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ARTICLE INFO ABSTRACT

Keywords: Hydrothermal carbonization (HTC) is a thermochemical conversion technique which is attractive due to its
Biomass ability to transform wet biomass into energy and chemicals without predrying. The solid product, known as
Hydrothermal carbonization hydrochar, has received attention because of its ability to prepare precursors of activated carbon in wastewater
Hydr“ha.r ) pollution remediation, soil remediation applications, solid fuels, and other carbonaceous materials. Besides the
&iif:;::;anon generally lignocellulose biomass used as sustainable feedstock, HTC has been applied to a wide range of derived

waste, including sewage sludge, algae, and municipal solid waste to solve practical problems and generate
desirable carbonaceous products. This review presented the critical hydrothermal parameters of HTC, including
temperature, residence time, heating rate, reactant concentration, and aqueous quality. The chemical reaction
mechanisms involved in the formation of hydrochar derived from single components and representative feed-
stock, lignocellulose, and sludge termed as N-free and N-rich biomass, were elucidated and summarized to better
understand the hydrochar formation process. Specifically, hydrochar physicochemical characteristics such as
surface chemistry and structure were investigated. Current knowledge gaps, and new perspectives with corre-
sponding recommendations were provided to further exploit the great potential of the HTC technique and more

practical applications for hydrochar in the future.

1. Introduction

Biomass represents the biological materials from plants or animals
and their derived waste and residues [1]. The utilization of waste
biomass as a sustainable resource has been recognized by society
mainly due to potential reductions in greenhouse gas emissions (GHGs)
[2,3]. It is possible that near zero GHG emissions can be achieved by
balancing plant biomass production and utilization in the future [4].
Needless to say, it is critical to search for technologies that are sus-
tainable, non-polluting, and effective. In addressing these concerns,
diverse methods of biomass utilization for energy recovery have been
found to be economically viable and environmentally friendly. Biomass
such as lignocellulose, sewage sludge (SS), and municipal solid waste
(MSW) are considered to be an abundant and renewable resource which
can be converted into solid, liquid, and gaseous form using biochemical,
physicochemical, and thermochemical technologies [1,5,6]. However,
there are disadvantages to biomass as a sustainable resource that ur-
gently need to be overcome; for example, its high moisture, low energy

content, heterogeneity, low density, and presence of contaminants. In
previous studies, common biomass utilization approaches have in-
cluded pyrolysis, biological conversion, densification to a solid fuel, and
hydrothermal processes [7-10]. Pyrolysis is faced with the main ob-
stacle that the high moisture content of biomass requires high heat for
vaporization [9]. Moreover, biological conversion processes such as
fermentation and anaerobic digestion, despite consuming low energy,
require longer timeframes as compared to thermal processes [11].
Subsequently, much attention has centered on hydrothermal conversion
processes which have been shown to be more cost-effective as com-
pared to conventional thermal drying [12]. Hydrothermal processes for
biomass utilization have both advantages and disadvantages, and these
are summarized in Table 1. Of the hydrothermal processes, hydro-
thermal carbonization (HTC), discovered in 1913 by Bergius [13] was
found to mimic the natural process of coal formation that converted
cellulose into coal like materials. This artificial coalification process
was later re-discovered and has been variously referred to as hot
compressed water treatment, subcritical water treatment, wet
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Table 1
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Brief approaches of biomass utilization techniques and advantages or disadvantages.

Approaches of biomass Advantages Disadvantages Approach and objective
utilization
Pyrolysis High efficiency and flexibility Not suitable for high moisture biomass waste ~ Slow or fast pyrolysis producing biochar, bio-oil and

Hydrothermal process It can be directly applied to biomass
with high moisture
Biological conversion Lower process energy requirements

Densified as solid fuel Lower transportation costs

Difficult to collect the products and high
requirements for equipment
Period is long

Energy content is low

gases like CO, CO,, CH4 and Hy

Carbonization, liquefaction and gasification
producing hydrochar, bio-oil and gas

Fermentation or anaerobic digestion producing bio-
ethanol and bio-gas

Pelletization for fuel pellet or briquette production

torrefaction, and hydrothermal treatment. In recent years, the un-
wanted solid residue during hydrothermal gasification and liquidation,
has received increasing attention [14].

During the HTC process, raw biomass is converted into a lignite-like
solid product that is significantly affected by the medium [15]. Because
wet biomass requires no predrying prior to HTC, it has been success-
fully introduced and practically applied. Moreover, water is an in-
expensive, environmentally benign, and nontoxic media [16]. Gen-
erally, the HTC process occurs at relatively low temperatures
(180 —250°C) and under autogenous pressure that lowers both the
oxygen and hydrogen content of the feedstock through dehydration and
decarboxylation [17]. This process is governed by hydrothermal para-
meters such as residence time and temperature, which determine the
reaction severity and degree of coalification of the raw biomass
[18,19]. The solid residue derived from the HTC process, defined as
hydrochar in this review, exhibits high hydrophobic and friable prop-
erties, and hence, is easily separated from the liquid product. The hy-
drochar demonstrates superior performance relative to the raw biomass
in terms of higher mass and energy density, better dewaterability, and
improved combustion performance as a solid fuel [9]. Based on the
different kinds of biomass used, hydrochar has been widely used for
carbon sequestration, soil amelioration, bioenergy production, and
wastewater pollution remediation [20]. Unlike the solid products, li-
quid products require fractionation by extraction when used for bio-oil
production. Moreover, research has indicated that the liquid products
from hydrothermal treatment are biodegradable on account of their
high organic substance [21-23]. Hydrochar has been demonstrated as a
high value, carbon-rich material after undergoing hydrothermal treat-
ment to reduce its hydrogen and oxygen content [17]. Importantly, the
utilization of these carbon-rich materials is in many aspects a sustain-
able way to mitigate anthropogenic CO, [24]. The sustainability ben-
efits of hydrochar production and its potential applications are sum-
marized in Fig. 1. Firstly, green plants remove CO, by photosynthesis;
through the HTC process, this CO, is bonded to the final carbonaceous
structure of the hydrochar, representing an effective approach to di-
minish CO, from the carbon cycle. Furthermore, the bio-oil and hy-
drochar produced during the HTC process can be employed as biofuel,
reducing dependency on fossil fuels and further offsetting CO, emis-
sions. Meanwhile, large amounts of human derivative waste biomass
including SS, feces, MSW, and lignocellulose can be converted into
hydrochar. In terms of carbon migration, the production of hydrochar
from human waste can be regarded as strengthening the immobilization
of CO, from a recalcitrant form of carbon carrier.

In recent years, the potential benefits and applications of hydrochar
have received significant attention, both in terms of producing func-
tionalized carbon materials and the various potential applications of
hydrochar in the field of energy storage and environmental protection.
Since 2009, there has been rapid growth in the number of publications
related to the production and application of hydrochar. For example,
Libra et al. [25] and Reza et al. [26] summarized the technical and
climate change aspects of hydrochar production and discussed the ap-
plication of hydrochar in soil remediation. Kambo et al. [9] and Zhao
et al. [27], respectively, reviewed the characteristics of hydrochar
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production and highlighted the benefits of waste biomass derived hy-
drochar as a clean solid fuel from HTC. Current commercial and large-
scale applications of the HTC process were reviewed by Okajima et al.
[28]. Jain et al. [29] reviewed hydrochar formation mechanisms and
identified a high density of oxygenated functional group products in the
process. To date, few reviews have focused on detailing hydrochar
formation mechanisms, especially in terms of available single compo-
nents. In particular, there is a need to critically and comprehensively
understand the complex conversion of waste biomass during the HTC
process, and to explore the research advances, challenges, and future
opportunities of thoroughly utilizing the superiority of hydrochar. In
this review, we discuss the critical hydrothermal parameters in the HTC
process; mechanisms of hydrochar formation in response to single
components and typical biomass including lignocellulose and SS (N-free
and N-rich biomass, respectively); and the physical, chemical, and
structural characteristics of hydrochar. Additionally, we provide some
perspective on future research opportunities and applications of hy-
drochar.

2. Production of hydrochar
2.1. HTC process

The HTC process occurs in the subcritical region as shown in Fig. 2.
It is widely known that the characteristics of water change dramatically
under subcritical conditions. Temperature increases below 374 °C de-
crease the dielectric constant, weakening water's hydrogen bonds and
producing high ionization constants, which enhance the dissociation of
water into acidic hydronium ions (Hs0*) and basic hydroxide ions
(OH™) [30-32]. Furthermore, the subcritical water itself can boast a
sufficiently higher H* concentration as compared to liquid water,
which is an excellent medium for the acid-catalyzed reaction of organic
compounds without added acid [30,33]. Under different temperatures,
water properties change dramatically and the field of application for
hydrothermal processes are shown in During HTC, the water contained
in the biomass or supplied to the process is an excellent solvent and
reaction medium [25]. Conditions are mildly controlled at relatively
low temperatures (180-250 °C) under autogenous pressure maintained
for a specified residence time [17,25]. In recent studies, various feed-
stocks were selected for HTC, ranging from model substances to actual
feedstock including cellulose [36,37], glucose [37], agricultural residue
[38], animal manures [39], food waste [40,41], MSW [42], SS [43,44],
and aquaculture and algal residues [45]. It is apparent that the HTC
process is not restricted to traditional lignocellulosic biomass; feed-
stocks can be more complex, and these renewable feedstocks represent
large quantities of organic matter that require proper treatment to limit
pollution of the environment. The products of HTC mainly consist of
three components: solid, aqueous solution (bio-oil mixed with water),
and a small volume of gas (mainly CO,). The distribution and properties
of these products is heavily influenced by the feedstock and process
conditions [46,47]. Solid residue is regarded as the main product of
HTC; it can be easily separated from the suspension due to its high
hydrophobicity and homogeneous properties [48]. Furthermore,
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Fig. 1. Schematic illustration of sustainable concepts regarding hydrochar production, applications, and impact on global climate.
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Fig. 2. The water properties changes under different temperatures and the
application field of hydrothermal processes from [34,35].

hydrothermal parameters can produce great diversity in the physico-
chemical properties of hydrochar. To fully explore the extraordinary
properties and the potential applications of hydrochar, it is necessary to
understand the critical process parameters governing HTC and the
mechanisms of the hydrochar formation process.

2.2. Effect of process parameters

2.2.1. Temperature

Temperature represents a critical factor in the HTC process because
it is a main determinant of the water properties which cause ionic re-
actions occur in the subcritical region. Above the critical point, the
reaction mechanism shifts from ionic to free-radical reactions in the
supercritical water region [30]. However, in ionic dominated HTC re-
actions, the increase in temperature alters the water viscosity, allowing
for easier penetration into porous media, and thus, further degrading
the biomass [17]. Furthermore, when the temperature exceeds the ac-
tivation energy, bond cessation commences in the biomass macro-
molecular organics [49].

Temperatures approaching a certain reaction intensity have a de-
cisive influence on the hydrolysis reaction of biomass, and the higher
temperatures can lead to dehydration, decarboxylation, and

condensation simultaneously. When the temperature is not sufficient to
break up the major components of the biomass, a pyrolysis-like process
at the lower temperatures described above is likely to happen as op-
posed to the monomers reaction during the homogeneous reaction. For
example, temperatures of 200 °C showed limited degradation of cellu-
lose leading to a partial pyrolysis-like process [50]. Unlike the so-
lid—solid conversion, the use of high temperatures with sufficient re-
sidence time may lead to a high degree of intermediate dissolution and
subsequent conversion through polymerization, forming secondary
char, which dominates the mechanisms of hydrochar formation [51].
Variations resulting from temperature differences can also be demon-
strated by the elemental composition of hydrochar products, and ana-
lysis of Van Krevelen diagrams characterizing the evolution of the H/C
and O/C atomic ratios, which will discussed be in the following sections
[52]. Sevilla et al. [53] reported that an increase in the temperature of
HTC from 230° to 250°C caused a decrease in the O/C and H/C atomic
ratios, suggesting that increased temperatures improved the degree of
condensation of the hydrochar. Parshetti et al. [54] used empty palm
fruit bunches as lignocellulosic material and employed temperatures of
150 °C, 250 °C, and 350 °C. They found that the H/C and O/C atomic
ratios of hydrochar decreased steadily with temperature. Similar ten-
dencies were also observed for the HTC of other biomass such as starch,
MSW, and SS [55-57]. However, while the polymerization rate of the
fragments depended heavily on the temperature, there was a lack of
detailed data on the process [17].

Generally, the distribution of the products is heavily influenced by
temperature. As temperatures increase, the hydrochar yields of bio-oil
and gaseous products decrease. However, Ying et al. [36] found that
when the temperature was increased above 200 °C, the solid product of
cellulose decreased due to improved decomposition by the fragmenta-
tion of large molecules into components including liquids or incon-
densable low molecular gas. The main gas products were CO, CO,, H,,
and CH,4, with CO, having the highest fraction. When the temperature
increased from 250° to 350°C, the yield of CH, increased from 1.92% to
4.89%, while the H, concentration increased to approximately 10.6%
[36]. Higher temperatures would also lead to the secondary decom-
position of the solid residue, resulting in the further conversion of
condensable products to incondensable gas products. Hoekman et al.
[58] found the mass yield of hydrochar from lignocellulose decreased
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from 69.1% to 50.1% when the temperature increased from 215° to
255°C, predominantly due to the conversion to total organic carbon
(TOC) containing sugars and organic acids in the liquid products.
However, higher temperatures (> 295 °C) would lead to lower TOC
with low sugar content and a high organic acid content. In our research,
when the SS HTC reaction temperature increased from 180° to 300°C,
the hydrochar yield declined from 66.18% to 53.00%, and results in-
dicated that the degree of condensation was promoted by improving the
temperature during the HTC process. This decrease was attributed to
dehydration, decarboxylation, and volatile matter reduction; with
oxygen and hydrogen contents decreasing when high temperatures
were used [59]. While high temperatures lead to a reduction in solid
residue, hydrochar energy densification was observed in many studies,
reinforcing hydrochar as a good source of solid fuel.

2.2.2. Residence time

Residence time is an important factor in hydrochar formation be-
cause a long residence time enhances reaction severity. Compared with
the temperature, the residence time had a similar yet smaller effect on
solid product recovery; solid hydrochar content was high when re-
sidence time was short and decreased as residence time increased. A
long residence time resulted in the polymerization of fragments solved
in the liquid phase that led to the formation of secondary hydrochar
with a polyaromatic structure [60,61]. For lignocellulose materials,
secondary hydrochar formation depended heavily on the residence
time, because dissolved monomers required extensive polymerization.
Conversely, non-dissolved monomers may have a greater dependence
on temperature. Based on this finding, we expect that controlling the
residence time determines the degree of polymerization of the soluble
monomers during HTC, and provides an opportunity for the pyrolysis-
like process to be performed. High condensation polymers showed the
same behavior with increased residence time that was observed with
increased temperature; that is, coalification due to a decrease in O/C
and H/C. However, the coalification process may differ because re-
sidence time enhances the reaction by increasing the formation of in-
termediate products. In research by Gao et al. [62], increasing the re-
sidence time from 30 min to 24 h at 240 °C resulted in different surface
characteristics on hydrochar from water hyacinth. Results showed that
a short residence time for HTC will result in cracks and trenches on the
hydrochar surface, with no microspheres or carbon microspheres
formed until the residence time exceeds six hours. Residence times
exceeding 24 h resulted in aggregations of the microspheres on the
surface of hydrochar [62]. The residence time controls the degree of
decomposition of the raw materials at a certain temperature by de-
termining the hydrolysis and polymerization of the monomers, re-
sulting in different hydrochar textures after the formation of micro-
spheres. This factor not only governs the means of dispersion or
aggregation of the microspheres, but also impacts the diameter of the
microspheres. Sevilla et al. [56] found that glucose hydrothermally
carbonized at 170 °C, and residence times of 4.5 and 15 h showed dif-
ferent mean microparticle diameters. A similar result was found by
Romero-Anaya et al. [63], who showed that longer residence times
(12-48h) determined the morphology of the hydrochar particles,
which were not well defined as spherical carbons, using both glucose
and sucrose as starting materials (Fig. 3). Thus, increasing residence
time exhibits a similar effect to increasing temperature by enhancing
the aggregation of microspheres on the hydrochar. Falco et al. [64]
showed that hydrochar derived from glucose exhibited an average
particle hydrodynamic radius of 685nm at 260°C and a radius of
474 nm at 160 °C. Hence, we conclude that residence time is essential to
polymerize hydrochar from a soluble substance at a specific tempera-
ture, and together with temperature, governs the geometric character-
istics of hydrochar.

To understand the effect of temperature and residence time, re-
searchers use hydrothermal severity to evaluate the degradation and
conversion of biomass, and the hydrothermal process is generally
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regarded as a method to pretreat the lignocellulosic biomass for sub-
sequent enzymatic processes, nutrient recovery, and/or other utiliza-
tions [65]. Hydrothermal severity (Ry) is a function of the combined
effect of processing temperature and residence time, based on the
equation [65,66]:

Ro =t X exp [(T — 100)/14.75]. @
Some studies used a combined severity factor:
R = log(Re) — pH @)

In previous research, typical lignocellulosic biomass was treated
with different hydrothermal severities, and the corresponding solid
hydrochar yields are summarized in Table 2. High hydrothermal se-
verity generally generated a low hydrochar yield because of the hy-
drolysis and degradation of the hemicellulose and cellulose in biomass.
The conversion processes of the corresponding components will be
discussed in Section 3. Thus, the specific hydrothermal severity should
be controlled when hydrochar is to be used for further enzymatic hy-
drolysis and the liquid product is used to recover nutrients such as
xylose and glucose, because degradation or inhibitor formation can
occur [67].

2.2.3. Feedwater pH

Studies have observed a decrease in pH for the production of or-
ganic acids during the HTC process. Organic acids serve as critical in-
termediate during the reaction series to catalyze the decomposition of
biomacromolecules and hydrochar formation. Hence, variations in the
pH during the hydrothermal process can have a marked influence on
the characteristics of hydrochar. Generally, the HTC process is con-
sidered to be autocatalytic for the formation of organic acids such as
formic, acetic, lactic, and levulinic acid from biomass, resulting in a
decrease in pH [24,29]. However, the addition of acids or alkali can be
used as a catalyst during processing, leading to an increase in proton or
hydroxide ion concentration that results in elevated ionic strength,
accelerating the reaction rate or tailoring the reaction pathway to
achieve the desired hydrochar [17,29,49]. Acids and bases have been
utilized in HTC experiments for different objectives. For example, the
addition of NaOH, KOH, or Ca(OH), as catalysts to facilitate the pro-
duction of hydrogen-rich gas [72,73]. Extremely acidic or basic hy-
drothermal conditions can lead to significantly different results by
changing the process water, which determines the favored reaction
pathway. Lu et al. [74] compared the effects of cellulose HTC in the
presence of different initial concentrations of acidic and basic condi-
tions using HCl, H,SO4, NaOH, and Ca(OH),; results indicated that all
additives accelerated the dissolution of the solid cellulose, and ac-
celerated the conversion of glucose as concentrations increased. Fur-
thermore, data indicated that the presence of acids enhanced dehy-
dration, which remained a predominant carbonization mechanism
resulting in significantly decreased oxygen content in the hydrochar.
The result also showed that the production of CO, by the acid additive
enhanced decarboxylation of the decomposition of organic acids [74].
Basic conditions had a similar effect to the presence of acid on solid
recovery; however, this environment appeared to significantly influ-
ence the decomposition pathway of 5-hydroxymethyl-furfural-1-alde-
hyde (HMF), which was converted into levulinic or formic acid. Despite
this, the addition of a base showed no effect on the dominant dehy-
dration mechanism [74]. A similar result was found by Reza et al. [75];
who determined that HMF had its minimum content at a pH of 12 and
200 °C, but was not detected at 260 °C during fast degradation. Reza
et al. [75] performed the HTC of wheat straw at a feedwater pH (2 —12)
prepared by acetic and potassium hydroxide. Results indicated that
both hydrochar and liquid products varied with the pH. Low pH con-
ditions lead to less sugars and more furfural derivatives, surface area,
pore volume, and organic acids. Lignin was found to be more reactive as
compared to hemicellulose and cellulose in basic water. High pH favors
the decomposition of lignin; consistent with the high pH value of water
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Glucose-24h

15KU°  %5,088  1Pm HD15

Glucose-48h
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Table 2
Hydrothermal severity and the corresponding hydrochar yield from lig-
nocellulosic biomass.

Biomass Temperature (°C) Residence  Severity =~ Hydrochar  References
time (min)  (logRo) yield (%)
Corn 170 3 2.538 87.7 £ 0.6 [65]
stover 210 10 4.239 63.0 = 0.4
Poplar 170 15 3.33 76.5 [68]
200 15 4.12 60.0
Pine 170 15 3.33 81.0 [68]
saw- 220 15 4.69 66.0
dust
Oil palm 150 60 3.3 85.4 [69]
empt- 150 240 3.9 81.9
y fruit 190 20 4.0 72.2
bunc-
h
Oil palm 210 20 4.54 67.8 [70]
frond 250 20 5.72 52.7
fiber
Rapeseed 170 10 3.33 70.08 [71]
straw 190 30 4.19 57.47
230 10 5.10 51.25

during hydrothermal processes for the purpose of hydrothermal lique-
faction. Phenolic substances such as catechol and guaiacol were ob-
served, and their concentrations increased slightly in basic water; in-
dicating the decomposition of lignin to monomers [75]. Based on these
results, it is not surprising that the catalytic role of high pH in HTC
leads a lower solid yield by accelerating the processes of hydrolysis or
decomposition during hydrothermal liquefaction. Yang [76] in-
vestigated the HTC of husks and nuts at a range of pH (4-13). Results
indicated that a high pH (13) significantly reduced the solid yield while
there was no marked change when pH ranged from 4 to 10. The low
solid yield at high pH was mainly attributed to the decomposition of
lignin, which showed a limited link with temperatures from 180° to
260°C. Although a high pH was used in the hydrothermal process, the
final pH tended to be neutral or acidic; further demonstrating acid
production during the HTC. The work of Flora et al. [77] showed that
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Fig. 3. Hydrochar derived from glucose and saccharose with different residence times from 12h to 48 h [63].

the final pH of the filtrate was significantly different but varied within a
narrow range (4.98-5.21) during the HTC of foodwaste using HCI and
NaOH additives.

These findings highlight the strong influence of acid and basic ad-
ditives to the processing water, and how the hydrochar composition,
coupled with process mechanisms, can be determined by the hydro-
thermal environment. In particular, the addition of acid accelerated
hydrolysis and decomposition by enhancing the intermediate products,
including organic acid production and decarboxylation for CO, pro-
duction. In addition to changing the hydrothermal processes, pH var-
iation also impacts the physical features of hydrochar. For example,
lower pH feedwater was critical to the pore structure for the accelera-
tion of the hydrolysis of carbohydrate and enhanced microsphere for-
mation in the early stage of the reaction [78]. A higher adsorptive ca-
pacity was generally observed for hydrochar processed with HCI as
compared to hydrochar processed with deionized water and NaOH due
to differences in ionic strength [77]. In a study by Reza et al. [75], the
hydrochar produced from pH 2 feedwater had 2.7 times more surface
area as compared to that produced at a pH of 12. The acid feedwater
lead to hydrochar with a greater surface area, pore volume, and lower
pore size. However, NaOH and HCl additives to sludge during sub-
critical conditions showed a statistically insignificant influence on the
mean moisture diffusivity of hydrochar. The mean moisture diffusivity
of hydrochar produced using H,O was higher as compared to hydrochar
produced with NaOH and HCI [79].

2.2.4. Substrate concentration

High concentrations of substrate employed in the HTC reaction are
likely to achieve high productivity levels; however, few studies have
focused on the effects of concentration on the HTC process. Knezevic
et al. [80] demonstrated that a high initial concentration of glucose
produced HMF that rapidly produced a polymerization reaction. Al-
though increased concentrations of raw substrate have shown inverse
relationships for liquefaction reactions during the HTC process, the
products obtained from raw biomass may partly produce polymeriza-
tion due to the incomplete hydrolysis of polymers. Insoluble matter
could be explained by a pyrolysis-like process, which performs at
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Fig. 4. Hydrochar derived from cellulose and glucose with different concentration [53,81].

relatively higher outer pressures with limited water under subcritical
conditions. Conversely, raw biomass required more heat energy and a
long residence time to break down polymers and generate enough
monomers to reach solution equilibrium and finally precipitate solids
[17]. Sevilla et al. [53] reported that an increased cellulose con-
centration lead to a decreased yield of hydrochar, and that solid pro-
ducts showed relatively high O/C and H/C. Their results showed that
the incomplete hydrolysis process lead to the formation of some
monomers, which produced precursors for polymerization or con-
densation. As such, a longer residence time may be required for the
HTC of raw biomass as compared to the pure chemicals in models. At
the same time, due to the insufficient polymerization reaction of soluble
products derived from high concentrations of raw biomass, solid pro-
ducts may have a lower degree of microsphere agglomerates, which can
be inferred from the microsphere diameter. For example, in research by
Sevilla [53], the increased concentrations of cellulose (from 40 to
160 gL~ ! at 250 °C) resulted in the formation of smaller microspheres.
As shown in Fig. 4, when the direct utilization of the dissolved substrate
or easily dissolved substrate such as glucose and sucrose occurred, re-
sults showed a reversed trend; the size of the hydrochar particles in-
creased at high substrate concentrations [56,63,81]. The high con-
centrations of dissolved substrate may directly enhance the rapid
polymerization of soluble substances that agglomerates microspheres to
form bigger spherical particles. Hence, we can conclude that the
properties of hydrochar derived from varied concentrations depends
heavily on the nature of the precursors and the hydrothermal condi-
tions; in particular a residence time which provides sufficient time for
the production of soluble products and polymerization. Systematic
studies are needed to investigate the variation of concentrations of
biomass and single components on the properties of hydrochar.

2.2.5. Heating rate

Heating rate is another factor impacting the HTC process. Generally,
a higher heating rate does not favor hydrochar formation. Zhang et al.
[82] studied the influence of heating rates (5-140 °C min~ 1) on the
hydrothermal process of grassland perennials and results suggested that
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hydrochar yield decreased from 22% to 23% to 8-9% when the heating
rate increased. In another study, Zhang et al. [83] determined that the
yield of hydrochar decreased from approximately 19-9% as the heating
rate increased from 5° to 140°C min ' when the hydrothermal process
used corn stover and wood chips as feedstock. After the dissolution and
stabilization of the fragmented compounds in the hydrothermal pro-
cess, secondary reactions occurred for the bulk fragmentation of bio-
mass and decreasing the heating rate could result into more solid re-
sidue formation [4]. Heat and mass transfer limitations can be reduced
using a high heating rate and the time available for the secondary re-
actions of the intermediate products during HTC is also minimized [84].
Hence, a high heating rate is generally used for the hydrothermal li-
quefaction process. A similar tendency was found in a study by Brand
[85], which investigated the effect of heating rate on the hydrothermal
conversion of pine sawdust and cellulose; results indicated that in-
creasing the heating rate from 2° to 20°Cmin~' was beneficial for
biomass conversion into bio-oil, indicating that a decreased tendency
was observed for hydrochar formation. Furthermore, at low heating
rates, the O/C and H/C ratios decreased as the temperature and re-
sidence time increased. Thus, a low heating rate may enhance the de-
gree of carbonization in hydrochar, which explains the relatively low
HHYV of hydrochar obtained at high heating rates, and indicates that an
appropriate heating rate can be selected during HTC to control the
distribution of the hydrochar and liquid products. The relevant prop-
erties of hydrochar in relation to heating rate are summarized in
Table 3.

3. The formation mechanisms of hydrochar: N-free biomass and N-
rich biomass

3.1. N-free biomass for hydrochar formation

3.1.1. Cellulose to hydrochar

Generally, cellulose is the largest part of lignocellulosic material,
consisting of p-glucose subunits, linked by  — 1,4 glycosidic bonds
[86]. The cellulose in lignocellulosic materials consists of crystalline
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Table 3
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Effects of the different process parameters of HTC on the physical/chemical characterization of hydrochar.

Increase parameters Solid yield BET surface area Porosity H/C o/C Energy densification Equilibrium moisture
Temperature - + + - - + -
Residence time - + + - - + -
Feedwater pH ND - - + + ND ND
Substrate concentration ND ND ND + + ND ND
Heating rate - ND ND + + - ND
“+7: increase effect. “~”: decrease effect. ND: not determined.

fibers, and parts with a disorganized, amorphous structure; these cel-
lulose chains mostly assemble into independent cellulose fibers which
are weakly joined through hydrogen bonding [87].

The disruption of cellulose in the hydrothermal process is performed
at a relatively high temperature above approximately 200 °C. The
physical structure of cellulose is initially disintegrated by hydrolysis.
Long chain cellulose breaks down to smaller molecular weight water
soluble compounds (oligomers) and then further to glucose (mono-
mers), which partly isomerizes to fructose [53,88]. The hydrolysis
products subsequently undergo a series of isomerization, dehydration,
and fragmentation (ring opening and C-C bond breaking); producing
key intermediates 5-HMF or furfural and their derived products. These
intermediates undergo further polymerization and condensation reac-
tions combined with reverse aldol condensation and intermolecular
dehydration [17,89].

The intermediates in the decomposition process also produce or-
ganic acids including acetic, lactic, propenoic, levulinic, and formic
acids which lower the pH of the reaction medium, and the acidic con-
ditions favor the further degradation of the intermediates; for example,
the dehydration of glucose into HMF [17,58,90]. Organic acids (e.g.,
acetic acid) catalyze the reaction process and can be used to obtain a
different distribution of the objective product [75]. During the trans-
formation from polymers to hydrochar, intramolecular dehydration and
keto-ento-enol tautomerism are thought to occur due to the increasing
production of double bonds, which is favored by aromatization. Thus,
aromatization reactions increase the concentration of aromatic clusters
in the aqueous solution which ultimately reaches the critical super-
saturation point under such conditions, leading to burst nucleation
[53]. The nuclei formed grow outwards by diffusion and linkage of the
chemical species presented in the solution to the nuclei surface; and this
linkage forms reactive oxygen functional groups such as ether and
quinine [53]. When the growth stops, the outer surface of the hydro-
char particles will contain a higher concentration of reactive oxygen
species as compared to the core [53]. This model of hydrochar particles,
with a hydrophobic core and hydrophilic shell, was proposed by Sevilla
et al. [53,56]. Moreover, Gao et al. [36] used a scanning electron mi-
croscope (SEM), transmission electron microscopy, fourier transform
infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy
(XPS) to analyze the hydrochar derived from cellulose at a HTC of
250 °C, and showed a core-shell structure of the hydrochar. The core
contained ketone and ether groups while the shell contained carboxylic
and carbonyl groups. Based on these findings, the mechanism for
transforming cellulose to hydrochar is summarized in Fig. 5. Detailed
information on the formation mechanisms of hydrochar can be found in
previous studies [53,56,90].

Considerable research has focused on determining the structural
characteristics of hydrochar, to better to understand its formation
processes and those of other materials including starch, hemicellulose,
sucrose, and fructose. For example, Sevilla et al. [56] identified a core-
shell structure exhibiting a highly hydrophobic aromatic nucleus with a
hydrophilic shell consisting of high concentrations of reactive oxygen
functional groups such as hydroxyl/phenolic, carbonyl, or carboxylic
using FTIR, Raman, and XPS techniques on hydrochar from glucose
performed at 170-240 °C. Their research highlights the presence of an
aromatic nucleus with stable oxygen forming groups in the hydrochar
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structure [56]. In another study, a similar structure was found in hy-
drochar derived from cellulose produced at temperatures in the range
of 220-250 °C; it was inferred that the solid product consisted of small
clusters of condensed benzene rings which was also considered to be the
carbonaceous scaffold [53]. However, in Titirici et al. [91], advanced
solid state '®C nuclear magnetic resonance (NMR) experiments were
performed with the hydrochar using glucose and the intermediate
product HMF as carbon sources at 180 °C for 24 h. Results showed that
the local structure condensed to hydrochar with a structural composi-
tion similar to HMF [91]. Separate research proposed that, “the core of
the carbonaceous material is mainly composed of cross-linked furanic
by domains containing short keto-aliphatic chains,” which highlighted
a furanic structure as opposed to benzene rings [92]. These two struc-
tural models suggest entirely different structural compositions for hy-
drochar. However, Chuntanapum et al. [93], proposed a structure with
some furan units coupled with benzene rings. The hydrochar (called
tarry material in the work), derived from 5-HMF when hydrothermal
temperatures were set at 350 °C and 450 °C and analyzed using FTIR
and Raman spectroscopies, indicated the presence of the 5-HMF func-
tional groups and the existence of benzene rings in the char structure
[93]. These differences may be attributed to the vastly different hy-
drothermal conditions in these experiments, especially with respect to
temperature and residence time.

Later, Falco et al. [94] estimated the furanic-to-arene ratio by
comparing the '>C NMR spectra of char obtained from glucose at 180 °C
with a 12h residence time with the process of pyrolysis. They found
that it was possible to change the furanic-to-arene ratio in the aromatic
core of the hydrochars; however, this was not possible when the cal-
cination process was used alone [94]. In another paper, Falco et al. [64]
proposed the model for cellulose HTC under mild temperatures
(180-280°C), and the study also confirmed that a final hydrochar
comprised of extensive aromatic networks or a polyfuranic structure
formed through two possible mechanisms, which were interchangeable
based on the temperature. These studies highlight the major routes for
the formation of hydrochar derived from cellulose.

In conclusion, the cellulose derived hydrochar exhibits a polyaro-
matic structure combined with polyfuranic rings; the presence of which
depends on the hydrothermal severity, especially high temperatures
and long residence time. The mechanisms of hydrochar formation from
cellulose are shown in Fig. 5.

3.1.2. Hemicellulose to hydrochar

Hemicellulose is a complex polymer of pentose such as xylose and
hexose sugars other than glucose, which has a lower degree of poly-
merization as compared to cellulose [86]. It is found in lignocellulose
materials, associates cellulose with hydrogen bonds, and forms covalent
bonds with lignin, enhancing the rigidity of plant cell walls [95]. At
certain temperatures, hemicellulose is easy to separate from the main
ingredients and is more likely to collapse into monomers. Generally,
hemicellulose consists of various sugars (mainly xylan and gluco-
mannan) which contain short lateral chains, acetic acid, pentoses, (3-p-
glucose, B-p-mannose, a- p-galactose), hexuronic acids (3-D-glucuronic
acid, a-D-4-O-methylglucuronic acid, a-D-galacturonic acid), and
deoxyhexoses (a-L-rhamnose, a-i-fructose), which make them more
susceptible to chemical degradation [89].
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The two dominant categories of hemicelluloses described above are
thermally unstable. Similar to cellulose, hemicellulose polymers dis-
solve at approximately 180 °C during the hydrothermal process [50,86].
When temperatures increase above 180 °C, the derived monomers go
through an exothermal reaction which leads to the consecutive reaction
mentioned above [86]. Research has focused on the discussion of xylose
as the major species depolymerized from the xylan of hemicelluloses. Qi
et al. [96] investigated the non-catalyzed decomposition of p-xylose
(180-220°C), and found that the main products were furfural and
formic acid derived from the further degradation of furfural under the
same conditions. Paksung et al. [97] also found that furfural and retro-
aldol condensation products were the major liquid intermediates in
subcritical water. Retro-aldol condensation products accounted for the
largest proportion in subcritical water, while furfural was dominant in
the supercritical region. With increasing temperatures and reaction
times, the color of reaction residue became darker and the organic
carbon in liquid was not balanced because the decomposition product,
furfural, polymerized to dark, insoluble substances [96]. Titirici et al.
[91] compared hydrothermal carbons derived from monomers, xylose,
and furfural using SEM, 13¢ solid-state NMR, and elemental analysis;
they demonstrated that furfural dehydrated from xylose and the pure
furfural could produce very similar carbon materials. These were well
dispersed, separated spherical particles arbitrarily called carbon-f.
Hence, the furfural, an important intermediate dehydrated from xylose,
will sequentially undergo polymerization reactions to form hydrochar
[61]. The formation pathways of p-Xylose derived hydrochar are shown
in Fig. 6.

3.1.3. Lignin to hydrochar

Lignin is an amorphous heteropolymer composed of three methoxy-
substituted phenyl propane units (p-coumaryl, coniferyl, and sinapyl
alcohol), which is extensively cross-linked to establish a steady skeleton
for plant cell walls. Furthermore, except for physical admixtures, lignin
is generally associated with hemicelluloses through covalent bonds;
making mechanical destruction and microbial attack difficult [86].

Similar to hemicellulose, lignin starts to dissolve at temperatures of
200 °C; however, relatively low amounts of lignin dissolve in the water.
The behaviors of lignin under subcritical water and supercritical water
depend heavily on the precursor and process conditions. Due to its
random structure and high molecular weight polymers, the reaction
mechanisms of lignin are complex. Studies have used isolated lignin
monomers, such as catechol [98], guaiacol [99], eugenol [100], and
other phenolic model compounds like vanillin [101] and diphenylether
(DPE) [102] to explore lignin reaction pathways, with various conclu-
sions. However, HTC is generally performed in the subcritical water
region (> 300 °C), which differs from supercritical water conditions
where lignin undergoes a water soluble and totally homogeneous re-
action, because the lignin only partly hydrolyzes. The degradation of
lignin in the HTC process is similar to pyrolysis; however, due to the
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Fig. 6. Brief formation pathways of hemicellulose (p-Xylose) to hydrochar [61].
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presence of subcritical water, the soluble fraction reactions are dif-
ferent. The temperature of the solvent is also a critical factor in lignin
depolymerization because high temperatures lead to an increase in
water density which can facilitate the repolymerization of monomers
[103]. The reaction time is also critical since the formed monomers,
such as the guaiacol reaction with higher molecular weight compounds,
form phenolic char [104].

A simplified mechanism of the degradation of poplar lignin based on
two-phase hydrothermal reactions was proposed by Bobleter et al.
[105]. Firstly, lignin underwent a rapid fast reaction phase and de-
graded into the soluble fragments, then a slower reaction phase, where
repolymerization occurred through the reaction of soluble fragments
with one another. Zhang et al. [106] conducted research into the hy-
drothermal treatment of Kraft pine lignin and their results followed the
two-phase mechanism mentioned above. As the temperatures in-
creased, the Kraft lignin became more water soluble within a very short
period; then, there was a slow reaction phase, in which the soluble
fragments interacted and recondensed into solid residue. On this basis,
Fang et al. [104] summarized previous research and proposed a scheme
for the different reaction pathways towards the dissolved products and
non-dissolved lignin in homogeneous and heterogeneous environments.
Solid residue formed in two main ways. Firstly, the dissolved lignin
decomposed by hydrolysis and dealkylation in a homogeneous reaction
which yielded phenolic products such as syringols, guaiacols, catechols,
and phenols; these intermediates undergo a cross-linking reaction and
are re-polymered into phenolic char; Alternatively, the non-dissolved
lignin, not completely solved at low temperatures, underwent so-
lid-solid formation mechanisms similar to pyrolysis, which yielded
highly condensed char with polyaromatics in the heterogeneous en-
vironment [104]. However, reactions during the HTC process may favor
solid-solid formation due to the low production of soluble inter-
mediates which results in low phenolic char. As hydrothermal severity
increases, the solid-solid conversion may enhance polyaromatic char
production. The simple formation mechanism of lignin derived hydro-
char is illustrated in Fig. 7.

3.1.4. Lignocellulosic biomass to hydrochar

Lignocellulosic biomass, produced by terrestrial plants, represents a
non-food, sustainable resource predominantly composed of polymers,
cellulose, hemicellulose, and lignin combined with low molecular
weight substances including inorganics and extractives [86]. Fig. 8
shows the basic structure of lignocellulosic biomass. The hydrochar
formation mechanism for the main components of lignocelluloses has
been summarized in the previous sections. However, these sections
discussed the reaction mechanisms of pure substances. In fact, lig-
nocellulose is highly complex, and its composition influences the var-
ious reaction pathways. Nevertheless, because the three main con-
stituents of lignocellulose act as precursors for the hydrochar product, it
is essential to elucidate interactions during the decomposition process
and the mechanisms involved in solid formation.

Recently, considerable research and industrial applications have
focused on lignocellulose pretreatment techniques, such as chemical
treatment [107], biological treatment [108], and thermal treatment or
a combination thereof [109,110] to obtain more easily processed ma-
terials which can be further transformed into different chemicals with
different purposes. For example, the recovery of reducing sugar and
ethanol fermented from (hemi-) cellulose and methane production by
anaerobic digestion. It can be concluded the primary purpose of these
applications is to destroy the structure of the biomass by altering or
breaking the lignin seal and disrupting the crystalline structure of cel-
lulose [111]. The HTC of lignocelluloses follows the same approach by
breaking up the structure for more favorable degradation. The hydro-
lysis process is crucial to damage the structure of lignocellulose com-
ponents and to reduce the degree of polymerization of the biomass. The
lignin serves as a template for the orientations of polysaccharides be-
cause it is necessary to break the covalent bonding between lignin and
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state and solid state to form hydrochar and the phenolic hydrochar may present on the surface of polyaromatic char derived from the non-dissolved fraction of lignin.

xylans or cellulose and the internal hydrogen bond in cellulose for
further degradation [112].

The fracture of the raw biomass is different to the decomposition of
single components due to the strong connections between components,
including covalent bonds and hydrogen bonds. Falco et al. [64] re-
ported that the temperature during the formation of hydrochar derived
from rye straw started at, and shifted to higher values as compared to
pure cellulose. Thus, fully carbonized materials can be achieved from
the pure feedstock. This also confirms that the raw lignocellulose re-
quires a higher activation energy to disrupt the structure of the in-
dividual components. Hence, the hydrochar production not only de-
pends on the composition of the lignocellulose, but is also determined
by the hydrothermal conditions. Generally, the component degradation
level for lignocellulose follows the order lignin < cellulose <
hemicellulose at the same hydrothermal severity. The phenolic struc-
ture of lignin was the main reason for the stability, and its benefits for
the condensation reaction [61]. As compared to cellulose which has a
partly crystalline structure, hemicellulose has a lower molecular weight
with a lower degree of polymerization (approximately 50-200), and its
amorphous properties mean that it is more easily vulnerable to attack in
the critical hydrothermal environment [113].

Lu et al. [37] compared the hydrochars from feedstock with a single
chemical composition with those from mixed feedstock, and their

results showed that complex feedstocks needed a longer residence time
to reach stable solid recovery due to the interaction between compo-
nents. Lignin content has a marked effect on carbohydrates in the
biomass because it serves as a plant wall support; stabilizing the cel-
lulose by preventing disruption in the crystalline structure at low
temperatures. Furthermore, by enclosing cellulose and hemicellulose,
lignin slows down the release of monosaccharide, which would further
hinder the formation of intermediate products. Li et al. [114] reported
that lignin migrated out of the poplar wood cell wall and was finally
deposited on the cellulose surface during HTC. This negative influence
was attributed to the insoluble lignin content which retarded hydrolysis
[115]. The surface blockage of cellulose by lignin may inhibit further
degradation. We can conclude that HTC has negligible effects on lignin;
however, its presence has a marked effect on the degradation of lig-
nocellulosic biomass during the hydrochar formation. Lignin also con-
tributed to the perseverance of the natural macrostructure of the initial
lignocellulosic biomass in the hydrochar [64]. For example, Herbert
et al. [116] reported that a high lignin content resulted in the initial
structure of the raw lignocellulose being retained in the solid product,
with only soluble constituents being converted.

It is apparent that the carbonization process can assume two path-
ways; the dissolution of intermediate products through polymerization,
and pyrolysis-like decomposition relying on hydrothermal severity.
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Because the hemicellulose in biomass can hydrolyze at a lower tem-
perature, polymerization mainly happens in the homogenous reaction.
The first approach includes the dissolved part of the cellulose and lignin
because the amorphous cellulose is easily collapsed under subcritical
conditions. However, the second pathway may undergo a pyrolysis-like
process for the undissolved biomass. The crystalline regions of cellulose
and lignin need to be treated at high intensity; hence, when the hy-
drothermal conditions do not provide the activation energy, the in-
dividual components do not release from the body of the biomass and a
pyrolysis-like process will occur. Differing from pyrolysis, this process is
performed in a different medium with higher pressure in the homo-
geneous phase. The products of the pyrolysis-like process have a rela-
tively higher aromatic structure from the lignin, which shows limited
modification. The whole process can form two types of carbon: the char
formed from condensation including, phenolic char and polyraromatic
with polyfuranic char; and the char derived from the pyrolysis-like
process producing lignin and cellulose pyrolysis-like char. However, in
a homogeneous process, these various carbons may go through auto-
matic integration such as molecule rearrangement and dehydration,
and unified hydrothermal carbonization products are formed when
high temperatures or residence time was used. The formation me-
chanisms for biomass derived hydrochar are illustrated Fig. 9.

3.2. N-rich biomass to hydrochar formation

3.2.1. Protein and amino acid conversion

Sewage sludge (SS) represents a major solid waste derived from
municipal waste water treatment plants. The increasing quantities of SS
and their disposal present many environmental concerns and health
hazards [118]. However, SS is a complex waste that is rich in organic
substances and nutrients (such as N and P); composed of microorganism
constituents (nucleic acids, proteins, carbohydrates, and lipids) and
their decay products; undigested organic material; and inorganic ma-
terial such as salts and heavy metals which make SS difficult to deal
with [119]. Microorganisms, especially bacteria, contained in SS are
critical active agents for wastewater treatment; they break down the
organic fraction in SS and store the nutrients. Hence, carbohydrates and
proteins comprise the main organic components in SS, with lignin
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accounting for a small component which can produce high value bio-
polymers [60].

Compared to lignocellulosic materials, the HTC decomposition of
organics contained in the SS is more complex. The carbohydrate frac-
tion may experience a similar pathway as lignocellulose for the hy-
drolysis of oligosaccharides to monosaccharides, which would undergo
further reactions to form hydrochar. Due to a large component of
protein being derived from bacteria, the reaction pathways of SS are
markedly different. Consequently, it is essential to explore the behavior
of proteins in the hydrothermal environment.

The proteins in the hot pressed water would firstly hydrolyze into
amino acids by breaking the peptide bond, which is a C-N bond be-
tween the carboxyl and amine groups, present in all amino acids [120].
This depolymerization process is slower than carbohydrate hydrolysis
due to the peptide bond in the protein being more stable than the
f — 1,4- and B — 1,6-glycosidic linkages in cellulose and starch; how-
ever, it can be rapidly catalyzed in an alkaline or acidic reaction
medium, especially in the acidic environment produced from the de-
gradation of saccharides [121,122]. Furthermore, several amino acids
including leucine, isoleucine, phenylalanine, serine, threonine, and
histidine have been found to be unstable at acidic and near-neutral pH
[122]. Moreover, the decomposition depended heavily on the type of
amino acid, the hydrothermal condition employed, and the solution pH.

Various amino acids have been employed as model compounds by
researchers under hydrothermal conditions. For example, decarbox-
ylation and deamination were the major reactions of amino acids ob-
served at relatively short residence times in the studies using glycine
and alanine as model compounds [123,124]. Moreover, the decom-
position of the mixed amino acid can be influenced by each other, and
ammonia, amines, CO,, and organic acids were the main decomposed
products [122,124]. The deamination of amino acids produced am-
monia, which survived in the liquid as ammonium ions, representing a
component of inorganic nitrogen which can lead to a reduction of or-
ganic nitrogen from the raw feedstock.

3.2.2. Sewage sludge to hydrochar
The presence of carbohydrate in SS, especially saccharides, leads to
different reaction ways for the pure protein or amino acid. On one
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hand, a relatively low pH for the hydrothermal environment was pro-
vided by the conversion of saccharides, which influenced the extent of
the amino acid degradation somewhat. Furthermore, several kinds of
amino acids, including leucine, isoleucine, phenylalanine, serine,
threonine, and histidine have been found to be unstable at acidic and
near-neutral pH [122]. E. Danso-Boateng et al. [125] found that the
organic compounds, such as acetic acid, benzene, acetic acid, butanoic
acid, pentanoic acid, and propanoic acid in the HTC liquid of primary
SS provided catalytic conditions for the degradation of SS. Hence, the
hydrothermal feed water had a marked influence on the degradation
behavior of the protein and derived amino acids.

On the other hand, with a long residence time, the amino acids
derived from SS initially undergo the Maillard reaction with sugars or
the degradation products of sugars which contain carbonyl groups to
produce N-containing ring compounds. The Maillard reaction occurs
between the amine group of the amino acid and carbonyl group of a
sugar, and polymeric compounds which could be called melanoidins are
formed [126]. The typical Maillard reaction between p-glucose and
glycine is shown in Fig. 10 [127]. This reaction explains the interac-
tions between proteins or amino acids and sugars in SS resulting in the
formation of brown hydrochars with a characteristic odor. He et al. [60]
reported that the HTC of SS produced uniform brown hydrochars with a
nut-like smell that exhibited strong evidence of a Maillard reaction. E.
Danso-Boateng et al. [125] identified several Maillard products in-
cluding aldehydes, furans, pyrroles, pyrazines, and pyridines in liquid
samples derived from the HTC of primary sewage sludge at 180 °C and
200 °C, and reaction times between 30 and 240 min. Their results also
showed that there were no Maillard reaction products when the pri-
mary sewage sludge was carbonized at 140 °C for 240 min and at 160 °C
for 60-120 min; however, the Maillard reactions dominated when HTC
was conducted at temperatures starting at 180 °C for reaction times
longer than 15min. Therefore, we can conclude that hydrochar for-
mation may depend on the composition of the SS, protein species, and
amino acids as well as the hydrothermal temperature.

It is important to achieve hydrochars with lower N content when
they are used as solid fuel, and to improve the content of total N and
organic N in the aqueous phase for the recovery of N in amino acids or
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ammonium salts. Seiichi Inoue et al. [128] examined the nitrogen in SS
and found that solubilization and decomposition started above 150 °C
and the N was transformed into the aqueous phase. He et al. [129]
found that the increase in hydrothermal temperatures led to large
conversions of initial protein into ammonium in liquid, and had a
marked influence on the N distribution. Hence, maintaining a suitable
residence time and temperature is necessary to the distribution and
mass balance of N. The detailed N conversion, distribution, and its role
during HTC will be discussed in the following chapter.

Based on the pathways from carbohydrate, coupled with the de-
gradation of protein during the HTC process, SS hydrochar formation
pathways follow two approaches. First, the dissolved fractions of car-
bohyrates and proteins undergo a series of hydrolysis, dehydration, and
Maillard reactions contributing to the formation of polyaromatic hy-
drochars. The undissolved fraction of SS is thought to undergo a so-
lid-solid conversion, similar to pyrolysis, with condensation, dehydra-
tion, and decarboxylation. He et al. [60] proposed a simple schematic of
hydrochar formation pathways from SS using HTC, and these me-
chanisms are shown in Fig. 11.

However, SS had a high content of N relative to carbohydrate or
lignocellulose, hence, it is difficult to determine the hydrochar structure
due to the high nitrogen source of protein or amino acids. Model
compounds were used to understand the formation process employing
carbohydrate and amino acids. For example, Baccile et al. [130] studied
the hydrochar obtained from glucose and glycine representative model
compounds to simulate pure carbohydrates in the presence of natural
amino-containing compounds with a hydrothermal reaction at 180 °C
for 12 h. Their *C and >N NMR results indicated that the initial glycine
and glucose completely rearranged into an extended pyrazo-furanic
matrix, and the possible molecular structure, aromatic units, pyrazine
or pyridine, phenols, and pyrrole type compounds were also proposed.
An extended nitrogen-containing aromatic network bounded with a
polyfuran network formed, which contrasts with the widely held view
that a higher temperature (< 180°C) could increase the degree of
aromatics in the pure carbohydrates. However, the hydrochar obtained
in this study already possessed an increased level of aromatics, with
several N-containing materials [130]. Based on the N introduction to
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Fig. 11. Schematic hydrochar formation mechanism from SS [60].

the hydrochar, Sevilla et al. [131] synthesized microalgae-derived hy-
drochar with a p-glucose additive and their results showed Maillard-
type cascade reactions increasing both the C and N content in the hy-
drochar. The N was incorporated as aromatic heterocycles, such as
pyrrolic-, pyridinic-N, and quaternary-N structures. A similar result was
also found by Falco [132], who showed that the addition of glucose to
the raw algae HTC feedstock enhanced the incorporation of N to the
hydrochar as aromatic heterocycles. Hence, the final structure is likely
to depend on the raw feedstock (especially the concentration of sac-
charide due to the generally low saccharide content and high protein
content in SS or microalgae) and hydrothermal severity. When the
hydrothermal severity was increased, a low N content was achieved;
however, N-evolution also occurred. He et al. [129] investigated N-
evolution in the SS derived hydrochar, and showed that an increase in
temperature led to an increase of pyridine-N. In Falco's study [132], the
addition of glucose converted the pyrrolic N into more stable nitrogen
groups, namely quaternary and pyridinic-N. However, the N in the
hydrochar changed to a more stable form, incorporating into the hy-
drochar structure.

In conclusion, the N-containing aromatic network was assigned to
the main hydrochar structure from the N-rich biomass. However, the
chemical processes behind the introduction of N contained in the pro-
tein or amino acids and carbohydrate derived hydrochar matrix re-
mains unclear. New technology is needed to establish the specific fra-
mework of the hydrochar, and further research should focus on the
investigation of complex compounds and the application of N doping
material. More information is needed to clarify and detect model
compounds and typical biomass (e.g., SS and algae) to a better under-
stand the formation of the hydrochar structure.

4. Characterization of hydrochar
4.1. The proximate and coalification degree

The proximate and ultimate analysis of hydrochar is necessary to
ensure the efficient utilization of hydrochar as a fuel. The proximate
analysis, including volatile matter (VM), ash, and fixed carbon (FC)
content was measured in the products. The elemental composition of
the hydrochar, characterized by the H/C and O/C ratios, changed sig-
nificantly as a result of HTC, and confirmed the carbonization degree of
the hydrochar. The mass loss depends heavily on the reaction severity
and the composition of the raw materials. Generally, HTC carried out at
a high temperature produced a low solid mass yield, however, an in-
creased fraction of fixed carbon in the hydrochar can be achieved, in-
dicating that a significant amount of carbon was retained in the hy-
drochar. Hydrochar with a high FC and decreased VM content can
overcome the drawbacks of raw biomass, which is easily ignited at low
temperatures of approximately 250 °C and rapidly reaches maximum
weight loss when used as solid fuel [133]. Meanwhile, improved
combustion efficiency and reduced pollutant emissions can be expected
[134]. Differences in the proximate analysis of hydrochar from different
raw biomass derived by the HTC process are summarized in Table 4. As

compared to lignocellulosic biomass, SS generally contained lower
fixed carbon and higher ash content. With regard to lignocellulosic
biomass, the biomass polymers in lignin have a high aromatic structure
content. These natural characteristics promote the fundamental for-
mation of hydrochars with high FC.

The H/C and O/C ratios are important criteria for estimating the
degree of de-oxygenation, and the aromatic content during the HTC of
biomass [135]. They provide clues as to the aromatic content; a higher
H/C ratio indicates that the hydrochar aromatic content is lower [135].
Generally, the H/C and O/C atomic ratios are analyzed using a Van
Krevelen diagram for the comparison of raw biomass with hydrochar
[136]. The H/C and O/C ratios of bituminous coal and lignite were also
plotted on the same diagram for coalification comparison purposes
[59,137]. As shown in Table 4, the H/C and O/C ratios decreased as the
hydrothermal temperature or retention time increased for all hydro-
chars. The ratio shift can also delineate the reaction pathways; the
dehydration (production of H>O) and decarboxylation (production of
CO,, or carbonyls including carboxylic acids) reaction during the HTC
[58]. In Fig. 12, it is apparent that the lignocelluloses derived hydro-
char generally showed a high degree of coalification as compared to
sludge derived hydrochar, indicating that natural composition plays a
significant role during HTC. Berge et al. [42] used mass balance ana-
lyses of the distribution of carbon in the gas, liquid, and solid from HTC
of MSW, and results indicated that the hydrochar retained a major
fraction of carbon structured with high aromaticity, generating lower
H/C and O/C ratios. Furthermore, the HTC of food, paper, and mixed
MSW were predominantly governed by dehydration, with a slight shift
in the O/C ratio for partial decarboxylation reactions [42].

Dehydration can lead to reduction of H/C and O/C ratios simulta-
neously. The dehydration during hydrothermal carbonization includes
both chemical and physical processes, but chemical dehydration dom-
inates the major loss of water from the biomass in the HTC process [17].
However, chemical dehydration occurs more intensely than decarbox-
ylation, and significant decarboxylation may only occur after a certain
amount of water is formed in the chemical dehydration process [17].
This chemical loss of water from the biomass in subcritical water con-
ditions can be understood as an assimilating process for dehydration
along with the condensation reaction for the production of solid re-
sidue. The dehydration mechanism of elimination of hydroxyl groups
from the biomass has been widely accepted and decarboxylation was
caused by the elimination of carboxyl groups [9,53]. Large weaknesses
in O-H stretching vibrations in hydroxyl or carboxyl groups contained
in the raw biomass have been verified for the dehydration reaction.
However, CO, has been shown as the dominant gas product in the
decarboxylation process in HTC. Hoekman et al. [58] reported that the
gaseous product represented approximately 8% of the starting feed-
stock mass. The dominant organic acids such as formic, acetic, and
lactic acids were also detected. When the temperature was above
255 °C, the formic acid levels decreased, while acetic and lactic acid
production increased. The CO, formed from the formic acid [17,58].
Moreover, the decarboxylation of amino acids to amines and CO, may
also be studied as a possible method to produce CO, in the HTC of
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Fig. 12. Van Krevelen diagram for lignocelluloses, sewage sludge and the
corresponding hydrochar from different conditions with reference to the data
from Table 4. Anthracite, bituminous, sub-bituminous, lignite and peat are
shown for comparison.

protein contained in food waste and the protein or amino acids in SS.
Other possible methods of CO, formation may result from condensation
reactions as well as the cleavage of molecular bonds in the degradation
of biomacromolecules.

4.2. Surface functionality characterization

The structural characteristics of hydrochar derived from different
feedstock types and process conditions are extremely different. Due to
the complex composition of the hydrochar, coupled with the very
complicated variations of hydrothermal parameters and feedstock used
in HTC, FTIR techniques are employed in most studies to analyze the
surface functional groups of raw biomass and hydrochar. The FTIR
spectra can provide a mechanistic investigation of the evolution of
hydrochar, and many studies have used this technique to analyze the
structural transformation in the different HTC conditions of various
biomass sources, including coconut fiber and dead eucalyptus leaves
[134], miscanthus [147], barley straw [148], pinewood [149],
switchgrass [150], and SS [151]. The typical FTIR spectrum response to
the raw biomass and hydrochar from lignocellulose biomass and SS are
shown in Fig. 13.

Compared to the feedstock, the O-H stretching vibrations in the
hydroxyl or carboxyl groups presented in hydrochar showed obvious
weakening, and this diminishment is generally attributed to the dehy-
dration that occurred during HTC [55,140,144,152-154], which was
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consistent with the reduction in the H/C and O/C ratios observed in the
Van Krevelen diagram. However, unlike the paper sludge, the hydroxyl
functional group in the paper sludge showed no significant change
during the HTC process due to thermo-mechanical or thermo-chemical
pretreatment in the pulping process [155]. Furthermore, the decrease of
the hydroxyl content in hydrochar would lead to an increase in hy-
drophobicity, which is critical to fuel storage, handling, and resistance
to humidity when used for solid fuel applications [134]. Peaks that
correspond to stretching vibrations of aliphatic CHy are stronger in the
hydrochar as compared to raw biomass; for example, coconut fiber and
dead eucalyptus [134], eucalyptus sawdust and barley straw [153],
husks of nuts of Carya cathayensis Sarg [76], palm shell [152], corn
stalks [156], SS [60], and anaerobically digested sludge [55]. This
suggests that the breakup of polymeric substances in the HTC process
would result in the appearance of aliphatic structures in hydrochar,
while the appearance of aromatic C-H out of plane bending vibrations
suggested that hydroaromatic structures emerge after HTC. The C=C
stretching in the lignocellulose suggests that aromatic groups in lignin
become weaker, due to the incomplete decomposition associated with
-OCH; groups decomposed by deoxygenation reactions, intermediate
aromatic structures formed from keto-enol tauomerism of dehydrated
species, or from intramolecular dehydration of the oligosaccgaides or
monosaccharides [53,134]. Cellulose is often compared with lig-
nocellulose in the HTC process because of their similar FTIR spectrum
to explain the chemical structure changes of hydrochars. For example,
in Liu et al. [53], a new band corresponding to the C=C vibrations in the
aromatic skeleton was observed, which revealed that the aromatization
of hydrochars derived from poplar tree wood occurred during the hy-
drothermal reaction similar to cellulose. Their finding was also con-
sistent with Sevilla's [157] study. Yu et al. [158] studied the HTC ma-
terials obtained using four different precursors, namely xylose, glucose,
sucrose, and starch; their results supported the concept of an ar-
omatization skeleton for biomass during hydrothermal treatment. Dif-
ferent to lignocellulose, the C=C stretching in hydrochars produced from
SS provides significant evidence for the increased presence of aromatic
ring carbons resulting from aldol condensation and aromatization re-
actions [43,60]. However, this is contrary to the findings of Kim et al.
[55], who found that the intensity of the peaks of C=C bonds for the
hydrochars decreased as temperature increased, which could be at-
tributed to the fact that the SS analyzed had been digested.

However, the oxygenated functional groups contained in hydro-
chars are an important characteristic for the ease and ability to produce
hydrochar during HTC. Gao et al. used waste eucalyptus bark in the
HTC, and showed that the stretching of C=O in ketone, amide, and
carboxylic groups generally decreased in the hydrochar because the
occurrence of decarboxylation increased with the residence time. The
same result was found during the HTC of barley straw; C=O stretching
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Fig. 13. Typical FTIR spectrum of the lignocellulose, SS and corresponding hydrochar [144,148].
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Fig. 14. Cls core level spectrum of hydrochar derived from (a) pure cellulose at 250 °C, (b) barley straw, and (C) eucalyptus sawdust at 250 °C [148].

vibrations were attributed to non-conjugated keto-carbonyl groups
which nearly disappeared [153]. In another paper, the C=O stretching
vibrations were not present after HTC due to the degradation of car-
boxyl and acetyl groups in hemicellulose of both corn cob and mis-
canthus; however, an intense peak at another wavenumber ascribable
to C=O vibrations of carbonyl, quinone, ester, or carboxyl groups was
observed in the hydrochar spectra [140]. This may be attributed to the
dehydration of water from the equatorial hydroxyl groups in the
monomers derived from cellulose [53]. Regardless of whether SS was
digested, the stretching vibration of C=O as ketone and amide groups or
asymmetric stretching in carboxylic groups also decreased due to dec-
arboxylation reactions occurring, which resulted in the conversion of
the carbon compounds into CO, [55,60,145]. However, Zhao et al.
[144] found that the C=O stretching of ester carbonyl groups dis-
appeared in the hydrochar spectra caused by the derosination reaction.
This difference between lignocellulosic materials and SS indicates that
the occurrence and the reaction severity of decarboxylation, unlike
dehydration, are heavily dependent on the natural materials in the
HTC. The C-O-C vibration in the lignocellulose generally exhibits no-
teworthy weakening due to the degradation of cellulose or lignin where
the characteristic aromatic structure is generally preserved in the HTC
process. In the HTC of SS, the C-O-C stretch may also be considered as
asymmetric stretching in aliphatic ether, or the characteristic peak of
the derivatives of polysaccharides which decompose into short-chain
derivatives of saccharides that reduce due to the cleavage of C-O-C at
higher temperatures. The hydrochar also retains a higher amount of
oxygen functional groups contained in the C-O stretching vibrations in
hydroxyl, ester, or ether, coupled with the O-H bending vibrations and
C=O mentioned above. For the incomplete decomposition of lignin, the
aromatic C-O stretching bands stretching in -OCHs groups in the hy-
drochar can observed in many studies [154,159,160]. In a study of the
HTC process of SS, He et al. observed that a drastic increase of relative
intensity was due to -C-O-R in aliphatic ethers and alcohol -C-O
stretching [60,161]. This result is in contrast to the anaerobically di-
gested SS used in the HTC which showed that the decarboxylation re-
action caused the decrease of C-O [55].

Differing from lignocellulose, the surface functional characteriza-
tion of SS derived hydrochar is generally similar; the existence of N-rich
functionality is due to natural properties and higher protein content.
FTIR was also performed to study the N functional group contained in
the sludge and the corresponding hydrochar by Zhao et al. [144]. As
shown in Fig. 13, the FTIR spectrum of the SS and the derived hydro-
char were adopted to illuminate the change in N. The N functional
group in the spectrum showed amide groups at 3420cm™ ' (N-H
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stretching); 1656 cm ™' (amide I band), and 1540cm™' (amide II
band), which indicates a significant protein content in the SS. The
amide II band shifted and became weak during degradation and pro-
tonation, 1228 cm ™! attributed to the C-N stretch vibrations by amide
III (tertiary amine), while similar performance was observed at the
broad band around 2090 cm ™! assigned to nitrile (-C=N) and isonitrile
(-N = C) stretching; however, the amide I and amide III bands were
overlapped by the C=O vibration of carboxylates and C-O vibration of
carboxylic acids, respectively [144]. Furthermore, the band at
1404 cm ™~ ! attributed to the N-O binding in nitrite observed in the SS
vanished in the spectra for the dissolution of nitrite, and a similar peak
corresponding to the N-O group was observed in raw sludge, but de-
creased in the spectra of the HTC of digested SS in the study by Kim
et al. [55].

The surface functionality presenting on the outer surface of hydro-
char can also be analyzed by employing XPS. For hydrochars derived
from lignocellulose, two main peaks in C (Cls) at around 285 eV and O
(O1s) at around 530eV are usually observed in the XPS wide-scan
spectrum [162]. For the Cls envelope, different binding energies were
attributed to C—C, C=C, C—HX, C—0, C=0, and COO stretches; how-
ever, the Ols envelope peaks at different binding energies can be as-
cribed to O=C and O—C stretches. Additionally, the spectra of high
resolution XPS of Cls and Ols are used to quantify the carbon and
oxygen forms on the hydrochar surface [162]. Research by Sevilla et al.
[148] obtained hydrochar from the HTC of eucalyptus sawdust and
barley straw under 250 °C. Their XPS results showed that hydrochar
products had rich oxygenated groups on the surface, although the
proportion of some oxygenated groups including hydroxyl groups,
carbonyl groups, and esters differed based on the nature of the biomass.
Representative Cls core level spectrum of hydrochar derived from eu-
calyptus sawdust, barley straw, and pure cellulose are shown in Fig. 14.
The atomic ratios (O/C) analyzed by elemental analysis (0.269 and
0.200 for eucalyptus sawdust and barley straw, respectively) were
compared with the result from XPS (0.318 and 0.298 for eucalyptus
sawdust and barley straw, respectively) and results indicated that
oxygen had accumulated at the periphery of the hydrochar particles
which lead to a higher oxygen content as compared to the inner section.
This was attributed to the cellulose being extracted from the lig-
nocellulosic body and subsequently deposited on the outer surface
which contained products of the incomplete degradation of lignin
[148]. This result was supported by another study which determined
that the XPS spectra of hydrochar microspheres derived from pure
cellulose possess higher concentrations of oxygen in the outer layer as
compared to the core of the particles. This is also indicated by the
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Fig. 15. Cls core level spectrum of hydrochar derived from (a) SS and hydrochar from (b) 260 °C and (c) 300 °C respectively [163].

comparison of the (O/C) atomic ratios determined by elemental ana-
lysis (0.239 and 0.254 for the samples produced at 250 °C for 4 and 2 h,
respectively) with those calculated by XPS (0.282 and 0.275, respec-
tively) [53]. The analysis also showed that the oxygen groups present in
the core of the particles formed with stable groups (i.e. ether, quinone,
pyrone, etc.), differing from those in the outer layer which consist of
more hydrophilic groups (i.e. hydroxyl, carbonyl, carboxylic, ester,
etc.) [53]. A similar result was also found by Xiao et al. [141], who
investigated the XPS spectra of hydrochar derived from two lig-
nocellulosic biomass sources; corn stalk and Tamarix ramosissima
[141].

The SS derived hydrochar also demonstrated higher (O/C) atomic
ratios in the outer layer as compared to the inner core. For example, in a
study by He et al. [163], hydrochar prepared at 260 °C and analyzed by
XPS (Fig. 15) showed 0.28% of O/C, higher than the ultimate analysis
result of 0.547. Meanwhile, as shown in Fig. 15, the Cls around 285.6
ev corresponding to C-(O, N) showed slight increases from 20.32% to
22.81% and 23.10% for 260 °C and 300 °C derived hydrochar, con-
firming the high concentration of oxygenated groups on the surface of
the hydrochar particle. However the C=O at approximately 287.6 ev
showed a large decrease due to decarboxylation [163].

In summary, these results are consistent with the FTIR spectrum
which indicates the presence of both aromatic and aliphatic carbon
with more oxygen-rich functional groups on the surface of hydrochar
reflected by XPS. The hydrochar exhibits high stability aromatic
structures as a basic building block mixed with aliphatic carbons and
retains a certain amount of oxygen functional groups.

4.3. Aromatic structure characteristics

Solid state °C magic angle spinning NMR has been employed as a
valuable characterization technique for comparisons without the need
for peak ratios, identifying the amorphous material that provides va-
luable complementary data to the surface functionality analysis. Each
resonance peak quantified in relation to the total resonance intensity
can provide the relative abundance of individual molecular groups
[162,164]. Liu et al. [134] conducted the *C NMR spectra of hydrochar
obtained from coconut fiber at temperatures from 220° to 375°C
(Fig. 16). The hydrochars obtained at low temperatures (220-250 °C)
showed a marked decrease at 73 ppm (the C2, C3, and C5 of carbohy-
drate) as a representative of both cellulose and hemicellulose. A similar
tendency was also observed at the peak of 105 ppm, accounting for
cellulose C-1, and the peak around 102 ppm, ascribed to hemicellulose.
The peak ascribed to lignin in the range of 116-154 ppm and 55 ppm
(methoxyl group) remained invariable until 300 °C and the aromaticity
of hydrochars increased above 300 °C [134]. These results indicate that
the HTC had decreasing aliphaticy, which virtually disappeared above
the critical point, and the increasing aromaticity of hydrochars with
hydrothermal temperature increases [134]. Cao et al. [46] investigated
bark hydrochars at 200-250°C for 3 and 20h, respectively.

240

Quantitative chemical compositions of feedstock and hydrochar ob-
tained from **C DP/MAS NMR spectra showed the hydrochar was en-
riched with 27% aromatic C compared to the 9% in the feedstock at the
spectral range of 112-140 ppm, and an increase in alkyl and carbonyl C.
Their findings indicated that HTC resulted in almost total reduction of
carbohydrate and formation of aromatic structures, whilst the lignin
structures were altered slightly in the bark hydrochar at 250 °C [46].
Fuertes et al. [165] investigated both cross polarization (CP) and direct
polarization spectra of corn stover derived hydrochar at 250 °C for 4 h.
A strong peak in the aromatic region at approximately 129 ppm along
with a sharp peak at 147 ppm were ascribed to the aromatic C in lignin
and two dominant peaks were observed in the alkyl region at 56 and
35 ppm due to the methoxyl C associated with lignin structures and C-
and H-substituted alkyl C, respectively [165]. Furthermore, the poten-
tial signal of aromatic C detected in both techniques for hydrochars
were approximately equal. Zhang et al. [151] analyzed the CPMAS'>C
NMR of hydrochar derived from municipal SS at 190-260 °C with a
residence time from 1 to 24 h. Their analyses also indicated that ar-
omaticity was markedly enhanced with an increase of 41%. Conversely,
there was a decrease in aliphaticity of at least 45% and 31% for Oalkyl
C and carboxyl C, respectively, observed when the reaction severity
increased [151]. He et al. [163] (Fig. 16) showed that an increase in
hydrothermal temperature resulted in an increase of the aromatic C-C
(110-160 ppm). Temperatures from 200° to 340°C resulted in relative
intensities from 16.15% to 32.11%, which were all higher than the raw
sludge. The aromatic C-O (145-160 ppm) showed an increased ten-
dency, which was in accord with the XPS confirming that oxygen-rich
functional groups may connect with the aromatic structure on the outer
layer [163]. In summary, the NMR spectra can be divided in to aliphatic
and aromatic regions by the degree of carbon saturation. Thus, weak-
ness in the aliphatic region and formation or enhancement in the aro-
matic region may provide evidence of the apparent coalification of HTC
[134,166].

In conclusion, all the structures suggest the existence of aromatic
characteristics in hydrochar, even when the skeleton is constructed
with benzene rings. Furthermore, the difference in the structural
characteristics of the hydrochar heavily depend on the hydrothermal
conditions employed in the HTC, especially temperature. Hence, the
basic aromatic motif is generally accepted for the hydrochar skeleton.

4.4. Morphological and textural character

The morphology of hydrochars under different HTC conditions are
generally studied by SEM which provides micrographs showing the
physical properties and surface morphology. In the first chapter, we
discussed the microsphere characteristics of model chemicals under
different hydrothermal conditions; however, the hydrochar of raw
biomass must exhibit a more complex morphological characterization.
Generally, hydrochar shows a coarser surface as compared to the
smooth character of raw biomass. As mentioned previously, more easily
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Fig. 16. 13C NMR spectra of (a) coconut fiber and coconut fiber derived-hydrochar obtained from different hydrothermal temperatures [134]; (b) raw sludge and
corresponding hydrochar obtained from different hydrothermal temperatures [163].
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Fig. 17. SEM images hydrochar from rye straw under 160 °C (a, b) and 240 °C (c, d) [64].

collapsible polymers, such as hemicellulose, can more easily decompose
into fragments that lead to a rugged and even porous surface on the
solid residue. These small fragments would then further melt or form
carbonaceous spheres on the surface. Xiao et al. [141] compared SEM
images of the feedstock of corn stalk and Tamarix ramosissima and their
derived hydrochars, and results showed that the raw materials pos-
sessed a relatively continuous and flat smooth surface; however, irre-
gular and rougher surfaces were observed, and new microsphere
structures formed with different shapes and sizes on the hydrochar
surface. The formation of agglomerated particles showed that de-
gradation of cellulose contained in the plant wall took place. Never-
theless, the main structure remained for HTC performed at relatively
low temperatures; thus, the decomposition of lignin requires higher
carbonization temperatures during the HTC process. Falco et al. [64]
investigated the SEM of hydrochars from rye straw under temperatures
from 160° to 240°C. Their results (Fig. 17) showed that particle for-
mation took place on the surface of the raw straw fibers which is similar
to cellulose, but contrasts with the generally homogeneous distribution
of hydrochars derived from glucose. The body of raw straw maintained
its original structural scaffold due to the presence of higher temperature
resistant lignin, and the cellulose may also undergo reactions having

the characteristics of a pyrolysis-like process [64].

The same characteristics also can be observed in the SEM images
(Fig. 18) of SS and its corresponding hydrochar. Untreated SS presents a
relatively smooth surface with limited porosity. Gai et al. [167], found
that a significant amount of porous structure appeared on hydrochar
surface, and the microstructure of the hydrochar markedly differed
from the SS. This indicates that the decomposition of organic compo-
nents occurred during the HTC. Simultaneously, micrometer sized
particle dispersions with various forms such as honeycombs, fluffy
sponges, or spherically shaped particles were observed on the surface
by the SEM, and their formation was mainly attributed to the carbo-
hydrates [167].

Regarding textural characterization, pore size distribution and
specific surface area are generally used to analyze the textural changes
of hydrochar. These physical properties are critical to the soil aeration
of beneficial solid organisms when hydrochar is applied to soil [27]. To
investigate these properties, N, adsorption at 77 K and CO, adsorption
at 273K are frequently used [162,168]. Based on the N, adsorption
isotherms, the Sprr equation can deduce the specific surface area, and
micropore volume can be estimated using the Dubinin — Radushkevich
method. Furthermore, by analyzing differences between the adsorption
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Fig. 18. SEM image of sewage sludge (a) 10 um and (d) 2 pm, hydrochar (b) 10 pm, (c) 1 pm and (e) 2 pm of sewage sludge [167].

Table 5
General determination methods for structural compounds of hydrochar.

Items Hydrochar chracterization Chracterization methods
Elemental Ratio of C, H,0, N, S etc. Elemental analyzer, XPS,
composition EDS
Physical structure Morphology features SEM,TEM
Porous performance N, ads.-des,
Chemical state Surface functionality XPS, FT-IR
Aromatic structure Solid '3C NMR,
Metallic contents XRD
Degree of carbonaceous Raman

ordering and crystallinity

volume of N, at a relative pressure of 0.95 and micropore volume, the
volume of mesopores can be determined [169]. The Dubinin—Ra-
dushkevich method is also used to estimate narrow micropore volume
according to the CO, adsorption isotherms [162]. However, it is gen-
erally accepted that hydrochars have poor micro-porosity and low
surface area, and their textural characteristics and stability depend on
the feedstock and conditions used in HTC [27]. Here, we do not show
the information on the pore size distribution and specific surface area
because many reviews provide this information. Readers can refer to
some excellent specific review articles or book chapters, including
[27,29]. However, there are limited studies regarding the application of
hydrochar as soil an additive. Although the soil ecology and inhabiting
microorganisms can be altered by hydrochar addition, hydrochar can
have uncertain effects on plant biomass [170]. Adverse effects on ger-
mination and growth were attributed to the phytotoxic volatile com-
ponents contained in hydrochar [171,172]. Bargmann et al. [172]
found that compounds including guaiacol, levulinic acid, glycolic acid,
acetic acid, glycolaldehyde dimer, and catechol had a negative impact
on cress seed growth. Fang et al. [173] found that the washed hydro-
chars made from plant biomass showed no significant influence on the
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seed germination rate of brown top millet; however, hydrochar from
low temperatures (200 °C) have some effect on the root development of
seedlings not seen in hydrochar from higher temperatures (250 and
300 °C). The phenomenon were attributed to unknown factors, such as
the reduction of volatile matter and water insoluble-compounds at high
temperatures. Additionally, a decrease in plant available N caused by
nitrogen immobilization was also suggested as a possible cause [174].
Similarly, Bargmann et al. [175] showed that hydrochar reduced the
mineral N in soil; however, the hydrochar aging process was beneficial
to reduce the negative effects and nitrogen immobilization. Hence, it
can be concluded that appropriate pre-treatments such as washing or
storage to remove the phytotoxic volatile components are also neces-
sary. However, to date, a systematic study on the textural character-
istics and the application of hydrochar to soil are not fully understood;
extensive work needs to be done in this field. Based on previous studies
and reviews, the general determination methods of the structural
compounds of hydrochar are summarized in Table 5.

5. Energy balance

The HTC process has the capability to convert biomass waste into
lignite-like solid fuel; hence, it is necessary to provide an assessment of
the energy balances of the HTC process. Many studies have reported
that HTC is an exothermic process [17,176]. To maximize the energy
yield, it is necessary to recover the released energy and hydrochar can
usually be consumed directly as a solid fuel or through blend-com-
bustion with coal [177]. Danso-Boateng et al. [176] studied the HTC
process energetics using human fecal waste and stated that the effi-
ciency of recycled energy could be affected by changing the feedstock
containing solids 15-25%. Furthermore, energy recovered from
flashing off steam and hydrochar combustion were sufficient for the
entire HTC process, including drying off the moisture within hydrochar
without using external energy. Thus, biomass with a high moisture
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Fig. 20. A concise summary of hydrochar formation ways from N-rich or N-free content biomass.

content may be not sustained by the energy recovery from the HTC
process. Zhai et al. [178] estimated the energy balance during HTC of
lignocellulosic biomass and SS blends, and indicated that the energy
recovery rate followed the species of lignocellulosic biomass in the
order corncob > cornstalk > sawdust > rape straw, and an SS/corncob
blend at 300 °C with a 60 min residence time was suggested as the best
condition to produce hydrochar with an energy recovery rate of ap-
proximately 71.60%. Zhao et al. [12] evaluated the energy balance of
HTC of SS at 200 °C with a 30 min residence time and found that ap-
proximately 47.6% of the energy derived from hydrochar combustion
could be recovered as heat or power, while the remaining 52.4% was
sufficient for running the HTC, mechanical dewatering, and the drying
process. A typical energy balance for HTC producing hydrochar as solid
fuel is illustrated in Fig. 19 [12]. The energy efficiency of HTC was also
compared with the conventional thermal drying process, which re-
quires additional fuel at the rate of 5.3 MJ for 1t of sludge (85.94%
water content). Thus, it can be concluded that the energy recovery and
balance during HTC depends on the feedstock and hydrothermal con-
ditions, such as initial moisture and operating processes. Understanding
the energy balance of HTC also provides a reference for economic
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investments and commercial applications. Wirth et al. [179] estimated
the influence of plant capacity, feedstock choice, and supply logistics on
production, and suggested that biomass supply is the dominant cost as
opposed to transformation cost. Furthermore, Reza et al. [26] indicated
that the total capital investment during HTC depended mainly on the
plant capacity and feedstock, while waste biomass like SS and muni-
cipal organic waste were attractive because additional revenues could
generated if facilities were paid to take the resource [26]. Recently, a
commercial demonstration of HTC using non-segregated MSW for solid
fuel production was established in Indonesia [180]. Researchers esti-
mated the energy balances and suggested that hydrochar prepared at
220 °C with a residence time of 30 min producing 15% hydrochar, were
sufficient to supply energy requirements, while the running costs of
HTC were low [180]. In spite of these findings, the industrialization and
large-scale application of HTC still faces challenges, and further re-
search and evaluation are vital to establish HTC as an environmentally
sustainable utilization of waste biomass.
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6. Conclusions

In this review, the hydrothermal variables that play a critical role in
hydrochar formation were investigated, and details of the physico-
chemical analysis including proximate analysis or ultimate analysis,
surface functional groups, aromatic structure and morphological char-
acteristics were also reviewed. The formation mechanism of hydrochar
during the HTC process of two representative biomass sources, lig-
nocellulose and sludge (N-free and N-rich biomass sources, respec-
tively) was investigated for single composition conversion and real
biomass, as shown in Fig. 20.

The literature reviewed in this study indicates the significant dif-
ferences in the characteristics of hydrochar under various parameters.
Hydrochar products differ based on the origin biomass and hydro-
thermal variables. An increase in hydrothermal severity (temperature
and/or residence time) leads to the generation of hydrochar with higher
condensed carbon through the removal of H and O in a coalification-
like process. The components of raw biomass go through various de-
gradation processes during HTC; however, intermediate chemicals de-
rived from biomass in subcritical water, and a combination of so-
lid—solid conversion are regarded as the major hydrochar formation
mechanisms. The major components of waste biomass were highlighted
for a better understanding of the underlying reactions, and the inter-
actions of the components in real biomass conversion during the de-
gradation process. The N- rich biomass (containing protein) introduced
N into the hydrochar, which evolved into a more stable form and was
incorporated into the hydrochar structure in a nitrogen-containing
aromatic network (pyridinic-N and quaternary-N) as the hydrothermal
severity increased. The surface chemistry of the hydrochar exhibited
increasingly stable aromatic structures containing a mixture of aliphatic
carbons with oxygen functional groups. The basic hydrochar structure
is generally accepted to be comprised of an aromatic network combined
with furanoic compounds connected via aliphatic bridges. However, the
formation of the structure is dependent on both the hydrothermal
conditions, which determine whether the pyrolysis-like process or in-
termediate polycondensation reaction pathway dominates, and the raw
feedstock (N-rich or N-free). Based on our discussion on hydrochar
production, formation mechanisms, and structural or morphological
explorations, the crucial properties of hydrochar can be better under-
stood.

7. Future perspectives

According to the literature summarized in this review, progress has
already been made towards understanding hydrothermal conversion,
hydrochar formation mechanisms, and hydrochar characteristics. In all
cases, hydrochar was a sustainable alternative for the utilization of high
moisture waste biomass. However, scientific and technological chal-
lenges remain before the chemical mechanisms behind the hydro-
thermal conversion of biomass and hydrochar structure can be fully
understood. This data is vital to facilitate more extensive production
and applications of hydrochar. Several research gaps are detailed as
follows:

(1) A larger range of organic substances contained in waste biomass,
including carbohydrates, proteins, lipids, and polyphenols require
investigation to determine their conversion mechanisms during
HTC. Research efforts need to address the heterogeneity of raw
biomass to determine the multiple influences caused by such a great
diversity of components. On the other hand, further studies are
needed to analyze the effect of large variations in raw biomass; both
on hydrochar production and degradation behaviors.

(2) Temperature was identified as a critical parameter governing the
characteristics of hydrochar. In addition to the hydrothermal con-
ditions reviewed in this paper, more variables require considera-
tion; for example, the heating rate, particle size, concentration of
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substrate, packing ratio, catalysis addition, and liquid quality.
Detailed parameters should be developed for the specific char-
acteristics of hydrochar based on these variables. These data would
aid in improving conversion efficiency and provide reference data
for industrial scale design and production, particularly because
industrial scale production faces challenges with respect to high
pressures, solid-liquid separation heat transfer and recovery, and
water recirculation. It is necessary to develop reaction models to
analyze these process parameters to evaluate their influence in both
lab-scale and industrial-scale experiments.

(3) While the HTC of biomass can be successfully utilized for the con-
version of biomass to hydrochar, literature on the detailed forma-
tion mechanisms of hydrochar remain unclear and are confined to
the degradation of pure chemicals. Hence, further research is
needed to elucidate the mechanisms of hydrochar formation from
complex biomass In particular, the conversion mechanisms of N-
rich biomass are not yet fully understood. Furthermore, the pre-
sence of inorganic species in biomass, including K, Ca, Na, Mg, and
heavy metals can also alter the formation behavior of hydrochar.
The elucidation of these mechanisms will help to control the pro-
duction, composition, and characteristics of hydrochar.

(4) In spite of a large number of studies on the hydrochar these years,
the liquid and gas product receive limited concern and these by-
products containing intermediate products need more detail ana-
lysis for better understanding the hydrothermal conversion process
in relation to the hydrochar formation and this shows equal im-
portance for the theoretical basis. In addition, post-treatment pro-
cess is essential to HTC process water and hydrochar for the re-
covery of nutrient substance such as N, P. Qualitatively and
quantificationally work need to be promoted for the distribution,
transformation mechanism and recovery, and future efforts should
take relevant analysis and treatment into more account.
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