention has been given to HT processing as a method
suitable for processing high moisture content biomass. It converts biomass with high
moisture content in the presence of water, eliminating drying, and reducing energy
costs. Water has multiple roles in HT conversions as a solvent, reactant, catalyst, and/
or catalyst precursor. There are three HT processes, HTC, HTL, and HTG, based on
the temperature, pressure, and residence time. The main products of HTC, HTL, and
HTG are solid (HC), liquid (bio-oil/water), and gaseous (non-condensable) frac-
tions, respectively. The conversion mechanisms of HTC differ from pyrolysis in that
hydrolysis is the determining first step of HTC. Under HT conditions, the onset of
carbonization takes place around 180°C.

Hydrolysis initiates the biomass degradation process in HTC as it has the lowest
activation energy. Water catalyze and facilitates hydrolysis reactions. Degradation
and depolymerization of hydrolyzed products of hemicellulose and cellulose
produce a wide range of fragments, oligomers, and monomers; lignin fragments
produce phenolic compounds. Subsequent dehydration and decarboxylation reduce
oxygen and hydrogen content, leading to condensation reactions. Smaller mol-
ecules produced by dehydration and decarboxylation undergo condensation and
polymerization, producing larger molecules; further, polymerization and aroma-
tization produce highly aromatized fragments. Condensation and polymerization
of these fragments form HC. The intermediate compounds, 5-HMF and furfural,
are promising platform chemicals that can produce various chemical products. The
process conditions and the biomass feedstock primarily determine the product
distribution and characteristics.

The primary conversion mechanisms of HTL are depolymerization, decomposi-
tion, and recombination (repolymerization). Long-chain biopolymers undergo
depolymerization and decomposition into short chains. Recombination of these
highly reactive short-chain molecules produces liquid, gaseous, and solid products.
High temperatures and physicochemical properties of water (acts as a catalyst) facili-
tate the depolymerization process. The three steps of decomposition are dehydration,
decarboxylation, and deamination. Subcritical water at HTL conditions breaks down
hydrogen bonds to form monomers. These are rapidly degraded to reactive inter-
mediates by isomerization, dehydration, hydrolysis, reverse aldol defragmentation,
rearrangement, and recombination. Recombination and repolymerization of short-
chain compounds yield long-chain compounds. Under HTG conditions, biopolymers
are converted to simple sugars. The simple sugars are gasified in different routes
to produce a mixture of gases (CO, H,, CH,, and CO,), the composition of which
depends on the conversion route.

Further, research is required to investigate the reaction mechanisms, reaction
kinetics and chemistry, integration of processes to make it more energy efficient, uses
of process water, environmental implications of liquid and gas fractions, the effect of
HC on soil applications, recovery of nutrients, heat transfer, energy, and heat recov-
ery, etc.
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