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Abstract

Sustainable biorefinery depends on the development of efficient processes to convert locally
abundant, energy-rich renewable biomass into fuels, chemicals, and materials. Hydrothermal
processing has emerged as an attractive approach for wet biomass conversion with less
environmental burden. Although considerable efforts have been made in sustainable
biorefinery by unitizing innovative technologies at a laboratory scale, its scaling-up is still
impeded by the biomass heterogeneity. This article critically reviews the recent advances in
hydrothermal carbonization and liquefaction technologies for the sustainable production of
hydrochar and aromatics from different biomass wastes. Three main aspects, including
lignocellulose-/lignin-rich feedstock, operating conditions, and design of liquid/solid catalysts,
are critically reviewed and discussed to understand the reaction mechanisms and system
designs for increasing the yields of aromatics and improving the properties of hydrochar. The
latest knowledge and technological advances demonstrate the importance of identifying the
physical and chemical properties of feedstock. The science-informed design of hydrothermal
technology and optimization of operational parameters with reference to the biomass properties
are crucial for the selective production of value-added chemicals and multifunctional hydrochar.
This review identifies current limitations and offers original perspectives for advancing
hydrothermal processing of biomass towards carbon-efficient resource utilization and circular

economy in future applications.

Keywords
Biomass valorization; Lignocellulose; Sustainable biorefinery; Platform chemicals, Waste

management; Engineered biochar/hydrochar.
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Abbreviation

HTC: hydrothermal carbonization

HTL: hydrothermal liquefaction

HTG: hydrothermal gasification

GHG: greenhouse gas

HMEF: hydroxymethylfurfural

HHYV: higher heating value

H: p-hydroxyphenyl

G: guaiacyl

S: syringyl

pCA: p-coumarate

FA: ferulic acid

HDO: hydrodeoxygenation

XPS: X-ray photoelectron spectroscopy

FTIR: Fourier transform infrared spectrometer
NMR: nuclear magnetic resonance spectroscopy
LC-MS: liquid chromatography-mass spectrometry

GC-MS: gas chromatography-mass spectrometry

1. Introduction
Developing sustainable production of fuels, materials, and valuable chemicals from

renewable feedstock have received considerable attention due to the rapid transition from fossil



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

fuel [1]. Biomass is a renewable organic material including wood, wood processing waste, yard
and garden waste, energy crop, algae, and municipal solid waste, etc. [2]. Lignocellulosic
biomass, such as woody waste and agricultural residues, is the most abundant resource with an
estimated annual global production of approximately 170 billion tons, and the utilization of
these renewable resources ensures a more sustainable society [3]. In terms of environmental
protection, using lignocellulosic biomass could effectively abate greenhouse gases (GHGs)
emissions, contributing to the mitigation of climate change by carbon sequestration [4].
Lignocellulosic biomass mainly consists of cellulose, hemicellulose, lignin, and extracts [5].
Most of the frontier biofuel production strategies focused on the conversion of hemicellulose
and cellulose [6, 7]. These precursors are the promising sources for producing lignocellulose-
derived sugars and valuable chemicals such as bioethanol, hydroxymethylfurfural (HMF),
furfural, and levulinic acid [8-12]. Nowadays, large amounts of lignocellulosic biomass are
processed in the pulp and paper industry which generates around 150-180 million tons of
technical lignin as industrial byproduct every year [13]. Lignin is one of the most abundant
sources of sustainable aromatics on the planet, but it is generally underutilized in these
cellulosic projects and mostly burned as fuel due to the challenges associated with its
recalcitrance and inherent heterogeneity [14, 15]. The variability of biomass composition
would result in products with different physicochemical properties and energy values. The
societal drive for a sustainable future highlights the recognition of lignin depolymerization into
aromatics (e.g., aromatic monomers, dimers, and low-molecular-weight oligomers), which
could improve the overall economic feasibility and sustainability metrics of biorefinery [16-

18]. To achieve sustainable production, not only the biomass feedstock but also the process

4
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conditions should be carefully designed and tuned to obtain the desirable products.
Lignocellulosic biomass, though abundant in reserve for bioenergy production, has its own
drawbacks due to high moisture, bulk volume, and low heating value [19, 20]. Hydrothermal
processing is an effective and advanced technology that can directly convert carbon-rich
feedstock without prior drying step. This process is endothermic and usually carried out under
subcritical or supercritical water conditions, where the feedstock is fractionated into valuable
constituents through hydrolysis, depolymerization, and condensation [21]. Water is one of the
greenest solvents, and it can simultaneously act as a reactant and a suitable medium for acid-
catalyzed reactions to break down the biomass into small fractions by the high concentration
of H' ions generated from subcritical water [21, 22]. Hydrothermal carbonization (HTC),
hydrothermal liquefaction (HTL), and hydrothermal gasification (HTG) are involved in the
processes for the selective production of carbonized solids (i.e., hydrochar), liquid bio-oils, and
fuel gases depending on the operating temperatures [23, 24]. HTC is conducted at temperatures
between 180 °C and 250 °C and produces hydrochar with properties similar to brown coal [25,
26]. The cellulose and hemicellulose fractions of lignocellulosic biomass can be largely
degraded into monomeric chains during the HTC process, whereas the lignin component is
mildly modified because of its recalcitrance. With increasing reaction temperatures, the lignin-
rich solid residues could be completely converted into liquid biofuel during the HTL process
at 250-370°C and be gasified during the HTG process (370-750°C) [27-29]. Thus, these routes
could realize various design of products with pre-defined properties and whole-biomass

valorization by an integrated process.
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Fig. 1. Number of publications related to (a) hydrothermal technologies and (b) hydrochar
and aromatics from 2011 to 2020 (according to Web of Science™).

By far, HTC and HTL have been particularly popular for the processing of biomass into
value-added products at low to intermediate temperatures, e.g., sustainable carbon-rich
materials produced by HTC process, high selective production of aromatic monomers from
HTL of lignin-rich feedstock, and novel catalytic approaches for HTL of algae towards biofuel
production [30-33]. The number of publications related to hydrothermal processes between
2011 and 2020 (according to Web of Science™) is shown in Fig. 1a. In particular, the interest
in the production of hydrochar and aromatics has significantly increased because hydrochar
can be a source of low-cost fuel energy replacing fossil fuels and lignin-rich feedstock offers
significant valorization potential beyond its heating value for lignocellulose refining (Fig. 1b).

Hydrothermal processing of lignocellulose-/lignin-rich feedstock presents an economically

6
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attractive and environmentally friendly approach for sustainable biorefinery. However, several
fundamental and technical questions related to the variability in biomass, operating parameters,
and efficient catalysis need to be addressed in the hydrothermal processing of biomass into
desired products and commercialization of biofuels and bioproducts [34].

An overview of hydrothermal processing and its fundamentals as well as crucial issues of
hydrothermal conversion have been discussed above and reviewed in previous studies [23, 24,
31]. With regard to different hydrothermal routes, it is even more important to critically review
the advantages and challenges faced in the selective production of target products (e.g.,
hydrochar and aromatics), because the chemical conversion reactions and physical/chemical
challenges will differ when treating various types of biomass feedstock. HTC process is the
main subject of biorefinery research for producing solid hydrochar with different structures and
properties [35, 36]. The key factors including reaction temperature, time, pressure, loading ratio,
and use of catalyst can directly alter the reaction pathways and modify hydrochar for different
applications [20]. Hydrochar with a high energy density can be applied for energy storage while
it can also serve as a sustainable carbon material for environmental remediation and catalysis
[37-39]. HTL of lignin-rich feedstock can produce aromatic products with properties similar to
petroleum-derived counterparts. The influences of operating parameters on the selective
conversion of lignin have been widely studied to provide practical guidance, metrics, and
methods [40, 41]. Recent studies have highlighted that the selective production of targeted
aromatics would be determined by the inherent properties of lignin-rich feedstock [42-44].
Traditionally, most studies focus on the optimization of reaction parameters to tune the yields

and qualities of biofuel and bioproducts. Nevertheless, the critical impacts of feedstock
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properties are often overlooked, which should be considered at the earliest stage to achieve
high-efficiency conversion. In-depth understanding with advanced analysis of feedstock
variability is essential for developing better production methods and understanding multiple
reaction mechanisms involved in the hydrothermal processes. In this case, extensive efforts are
still required to identify the correlations and interactions among feedstock properties and
targeted products.

We review the HTC of lignocellulose and HTL of lignin-rich feedstock for tailoring the
selective production of multifunctional hydrochar and aromatics with the aim to provide a
holistic and critical view on how the biomass variability, operational parameters, and catalyst
fundamentally affect its valorization. The key contributions of this work are to: (a) present the
important inherent properties of lignocellulosic biomass and physiochemical properties of their
derived hydrochar/aromatics; (b) evaluate the critical impacts of feedstock characteristics,
operating parameters, and use of catalysts on the yield and selective production of target
products; (c) illustrate the reaction mechanisms during the HTC and HTL processes when using
different lignocellulose-/lignin-rich feedstock with the optimized reaction parameters; (d)
identify the current limitations related to the scale-up of hydrothermal processes and provide
guidelines for sustainable biorefinery towards resource-efficient utilization in the future.

2. Lignocellulosic biomass and hydrothermal process

This section briefly summarizes the typical characteristics of lignocellulosic biomass and
key factors involved in HTC and HTL processes for the production of hydrochar and aromatics.
2.1. Composition of lignocellulosic biomass

Lignocellulosic biomass, such as grass, agricultural fibers, and wood-based residues, is a

8
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promising alternative source for biorefinery due to its surplus availability and cost -
effectiveness [45-47]. The major components of lignocellulosic biomass are cellulose,
hemicellulose, lignin, and extractives (proteins and inorganic compounds) [5]. Cellulose is the
most abundant polysaccharide in nature (making up 40-50% of dry weight of lignocellulose),
mainly consisting of D-glucopyranose units linked by B-glycosidic bonds, as shown in Fig. 2
[48, 49]. Hemicellulose is an amorphous biopolymer consisting of pentoses and hexoses other
than glucose, accounting for 30-50% of lignocellulose [50, 51]. Lignin (10-30%) is an
amorphous tridimensional polymer mainly composed of three types of building blocks: p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units [52, 53]. These monolignols are linked
through several types of C-O (e.g., B-O-4, a-O-4, and 4-0O-5) and C-C (e.g., B-B, B-5, and 5-5)
bonds during lignin biosynthesis [54]. In its native state, labile B-O-4 linkage is the most
abundant and its cleavage shares the potential of producing aromatic monomer with a high
yield. In addition, the extractives such as proteins and inorganic compounds are also present in
small amounts [55].

Lignocellulosic biomass Hydrothermal process
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Fig. 2. Structural formula of lignocellulosic biomass and key factors in hydrothermal processes.

Chemical composition analysis of various lignocelluloses is a tool to explain the feedstock
variability. Table 1 highlights the relative amounts of cellulose, hemicellulose, and lignin in
several typical lignocellulosic biomass [56-58]. Cellulose and hemicellulose are particularly
abundant in the grass biomass. Woody and nutshell wastes contain high contents of lignin that,
for example, makes up 43.9% of dry weight of walnut shell. Biomass variability results in
different chemical and physical properties, such as elemental compositions, higher heating
value (HHV), contents of fixed carbon and volatile matter. Downstream conversion needs to

consider these properties to take full advantage of biomass resources.

Table 1. Chemical compositions of the typical biomass [50-52].

Feedstock Cellulose Hemicellulose Lignin
Hardwood Poplar 42.1% 37.3% 24.8%
Birch 41.7% 34.7% 21.9%
Oak 40.4% 35.9% 24.1%
Eucalyptus 39.0% 24.0% 29.0%
Softwood Pine 42.1% 31.4% 20.4%
Spruce 34.4% 29.8% 29.9%
Grass Corn cob 33.3% 31.2% 16.2%
Corn stover 51.2% 30.7% 14.4%
Switchgrass 37.0% 26.0% 17.0%
Others Endocarps 37.0% 25.4% 32.7%
Almond shell 23.6% 27.6% 31.6%
Walnut shell 13.4% 10.4% 43.9%

2.2. Hydrothermal carbonization for hydrochar production
Biomass typically contains a relatively high content of oxygen. It is an important object to

increase the energy density of biofuel by removing oxygen from biomass via dehydration or
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decarboxylation reactions [59]. HTC is an environment-friendly technology to convert
lignocellulosic biomass to solid biofuel. This process is typically conducted at low
temperatures ranging from 180 °C to 250 °C and under 2-10 MPa, as shown in Fig. 2. Due to
the high ionization of water, the acidic and basic nature of water can accelerate the
carbonization process of biomass feedstock [21]. In general, substrates undergo hydrolysis,
dehydration, decarboxylation, repolymerization, and condensation/aromatization in the HTC
process [60, 61]. As a result, hydrochar with a high energy density can achieve comparable
properties to brown coal. Moreover, HTC also provides hydrochar as a carbon-rich material
with tunable structure through various controlled chemical processes. The advantages of HTC
process are listed in Table 2. However, technological difficulties may be encountered during
the reactions at a high solid loading rate, such as high energy consumption and rate-limiting
heat and mass transfer.

Table 2. Advantages and disadvantages of different hydrothermal processes.

Process Key Factors Advantages Disadvantages
HTC process Feedstock; Variable wet feedstock; Low heat-transfer coefficient;
Operating Mild reaction condition; Low selectivity;
parameters Multifunctional hydrochar ~ Multiple reaction pathways
HTL process Lignin structure; Moderate temperature; High pressure;
(Lignin-rich Catalytic systems;  Selective production; Solid effect of feedstock;
feedstocks) Operating Wide range of aromatic Uncontrolled condensation;
parameters products Complex products

Many studies have established practices for hydrochar production and demonstrated that
multiple types of feedstock, operation parameters, and subsequent modification or activation

can alter hydrochar properties such as HHV, surface morphology, and textural structure [62,

11
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63]. Typically, cellulose and hemicellulose undergo degradation at a considerably lower
temperature. The yields of hydrochar are lower at a higher reaction temperature due to the
enhanced hydrolysis and degradation of carbohydrate-rich feedstock with a larger amount of
small fragments dissolved in the liquid phase. In contrast, the decomposition of lignin-rich
feedstock into soluble products is hindered due to higher reaction temperature required [64].
Therefore, the hydrothermal reaction conditions should be selected based on the chemical
compositions of feedstock to obtain hydrochar with desired properties.
2.3. Hydrothermal liquefaction for aromatics production

Lignin is an irregular three-dimensional biopolymer that is hardly degraded during the HTC
process. With a higher temperature, the HTL process (200-370 °C, 4-20 MPa) can convert the
lignin-rich feedstock from the solid phase to valuable bio-oils such as aromatic monomer, dimer,
and oligomer (Fig. 2) [65, 66]. The lignin-rich feedstock in the high ionization of water is
subjected to hydrolysis and depolymerization via the selective cleavage of B-O-4 linkages into
small fragments in the presence of catalysts [67, 68]. Water properties differ at different
temperatures and influence the HTL process. Specifically, H* and OH" derived from water
dissociation at high temperatures can act as the homogeneous acid/base catalysts, whereas the
solubility of solid substrate reduces due to the decrease in water density [21, 69]. Therefore,
the feedstock/water ratio should be optimized based on the dissolution capacity of water at
various reaction temperatures. Different from the key factors involved in HTC process (e.g.,
temperature and feedstock compositions), catalytic system is regarded as a key component
enabling lignin conversion in the HTL process, as listed in Table 2. Reductive and oxidative

approaches have been extensively studied for the selective production of desired products.

12



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

Moreover, catalytic systems with a high pressure of hydrogen or nitrogen can be explored to
further improve the production of aromatics. Nevertheless, the high-pressure requirement for
the HTL process may also present a major technical challenge for scaling up due to the safety
consideration and capital-intensive equipment requirement.

Various types of lignin feedstock (e.g., wood, agro-waste, and technical lignin) have been
widely used for producing desired aromatic products. Initial structure of lignin varies and it
can govern the selective production of targeted aromatics. Native structure of lignin can be
altered easily by harsh pretreatments that cause the cleavage of f-O-4 linkages along with the
formation of stable C-C bonds, adding to the structural complexity of lignin [68]. Typically, the
modified lignin through extraction or pretreatment exhibited a limited yield of aromatics
because the depolymerization and condensation of lignin fragments are concomitant. To
achieve efficient valorization of lignin-rich feedstock, it is essential to improve the lignin
quality with less complexity and prevent its repolymerization and formation of recalcitrant
structures. Furthermore, understanding the mechanisms of depolymerization and condensation
of lignin-derived intermediates is an effective strategy towards aromatics production with a
higher yield.

3. Hydrothermal carbonization
3.1. Biomass feedstock

Feedstock plays a significant role in the product yield, surface functional groups, textural
structure, chemical composition, and surface morphology of hydrochar. The effects of
feedstock on producing multifunctional hydrochar are reviewed in Table 3. The high content

of lignin typically leads to an increase in the yield and thermal stability of hydrochar [70, 71].
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Hydrochar derived from carbohydrate-rich feedstock has abundant hydroxyl groups and
enrichment of aromatic carbons [71]. Previous studies compared the differences in the yield
and redox capacity among Zn-loaded lignin-, cellulose-, and D-xylose-derived hydrochar. The
addition of Zn(II) could increase the redox capacity of lignin-derived hydrochar due to the
presence of phenolic hydroxyl and surface active -COOH groups [72]. These functional groups
are the essential active sites for wastewater treatment by adsorption/degradation of various
pollutants. The hydrochar surface properties are correlated to the compositions of biomass
feedstock. Hydrochar produced from spruce sawdust and wheat were more acidic than those
produced from canola straw and non-lignocellulosic feedstock [73]. The CO, released from
lignocellulosic biomass could form carbonic acid, resulting in an acidic condition during HTC
process. The depolymerization of lignin-rich feedstock could produce abundant phenol-derived
products, which may also affect the acidity of hydrochar.

Pretreatment of raw feedstock also impact the hydrochar properties. Intensive grinding of
feedstock is an effective strategy to increase the specific surface area of the resultant hydrochar,
and subsequent activation can produce a potential carbon material for high-performance
supercapacitor [62]. HTC of corn stalk before and after anaerobic digestion were employed to
investigate the influence of pretreatment on the quality of solid fuel [74]. The results showed
that anaerobic digestion activated amorphous cellulose and increased the carbon content and
HHYV of produced hydrochar, whereas the content of mineral constituents decreased due to
leaching in anaerobic digestion.

In the HTC process, cellulose, glucose, fructose, and lignin extracts, etc., could be used to

produce spherical carbon-based materials by self-assembly [75-78]. The specific structures of
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hydrochar have been applied in the preparation of catalysts or high-performance carbon-rich
materials for water purification and energy storage. HTC of enzymatic lignin at 160 °C for 12
h produced highly regular spherical aggregates via n-m interaction of lignin fragments [76],
while higher reaction temperature promoted the cleavage of $-O-4 linkages and dehydration
reaction, resulting in a decreased content of carboxyl groups. Wang et al. [79] reported glucose
as a promising carbon source that can be used to prepare hollow carbonaceous materials with
abundant active sites, which showed a superior electrochemical performance. Zhang et al. [80]
used fructose as a carbon source for the preparation of mesoporous support by using P123 and
F127 as soft templates through a hydrothermal reaction at 180 °C for 24 h. Its high specific
surface area contributed to the high dispersion of Ru-based catalysts with porous structures.
Overall, the starting feedstock is of significance for selectively producing the targeted carbon

materials with specific structures and functionalities via the HTC process.

Table 3. Effects of feedstock selection and process conditions on HTC process.

Feedstock Conditions Key Findings Ref.
Sunflower 230°C,24h, Grinding of feedstock (8000 mesh) contributed to an obvious [62]

stalk 2/40 (w/v) increase in specific surface area of the hydrochar (720 m?/g). This
material was further activated by KOH to increase its surface area
(1505 m*/g), and showed high electrochemical storage capacity for
high-performance supercapacitor.

Wood 220°C, 1 h; Lignin-rich woody biomass was used to produce activated carbon [70]

20/80 (w/v) for adsorption via the HTC process and two-step chemical

activation with KOH. The functional groups, surface area, and pore
size distribution are strongly related to the HTL process and
feedstock.

Canola 180-300 °C, Feedstock type (lignocellulosic and non-lignocellulosic feedstock) [73]

straw, 1/8 (W/v) and HTC temperature affected the elemental compositions and
Wheat biofuel properties of hydrochar. The hydrochar from
straw, lignocellulosic biomass at 240 and 300 °C had a low content of ash
Sawdust and resembled high-volatile bituminous coal.
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Lignin 300-390 °C The low surface area of lignin-derived hydrochar was activated [77]
with KOH to yield carbon-based material with a high surface area
of 3235 m?/g and pore volume of 1.77 cm?/g, which displayed a
good hydrogen uptake of 6.2 wt% at -196 °C and 2 MPa.
Kraft 240 °C,22h, Homogeneous acid catalyst (H2SO4) promoted the degradation of [64]
lignin H>SO4/FeCl,  lignin-rich biomass through the cleavage of carbon side chains and
10/100 (w/w)  B-O-4 linkages, resulting in a higher yield of solid hydrochar with
a more stable structure.
Lignin, 240 °C, 4 h, The hydrochar yields from cellulose, D-xylose, and lignin showed [72]
Cellulose, ZnSOs, an increased trend with the values of 33.9%, 36.0%, and 45.3%,
D-xylose,  10/50 (w/v) respectively. Zn(II) catalyst significantly altered the redox capacity
of lignin-derived hydrochar by inhibiting the decomposition of
phenolic hydroxyl group, which could be used for reductive
degradation of toxic organics.
Cellulose 200 °C, 48 h, Acidic Al(OTf);catalyst promoted the degradation of cellulose, and [78]
Al(OTf)s, its derived hydrochar showed a spherical morphology with a
1.5/20 (w/v) diameter of 300-600 nm.
Glucose 180 °C, 8 h, HTC of glucose produced uniform carbon nanospheres, which were  [75]
8/80 (w/v) then calcined under NH3 atmosphere and activated by CO to form
N-doped carbon nanospheres with high specific surface area (2813
m?/g) for electrocatalytic oxygen reduction.
Fructose 180 °C,24 h,  The mesoporous carbon supports were prepared by using P123 and  [80]
2/70 (w/v) F127 as the composite templates and fructose as the carbon source
via HTC process. High specific surface area of carbon-based

support provided abundant active sites for heterogeneous catalysis.

3.2. Operating conditions
3.2.1. Reaction temperature

HTC temperature is a critical factor that directly affects the hydrolysis of biomass feedstock
as well as the degradation and carbonization of newly formed intermediates for the production
of hydrochar. In general, a gradual increase in C content and a corresponding loss of H and O
contents occurred when increasing the reaction temperature through the enhanced
deoxygenation and dehydration reactions, as shown in Table 4 [25, 26, 81]. For instance,

Cuevas et al. [58] investigated the short-time HTC of olive endocarps to identify the hydrochar
16
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properties with different reaction temperatures. High HTC temperatures would facilitate free
radical generation and promote biomass degradation, whereas the yield of hydrochar decreased.
Keiller et al. [82] employed 200 °C, 230 °C, and 260 °C to investigate the changes in functional
groups and compositions of hydrochar from saltbush. At 260 °C, the decarboxylation reaction
of cellulose resulted in the loss of C=0 carbonyl groups and the formation of formic acid and
CO:o. The contents of hemicellulose, cellulose, and lignin in Saltbush declined from 21%, 24%,
and 28% to 0%, 6%, and 17%, respectively. These results confirmed that the high temperature
could effectively promote the degradation of carbohydrate-rich feedstock. By contrast, lignin
only partly hydrolyzed and a large proportion of insoluble lignin remained in hydrochar. HTC
of raw food waste (76% moisture content), containing vegetables, fruits, and staple food,
resulted in a low yield of hydrochar with only 7% at 200 °C and 5% at 300 °C [83]. The yields
of hydrochar from dried food waste ranged 44-53.1% at 160-200 °C for 5 h, with an energy

densification of 5.5-7.3 [84].

Table 4. Characterization of various biomasses and their derived hydrochar.

Feedstock Conditions C H (0] FC Ash HHV  Yield Ref.
Endocarps Raw 49.65 6.83 4268 13.06 0.71 18.78 - [58]
175°C,0-10 min 49.12 6.73 43.73 1332 0.28 20.50 97 [58]
200 °C,0-10 min 49.34 6.67 43.64 1422 0.21 20.88 85 [58]
225°C,0-10 min 51.77 6.68 4126 1823 0.2 2190 61 [58]
Corn cob Raw 43.1 5.8 44.6 17.2 4.2 17.2 - [58]
190°C,1.5h 46.7 5.5 43.9 19.2 3.7 18.1 66 [81]
250°C,1.5h 65.0 4.6 245 443 6.4 25.5 45 [81]
310°C, 1.5 h 677 45 20.9 51.6 6.3 26.6 38 [81]
370°C,1.5h 703 43 17.8 65.8 7.0 27.6 33 [81]
Corn stover Raw 4512 577 4519 17.15 3.51 17.8 - [25]
180°C, 4 h 48.05 534 4385 19.57 240 18.4 68 [25]
200 °C,4 h 50.10 526 43.85 24.18 238 19.1 62 [25]
220°C,4h 62.64 521 2895 3875 279 24.9 51 [25]

17



220°C,2h 61.21 522 30.61 29.62 258 243 56 [25]

220°C, 12 h 67.36 5.01 2426 49.78 297 268 50 [25]
Mallow Raw 449 6.02 4678 5.62 1.97 17.8 - [25]
180°C, 1 h 497 577 4272 9.5 1.40 19.7 66 [26]
200°C, 1 h 525 578 4021 1442 1.05 20.9 61 [26]
220°C, 1 h 545 567 3839 16.04 1.05 21.7 56 [26]
Canola straw  Raw 48.6 4.9 39.9 2.6 5.6 18.5 [73]
180°C,4h 532 52 32.9 10.8 8.1 21.2 61 [73]
240°C,4h 68.1 55 18.5 11.7 5.6 28.2 43 [73]
300°C,4h 720 5.1 13.9 30.3 7.2 29.6 26 [73]
Olive tree Raw 4998 6.45 37.67 26.6 3.86 212 [85]
200°C, 1 h 5543 6.15 29.78 3199 6.59 234 82 [85]
250°C, 1h 60.29 5.87 2341 38.63 797 254 66 [85]
300°C, 1h 63.39 5.01 1858 5674 997  26.0 51 [85]
350°C, 1h 6440 5.02 1588 6471 1195 26.5 39 [85]
Vineyard Raw 47.14 6.46 4325 30.2 2.0 23.9 [85]
200°C, 1 h 51.86 5.77 3850 3219 3.09 209 82 [85]
250°C,1h 58.78 5.28 30.81 4339 3.62 235 63 [85]
300°C, 1 h 65.78 422 23.05 6785 537 254 42 [85]
350°C, 1h 7235 4.03 1399 7322 791 28.4 37 [85]
Food waste Raw 39.00 7.32 47.68 1448 6.41 15.0 [83]
(76% 200°C, 1 h 62.83 7.25 2488 3034 452 2081 7 [83]
moisture) 250°C, 1 h 68.10 7.09 20.09 4541 3.11 28.89 6 [83]
300°C, 1 h 73.00 7.01 17.09 4743 221 31.00 5 [83]
Food waste Raw 520 6.9 38.1 5.0 1.8 15.1 [84]
(dried) 160 °C,5h 515 7.0 31.1 1.7 5.9 233 52 [84]
180°C,5h 614 6.6 24.6 2 0.9 29.5 44 [84]

291  Raw: biomass feedstock; Weight content of O was calculated by difference (0% = 100% - ash%
292 -C% - H% - N% - S%).

293 3.2.2. Reaction time

294 Reaction time also influences the chemical, morphological, and structural properties of
295  hydrochar. Prolonged reaction time could result in continuous hydrolysis and simultaneous

296  polymerization of degraded fragments, forming the secondary char with a complex structure.
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The increases in HHV and content of fixed carbon due to the removal of oxygen from biomass
feedstock are listed in Table 4 [26, 58, 81]. Johnson et al. [86] found that the yields of hydrochar
decreased from 55% to 35% from 3 h to 7 h while the HHV value steadily increased from
200 °C (11.4 MJ/Kg) and approximately doubled at 250 °C (24.9 MJ/Kg). Zhang et al. [25]
revealed that a longer reaction time resulted in the decrease of hydrochar yields and H/C (0.76-
1.33) and O/C (0.19-0.68) ratios due to the dehydration and decarboxylation reactions.
Regarding the effects of time on morphological properties of hydrochar, increasing the reaction
time from 4 h to 24 h could strongly destruct the initial structure of corn stover and accelerate
the formation of nanospheres and microfiber at high reaction severity. Similar results were
reported by Zhang et al. [63], in which the long reaction time obviously destroyed the fiber
structure of wheat straw and produced carbon microspheres after HTC process.
3.3. Catalyst

Various catalysts were explored to develop the multifunctional hydrochar materials by a
controlled chemical process. In general, the modification using acids such as HoSOs, H3POu,
and organic acids facilitated the establishment of high surface area and porous structure of
hydrochar [87, 88]. Acid-assisted HTC was conducted to produce functionalized carbon-based
catalysts [87], in which Kraft lignin feedstock was carbonized and sulfonated with the H2SO4
catalyst at 180 °C for 12 h. An increase in acidic groups over the surface of lignin-derived
hydrochar catalyst was detected, and these oxygenated groups were supposed as the active sites
to promote the dehydration of fructose. Xu et al. [88] reported that acids could drive the self-
assembly of F127 micelles and pentose into the stable structure and contributed to the

formation of hydrochar at a low temperature. The hydrochar yield is also affected by the
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promoted hydrolysis of feedstock with acidic catalyst. Simsir et al. [78] reported that the yields
of hydrochar from both cellulose and glucose were reduced by the addition of acidic AI(OTf)s
catalyst, while the yield increased in the presence of alkaline catalysts because of the inhibition
of secondary char formation.

Biomass loaded with different concentrations of metal salts (Fe**, Ni**, Cu**, or Zn**) have
also been explored to modify the surface and structure of hydrochar for pollutant degradation,
catalysis, and energy storage [89, 90]. Zhu et al. [91] activated the forestry waste by zinc
chloride (ZnCly) for producing hydrochar with a high porosity. The condensation of aromatics
and removal of tar were promoted in the presence of ZnCl; catalyst, and the addition of KoCO3
further broadened microporosity distribution of the resultant hydrochar. The promotional effect
of Zn** on surface groups was investigated by Ma et al. [72], who found the decline in carboxyl
groups and the increase in phenolic hydroxyl groups in the Zn-loaded hydrochar. The difference
was attributed to metal adsorption that hindered the subsequent dehydration reaction of
phenolic hydroxyl groups. Li et al. [92] reported richer oxygenated groups, higher carbon
content (up to 64%), and improved specific surface area, average pore size, and pore volume
by subsequent HCI washing that removed ZnCl, from the channels of Zn-modified bamboo
hydrochar. Xu et al. [93] similarly improved the porosity of bamboo hydrochar by the addition
of Fe2(S04)3 in the HTC process while retaining the spherical morphology. The Fe-decorated
carbon sphere could be a potential electrode material for high-performance supercapacitor
application. In addition, mineral ash as catalysts play an important role in the yield and quality
of hydrochar [94, 95]. The yield of hydrochar derived from Scenedesmus with a high ash

content is lower than that from the de-ashed feedstock, indicative of the catalytic hydrolysis of
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biomass due to ash content [95]. Nevertheless, feedstock de-ashing by acid washing could
enrich the carbon content and enhance the quality of hydrochar as a solid fuel.
3.4. Reaction pathway

Reaction pathways in the HTC process can be categorized into three steps: hydrolysis,
decomposition, and carbonization/polymerization of degraded products, as shown in Fig. 3
[96-98]. Firstly, lignocellulosic biomass is hydrolyzed to small soluble fragments and key
intermediates in the liquid phase. The solution pH value decreases due to the formation of
organic acids and phenolic chemicals. Secondly, the degraded fragments, including monomers
(e.g., glucose, xylose, S-HMF, furfural, and their derived products) and oligomers undergo
dehydration and polymerization, and the insoluble phase precipitates slowly from the liquid
phase. As a result, the hydrochar is formed through the final step of aromatization reaction
along with decarboxylation reaction. This process is adequate for hemicellulose, cellulose, and
soluble lignin. The predominant mechanism differs when using different types of feedstock
that contain variable contents of cellulose, hemicellulose, and lignin. For instance,
hemicellulose-rich feedstock has a low degree of polymerization as compared to cellulose and
lignin-rich feedstock. At low temperatures, hydrolysis of hemicellulose mainly generates xylo-
oligomers. When increasing the reaction temperature up to 180 °C, monomeric xylose and
furfural resulting from dehydration of pentoses were the key intermediates accountable for the

formation of insoluble secondary char through the polymerization reaction.
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Fig. 3. Reaction pathways of HTC process.

The mechanisms proposed for HTC processing of cellulose-rich and lignin-rich feedstock
include two pathways, i.e., soluble pathway and insoluble pathway, which depend on the
reaction temperature. In general, cellulose can be degraded into soluble fragments above 200
°C, while it is partly subjected to hydrolysis at a low temperature [99]. The soluble products
(e.g., glucose oligomers, glucose, and fructose) from cellulose subsequently undergo a series
of reactions, including isomerization, dehydration, and fragmentation into active intermediates
such as HMF and organic acids. These reactive products can be polymerized and condensed to
form the secondary char. The insoluble parts are subjected to a pyrolysis-like reaction at a low
reaction temperature [99]. As lignin is an amorphous heteropolymer with a low solubility in
water, the hydrolysis of lignin into soluble fragments (e.g., aromatic monomer, dimer and
oligomer) is the critical limiting factor for the formation of secondary char [64]. The majority
of insoluble lignin are subjected to mild dehydration and decarboxylation reactions and then
remain as the pyrolysis char [72], as shown in Fig. 3.

3.5. Properties and applications of hydrochar
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The key characteristics and possible applications of multifunctional hydrochar from HTC of
various feedstock are illustrated in Fig. 4. The proximate and ultimate analysis of hydrochar is
necessary to ensure an efficient utilization of hydrochar as a solid biofuel. The proximate
analysis includes volatile matter, ash, and fixed carbon. The O/C and H/C ratios, as well as
yields of hydrochar, can illustrate the degree of carbonization of biomass feedstock with
variable reaction severities. Typically, Van Krevelen diagram that is used to illustrate the H/C
and O/C ratios can indicate the degree of dehydration and decarboxylation reactions and
provide a direct comparison between raw feedstock and its derived hydrochar [100, 101], which
is exemplified in Fig. Sa. The HHV is directly related to the contents of C, O, N, S, and ash
[60]. Increasing reaction severity usually results in a higher percentage of fixed carbon and a

decrease in the contents of ash and O, thus improving the HHV of hydrochar.

¢ Functional  Fixed H
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Feedstock pere area structure group carbon value

Lignocellulosic biomass:
Wood, Corn stover, 1. Solid hydrochar as biofuel
Corn cob, Shell, 2. Modified hydrochar as carbon-rich materials:
Food waste Porous materials; Hybrid carbon materials;
N-doped carbon materials

HTC proce
Pure chemical:
Cellulose, Temperature
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Lignin, ]
D-xylose, Catalyst
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1. Chemical activation with bases/acids
2. Physical activation with soft/hard templates
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Fig. 4. HTC of various feedstock to produce multifunctional hydrochar.

Advanced structure analysis enables a comprehensive understanding of hydrochar properties
after different treatments. The physicochemical changes are often assayed by using FTIR,

NMR, and XPS (Fig. Sb-e) [102-104]. FTIR is widely used to identify the surface functional
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groups (e.g., C=C bonds, -OCH3s, and -OH groups) and reveal the evolution of structural
characteristics under different HTC conditions [105]. NMR is employed to provide valuable
quantitative data for surface functionality analysis [106], and 2D NMR provides detailed
information about the intermolecular linkages and aromatic structures existing in the complex
lignin feedstock [107, 108]. XPS reveals the chemical environment of hydrochar surface. Two
prominent peaks in C (Cls) and O (Ols) are usually investigated in XPS spectra to determine
the functional groups on the hydrochar surface [109]. The surface morphology and textural
properties of hydrochar are significantly affected by biomass feedstock and carbonization
temperature. The morphology changes and structural evolutions are generally evaluated by
SEM and BET analyses for the specific surface area and pore size distribution. The above
physicochemical properties provide fundamental information of the material characteristics for

the rational design of the multi-functionality of hydrochar.

30

siphatic CH, ¢ o B
oH s -0 o0«
iV 330°Cc 0N Y

Decarboxylation a

’
% @ Dehydration  Demethanatic

7
z
g
t £
215 ‘o s
z 4 2
2
104 3¢ g
f
0.5 g
=
0.0 ¥ ¥ 4 ¥ * T T T T v v
000 025 050 075 100 125 150 4000 3500 3000 2500 2000 1500 1000 500
orc Wavenumber (cm™)

Aromatic C d

100 200 300 400 500 600 700 800 200 160 120 80 40 0
Temperature (°C) Chemical shift (ppm)
e H-3 H-4 H-5
Cis (1) c1s (1) cis ()
C‘S{%) Cis (g) Cis ({)
C1s () c1s @) \ C1s Q)
C1g @)~ Cps (4) > Cip ()7

200 288 286 284 282200 _ 288 286 284 282200 288 286 284 282
Binding Energy (eV)

Fig. 5. (a) H/C and O/C atomic ratios in Van Krevelen diagram, (b) FTIR spectra, (c)

24



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

thermograms, (d) solid-state '*C NMR spectra, and (e) XPS spectra of hydrochar [100, 101].

However, the low surface area and underdeveloped porosity of hydrochar may hinder its
diverse utilization. To address this limitation, a range of strategies have been investigated for
improving its physicochemical properties and morphologies, such as the incorporation of
heteroatom, hierarchical porosity customization, and introduction of surface defects to expand
their applications [110-112]. For example, a two-stage HTC and chemical activation
technology method was applied to prepare activated hydrochar with large surface areas and
enriched pore structures [113]. Chemical activation with acids, bases, and metal salts was
explored to increase the surface area and porosity of hydrochar. Activation using KOH was
conducive to establishing pore structures, exposing more active sites and oxygen-containing
functional groups, and boosting the potential application of hydrochar in energy storage,
pollutant adsorption, and catalysis, as listed in Table 5. For instance, activation of lignin-
derived hydrochar by KOH could generate carbon-based materials with a high surface area up
to 3235 m?*/g that served as a superior sorbent for hydrogen storage [77]. The high content of
undegraded lignin made hydrochar richer in oxygenated functional groups that could be the
active sites for pollutant adsorption and degradation [70].

Furthermore, physical activation by using CO; or the use of soft template can effectively
enlarge the pore size of hydrochar [75, 114]. The CO: activation of hydrochar can also
significantly increase the specific surface area due to the carbon loss by incomplete
carbonization process (C + CO, — 2CO) [75]. In the latest studies, heteroatom doping has
been a major research subject to improve the physiochemical properties of hydrochar [115].

Nitrogen-doped carbon materials showed a remarkable performance in many applications such
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as pollutant adsorption, gas storage/separation, and catalytic reaction [39, 115]. The blending
of lignocellulosic biomass with nitrogen-rich materials (e.g., protein, urea, Spirulina) in the
HTC process can effectively improve the nitrogen doping level and introduce structural
nitrogen into the resultant hydrochar [111, 112]. Besides, food waste and yard waste could be
mixed in the HTC process for the solid biofuel production, and the HHV increased to 27.6
MlJ/kg at 220 °C for 1 h [116]. Microwave-assisted HTC of corn stalk at 230 °C also produced

solid biofuel with a high energy density [117]. Overall, modification/activation approaches are

critical to improve the performance of hydrochar-based carbon materials.

Table 5. Modification and application of hydrochar.

Modification approaches Properties Applications Ref.

Chemical activation by KOH High specific surface area High-performance [62]
supercapacitor

Co-HTC of lignin with protein Hierarchical pore structure; High-performance [112]

and chemical activation by High specific surface area; supercapacitor

KOH Nitrogen doping

Physical activation by CO, and  High specific surface area; Electrocatalytic oxygen [75]

modification by NH3 Nitrogen doping reduction

Physical activation and use of High specific surface area; Ru-loaded carbon catalyst  [114]

soft template (P123 and F127) Porous structure for xylose conversion

H>SO4-catalyzed HTC Acidic groups Meatal-free catalyst for [87]
fructose conversion

Impregnation of Al on Al-hydrochar with Al-hydrochar catalyst for [115]

hydrochar oxygenated functional group  glucose isomerization

Co-HTC of leaves and Spirulina  High specific surface area; CO; adsorption [111]

and activation by ZnCl,/CO>

Nitrogen doping;

Ultra-micropores
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Chemical activation by KOH
Co-HTC of food waste with
yard waste
Microwave-assisted HTC
Urea-assisted HTC and

chemical activation by KOH

Acid-catalyzed HTC

Zn(Il)-catalyzed HTC

High specific surface area
High energy density;

High mass density

High energy density

High specific surface area;
Porous structure;
Nitrogen doping
Oxygen-rich functional
groups

Oxygenated functional

groups

Gas storage

Solid biofuel

Solid biofuel

Pollutant adsorption

Organics adsorption

Organics degradation

[77]

[116]

[117]

[39]

[110]

[72]

4. Hydrothermal liquefaction

For the HTL process of lignin-rich feedstock, selective production of aromatics depends on
the lignin source, specific reaction parameters, and catalysts used. The key factors involved in
lignin pretreatment are the biomass source and the pretreatment conditions that influence the
initial structure of lignin and govern its subsequent conversion. The lignin structure and
catalytic systems are the vital factors in the HTL process (Fig. 6). We first discuss the lignin
feedstock and its importance for the selective production, as well as the associated implications

for scale-up process. We then discuss the operating parameters and various catalysts developed

for the HTL process of lignin to specific aromatics.
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Fig. 6. HTL of lignin-rich feedstock for production of aromatics.

4.1. Feedstock
4.1.1. Native lignin in lignocellulosic biomass

Lignocellulosic biomass and lignin extract involved in the HTL process are reviewed for the
aromatics production (Table 6). Reductive catalytic fractionation (RCF) has been explored for
the conversion of native lignin in lignocellulose, and the well-preserved carbohydrates are
suitable for further processing [118, 119]. High degree of delignification and high yields of
aromatic monomers could be achieved in RCF of lignocellulosic biomass [120]. However, this
strategy also resulted in the degradation or modification of carbohydrates, posing a
fundamental challenge in selective conversion process. The biomass variability adds to the
problems associated with structural complexity of lignin and its derived products. Various
analyses such as element analysis, FTIR, 2D NMR, and SEM have been used to characterize
the chemical, morphological, and structural properties of lignin sources. Specially, 2D HSQC
NMR is used to elucidate the initial structure of lignin in terms of S:G:H ratio and interunit

linkage distribution. Gel permeation chromatography can be used to analyze the molecular

28



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

weight distribution of lignin feedstock and its derived bio-oil. With the improved understanding
of complex characteristics of lignin, it has been recognized in recent studies that its structure
differs markedly owing to different biomass sources and pretreatment methods.

Lignin derived from softwood, hardwood, and grass possess different contents of S, G, and
H units that are typically cross-linked through C-O and C-C bonds [43], as shown in Fig. 7.
The S/G-rich lignin in hardwood is rich in -O-4 linkage that is related to high-yield production
of aromatic monomers [68]. Lignin in grass is mainly composed of S-G-H-type units, whereas
lignin in softwood is mainly composed of G units that often lead to the formation of stable -
and 5-5 linkages [121]. Because of the high content of G units, softwood lignin can be a
potential feedstock for high selective production of G-type aromatics. Vanillin, as a building
block for the chemical industry, has been produced from the oxidative conversion of softwood
by using alkaline catalysts [122, 123]. With the recent development, monolignol p-coumarate
(pCA) and ferulic acid (FA) moieties that are cross-linking agents between carbohydrates and
lignin were detected in the fast-growing biomass, such as corn stalk and wheat straw [124-126].
Due to its unique structure, several studies investigated the reactivity of pCA for the selective
production of target aromatics [127, 128]. Lignin source is a crucial factor determining the
native structures of lignin and the properties of resulting products. It is essential to scrutinize
the structural variability of lignin feedstock and elucidate the key characteristics of lignin

sources, B-O-4 linkage, and S:G:H ratio for designing an effective biorefinery strategy.

Table 6. Experimental investigation on the HTL of various lignin-rich feedstock.

Feedstock Conditions  Catalyst Key Findings Ref.
Pine 160 °C, NaOH Baes-catalyzed oxidation: Oxidative [121]
1h, conversion of wvarious lignocelluloses
1 MPa O, (e.g., pine, eucalyptus, grass, and bagasse
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Alkaline

lignin

Kraft

lignin

Organosolv

lignin

Bagasse
lignin

Alkali

lignin

Dealkaline

lignin

Birch lignin

250 °C,
1 h,
N>

200 °C,
30 min,
1.5 MPa O,

300 °C,
80 min,
9 MPa

260 °C,
15 min,
N2

160 °C,
7 min,
1 MPa 02

250 °C,
30 min,
0.7 MPa N,

250 °C,
20 h,

Solid bases

NaOH

NaOH

Acidic ionic
liquid

NaOH,

CuSOq4

Solid acids

Ru/Nb,Os

waste) could produce both aromatics and
cellulose. Pine gave a high yield of
vanillin (21.1 wt%) and low-molecular
oligo-phenolics (56.7%).
Base-catalyzed reaction: Reaction
temperature, time, and pressure could
affect HTL of alkaline lignin over various
solid bases. A high yield of low-
molecular-weight products was obtained
over basic NaX catalyst at 250 °C for 1 h.
Baes-catalyzed oxidation: The yields of
organic acids and the contents of
phenolic monomers, dimers, and trimers
(<1 kDa) increased with the increase in
oxygen pressure and temperature.

HTL of

different organosolv lignin from olive

Baes-catalyzed oxidation:

tree was investigated. Acetosolv lignin
gave the highest yield of bio-oil (18.48

wt%), while formosolv lignin enabled a

high yield of phenolic monomers
(28.2%) in the bio-oil.

Acid-catalyzed reaction: HTL of
sugarcane  bagasse  lignin  using

[C4HsSOsHmim]HSO4 achieved 65% of
delignification and yielded 13.5% of
aromatic monomers, including phenol,
guaiacol, and 4-ethylphenol.

Oxidation: The cleavage of C-O and C-
C bonds in lignin was promoted in the
presence of Cu?" to yield aromatic
aldehydes and ketones. At high pH,
depolymerization and condensation
reactions occurred simultaneously and
shared the reactive intermediates.
Reduction: HTL process with various
solid acid catalysts could convert
different types of lignins into aromatic
monomers under an inert atmosphere.
Depolymerization of dealkaline lignin
over the SiO>-Al,O3 catalyst achieved a
high yield of phenolic monomers (60%).
Reduction: HTL of lignin over a

Ru/Nb,Os catalyst produced a high yield

[129]

[130]

[131]

[132]

[133]

[65]

[134]
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485  Fig. 7. Lignin structures in softwood, hardwood, and softwood [43].

486  4.1.2. Lignin extracts

487 Selective lignin extraction from initial lignocelluloses could produce high-purity lignin
488  extracts. Wide-ranging pretreatments have been developed by using acids, bases, and organic
489  solvents. The harsh pretreatment can alter the H/G/S ratios and reduce the degree of
490  polymerization in order to remove lignin from biomass [53]. Studies on lignin extraction have
491  demonstrated that the lignin extracts containing variable aromatic rings and side chains are
492 more complex than their original structures [69, 135]. By far, the most common extraction
493  approaches are organosolv methods that employ an organic solvent for delignification.
494  Organosolv pretreatment can liberate lignin from biomass by cleaving ether and ester bonds
495  and forming C-OH groups with a mildly modified structure of lignin [136, 137]. Typical

496  thermal pretreatments such as hydrothermal liquefaction and steam explosion focus on the
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production of monomeric carbohydrates and lead to the formation of more recalcitrant lignin
polymer. High-severity conditions using a strong acid/base similarly result in undesirable
condensation of lignin, and the recovered low-quality lignin is not suitable for subsequent
depolymerization. For example, Kraft lignin subjected to alkaline pretreatment in the pulp and
paper industry typically possesses a lower content of B-O-4 linkages but high contents of C-C
bonds and phenolic hydroxyl groups due to the cleavage of C-O bonds [69]. This process makes
the lignin recalcitrant for subsequent conversion. The microwave-assisted HTL of Kraft lignin
also gave low yields of aromatic monomers and bio-oils [53].
4.2. Operating conditions
4.2.1. Operating parameters in reductive systems

High oxygen content is one of the most significant barriers to biomass conversion into ideal
liquid biofuel. Hydrodeoxygenation (HDO) reaction can produce de-functional aromatics such
as arenes and phenolics from the lignin-rich feedstock. However, high-severity conditions
simultaneously facilitate the production of cycloalkanes through HDO reaction [80, 134, 138].
Shao et al. [134] explored the selective production of arenes via HDO of lignin over a
Ru/Nb2Os catalyst at 250 °C for 10 h. Four phenolic monomers (total G-/S-type monomer
yields of 7.7 wt%) were obtained together with arenes and cycloalkane-based hydrocarbons
(total yields of 9.7 wt%). Hydrocarbon yields of 35.5 wt% with a selectivity of 71 wt% for
arenes was obtained after 20 h. This study suggested that birch lignin could be firstly
depolymerized to phenolic monomers via the cleavage of B-O-4 linkages, and the formed
phenolic monomers were sequentially converted to arenes and cycloalkanes by HDO over the

Ru/Nb2Os catalyst. The promotional effect of high reaction temperatures on the cleavage of
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Caromatic-OH bonds over the Ru/Nb,Os catalyst was also demonstrated by using lignin model
compounds.

Various reaction conditions were optimized by Liu et al. [120] through RCF of eucalyptus
to selectively produce phenolic compounds over the Ni@ZIF-8 catalyst. Lower reaction
temperature (or performing the reaction under the N> atmosphere) sharply reduced monomer
yields along with a significant drop in the delignification degree. Chaudhary et al. [129]
investigated the effects of reaction time, temperature, and pressure on the base-catalyzed
depolymerization of lignin into low-molecular-weight aromatics. Maximum yield (51%) of
low-molecular-weight products was achieved at 250 °C after 1 h, but the yields started
declining with a decrease in temperature or a longer reaction time. At high temperatures, the
decline in monomer yields might be not only associated with the temperature effect but also
affected by the pressure changes. Increasing the reaction pressure by 0.3 MPa of N> at a fixed
temperature promoted the lignin depolymerization towards high-yield aromatics production.
Zhang et al. [80] found that the hydrogenation of benzene to cyclohexane occurred when the
H» pressure was over 1 MPa, implying the direct deoxygenation and deep HDO reactions
become more dominant at higher severity.

4.2.2. Operating parameters in oxidative systems

For oxidative systems, the major challenge for the selective production of aromatics is to
overcome stronger oxidation or condensation of reactive products [130, 139, 140]. High
temperatures or O pressures could increase the yields of phenol-derived chemicals, and
organic acids such as formic and acetic acids resulted probably from HTL of Kraft lignin [130].

At a high temperature, lignin depolymerization becomes more complex as the secondary
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reactions occur, and the condensation of reactive intermediates leads to the formation of stable
C-C bonds. The study of microwave-assisted wood degradation highlighted the strong
influence of reaction temperature on vanillin production [123]. High temperatures significantly
promoted lignin conversion and enabled high yields of vanillin and vanillic acid. The yields of
vanillic acids decreased when the reaction temperature was higher than 200 °C, implying that
the oxidation of vanillin was hindered and the condensation became more dominant at high
severity. Vanillin yields were hardly affected by a longer reaction time.

Previous studies also investigated the influence of O; pressure on the product yields. A higher
O, pressure enabled lignin depolymerization into aromatic monomers at a lower temperature
(120 °C) [139]. Nonaromatic carboxylic acids were formed as the secondary breakdown
products from subsequent oxidation of lignin-derived aromatics under severe conditions. High
reaction pressures could suppress the formation of oligomers more significantly than
monomers [140, 141]. The negative effect of pressure on the monomer yields was ascribed to
the solvent-cage effect from the high density of water under high pressures, resulting in
stronger intermolecular interactions and limited diffusion of soluble reactants [21, 22].
Therefore, the reaction pathways in subcritical water would change with the increase of water
density under high pressures. Hafezisefat et al. [140] investigated the oxidative cracking with
O2 to convert lignin into phenolic monomers by using various solvents to increase the oxygen
solubility. They reported that increasing O pressure from 50 psi (0.34 MPa) to 300 psi (2.07
MPa) could improve the yields of vanillin and syringaldehyde from 6.0 wt% to 10.5 wt%.
Meanwhile, deep oxidation of aromatic aldehydes was promoted with the formation of

corresponding aromatic acids. In addition, enhanced water density at high pressures might
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result in higher dissolution capacity to dissolve more organic compounds but with limited
diffusion ability [23].
4.3. Catalysts
4.3.1. Homogeneous catalysts

The HTL process of lignin has been widely studied using various homogeneous bases (e.g.,
NaOH, KOH, and Na,COs3), metal salts (e.g., CuSO4, CuCl, and MnCl>), water-soluble metal
complexes, and ionic liquids (ILs) [131, 133, 141-143]. Experimental investigations on the
base-catalyzed depolymerization of various lignin-rich feedstock via HTL process are listed in
Table 6. Erdocia et al. [131] performed HTL of lignin in a 4 wt% of NaOH solution and
investigated the influence of different organosolv lignin on the oil production. Lignin extracted
from acetosolv pulping gave the highest bio-oil yields of 18.5%. In addition to the cleavage of
B-O-4 linkage, the dealkylation of side chains occurred along with the formation of phenol,
cresols and catechol. Oxidative depolymerization of Kraft lignin was investigated by Abdelaziz
et al. [130], in which low-molecular-weight chemicals, mainly consisting of aromatic
monomers and carboxylic acids, were produced at high O pressures. Zhu et al. [121] reported
efficient delignification of softwood, hardwood, and grass for the selective production of
vanillin and cellulose by oxidative biorefining in a 7.5 wt% of NaOH solution. Under the
optimal condition, 90% of lignin could be converted into aromatics. Various operating
conditions were explored by Roberts et al. [141] to elucidate the detailed mechanisms of base-
catalyzed depolymerization. The presence of Na* could react with lignin and form cation
adducts and then polarize -O-4 linkages, leading to the heterolytic cleavage of C-O bonds and

the release of monomers.
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585 In addition to homogeneous bases for lignin liquefaction, the acid-catalyzed strategy has
586  attracted extensive attention due to simultaneous delignification and conversion of
587  lignocellulosic biomass in this process [ 144-146]. Dilute aqueous acids such as H2SOa, H3POs,
588  and organic acids could promote hydrolysis and delignification of lignocelluloses, resulting in
589  the formation of soluble lignin fragments that were subsequently converted into aromatics
590  [147]. The latest studies reported that small organic acids, such as formic acid and acetic acid,
591  could act as in situ hydrogen donors, thus reducing the demand for external hydrogen to
592 upgrade lignin [148, 149]. A novel acidic IL as a homogeneous catalyst was explored by Long
593 et al. [132, 150] for lignocellulosic biomass conversion. The results demonstrated that acidic
594  IL possessed excellent cleavage capability of C-O bonds and particularly promoted the
595  degradation of G- and S-lignin due to the formation of cooperative IL pair with G-/S-type units
596  in the lignin structure.

597  4.3.2. Heterogeneous catalysts

598 Heterogeneous catalysts such as metals, metal oxides, and carbon-based materials have been
599  explored in the HTL process for their easy separation and recovery [53, 120, 138]. Awide range
600  of support (e.g., Nb2Os, ZrO, ALOs, TiO2, HZSM-5, and activated carbon) were used to
601  prepare Ru-based catalysts and tested for HTL of organosolv birch lignin [134]. The yield of
602  C7-Co hydrocarbons over the Ru/Nb2Os catalyst was 35.5 wt% with a high selectivity of 71 wt%
603  for arenes. The other catalysts showed a decrease in both yields of C7-Co hydrocarbons and
604  selectivity of arenes. Over the Ru/Al>Os catalysts, the yields of C7-Co products decreased to
605  18.3 wt%. The C7-Co arenes were not detected when using the Ru/C catalyst. This work

606  highlighted the synergy between the Ru and NbxOs species that enabled simultaneous
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depolymerization and hydrogenolysis of organosolv lignin via the selective cleavage of f-O-4
linkages in lignin and Caromatic-OH bonds in phenolic monomers. Accordingly, Zhang et al. [80]
prepared Ru/Nb>Os-MC (micro-mesoporous carbon) catalyst with the enhanced pore structure
to further improve its catalytic activity. The hydrophobic MC and hydrophilic Nb>Os
contributed to the formation and stabilization of Pickering emulsions in the biphasic process,
where the selective cleavage of Caromatic-OH bonds could occur.

A variety of heterogeneous catalysts based on non-precious metals (e.g., Co, Ni, Cu, and Fe)
have been widely explored [27, 150, 151]. Different mesoporous zeolites supported metal
catalyst (NVYMCM, AI/MCM-41, and Ni-AI/MCM-41) were explored in the HTL of Kraft
lignin [27]. The maximum bio-oil yield of 44.3 wt% was obtained in the presence of Ni-
Al/MCM-41 catalyst. The high carbon contents of bio-oils were obtained as 84.2%, 81.4%, and
80.3% using water, ethanol, and methanol as solvents, respectively, indicating the promotion
of oil deoxygenation over Ni-based catalysts. For the oxidative reaction, Cu-based catalyst
exhibited excellent activity in the dehydrogenation of biomass feedstock [152-154]. The
coexistence of Cu’ and Cu’ provided a high activity and played different roles in O>-rich and
H,-rich streams. Feng et al. [155] demonstrated the Cu™-Cu® bicomponent CuNPs@ZIF-8
catalyst contributed to the high activity for selective hydrogenation of HMF. The aldehyde
could be adsorbed by the electron-deficient Cu® species while Ha could be dissociated at Cu®
via hydrogen spillover effect to achieve efficient hydrogenation. The promotional effect of the
coexistence of Cu* and Cu® in the CuO/BCN catalyst was reported in the oxidative conversion
of lignin [53]. The strong metal-support interaction contributed to the cleavage of C-O bonds
through dehydrogenation reaction. Various solid acid catalysts (e.g., H-USY, H-ZSM-5, H-
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BEA, and K10 clay) could assist the cleavage of ether bonds and the removal of functional
groups such as hydroxyl, carboxyl, and methoxy groups [65]. Typical basic zeolites, such as
NaX, NaP, and KLTL, were explored for improving the lignin depolymerization and the NaX
catalyst under the lower reaction temperature gave the best oil yield (51%) at 250 °C for 1 h
[129].
4.4. Fundamental mechanisms

Based on the latest studies [156-159], the reaction pathways for HTL of native lignin within
B-O-4 structures are illustrated in Fig. 8. The conversion of native lignin aimed to cleave C-O
bonds in B-O-4 motifs. (1) In general, C,-OH undergoes hydrogenolysis in 3-O-4 linkages. (2)
The oxidation C,-OH to C,=0 through dehydrogenation reaction can lower the dissociation
energy of Cg-O bond from 247.9 to 161.1 kJ mol™! but lead to notably higher dissociation energy
of Co-Cp (294.2 kJ mol!), making it harder to be cleaved [159]. (3) The newly formed C, ketone
undergoes dehydration reaction to generate an enol ether intermediate, and the weakened Cg-

O bond can be cleaved by hydrolysis or hydrogenolysis, thus releasing small and degraded

fragments.
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Fig. 8. Pathways for the cleavage of -O-4 linkages into aromatics.
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Native lignin and its extract typically undergo a series of chemical reactions, including
hydrolysis, cleavage, and condensation during its biosynthesis and chemical fractionation,
resulting in various contents of C-O and C-C bonds in their structures. For example, Kraft
lignin structures recovered from the pulp industry was tremendously modified, which
significantly limited the monomer yield due to the formation of robust C-C bonds by alkaline
pretreatment [160]. For native lignin, several studies investigated the protection strategies by
using formic acid or formaldehyde to stabilize the highly reactive intermediates and inhibit the
formation of C-C bonds [157, 158]. However, lignin extracts have existed a large amount of C-
C bonds in the structures. The selective cleavage of C-C bonds using effective catalysts was
studied to provide new insights into lignin valorization with broad applicability. Stein et al.
[161] reported that Ru-based complexes exhibited a high selectivity in the cleavage of C-C
bonds in 1,3-dilignol model compounds. Dong et al. [162] explored the catalytic cleavage of
both interunit C-C and C-O bonds over the Ru/NbOPOj catalyst. The abundant Brensted acid
sites in the phosphate-based catalyst can protonate the benzene rings in the 5-5 C—C bonds in
biphenyl, as a lignin model compound, and thus facilitate the cleavage of C-C bonds.

5. Techno-economic assessment

Recent studies have conducted techno-economic assessment (TEA) for the production of
biofuel and bio-products from lignocellulosic biomass [163, 164]. For the HTC process of yard
waste, process models were developed for two different HTC plant configurations that included
flash separators (case A) and heat exchangers (case B). In terms of costs, the price for case A
was $3.3 per GJ more than that in case B, but case A was preferable in terms of energy

production [165]. For case B, increasing plant capacity from 9.6 to 960 tons per day
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significantly decreased the cost of production from $47.2 to $4 per GJ. The TEA results of
HTC of food waste mixed with coal revealed that the break-even costs would be $60.26, $62.24,
and $69.90 per ton for handling food waste, coal, and mixture of food waste and coal,
respectively. The costs associated with raw feedstock collection and transportation were crucial
factors that significantly affected the corresponding break-even costs [166]. Mahmood et al.
[167] identified the key factors affecting profitability of hydrochar production from food waste
(2000 tons per day) based on the TEA results. The sensitivity analysis revealed that both bio-
oil yield and cost of enzyme for pretreatment had a significant impact on the selling price of
hydrochar, and the minimum selling price of products from non-enzyme pretreated ($30 per
ton) is less than half of the market price ($85.68 per ton). The results from TEA of HTC of
green waste showed that the hydrochar product could economically compete with fossil-
derived biofuel in an optimal context [168]. Besides, the potential for reducing GHG emissions
was evident compared with the processing of fossil sources [4]. Nevertheless, there is still a
large potential for cost saving by reducing the costs related to the transformation and full
utilization of selected biomass feedstock and its residue and byproducts.

For the HTL process of lignocellulosic biomass, Liao et al. [16] designed a process model
to perform a TEA study for converting 1000 kg of birch wood into 653 kg of carbohydrate pulp,
64 kg of lignin oligomers, 42 kg of phenol, and 20 kg of propylene. The cost of feedstock (birch
wood, €158 per ton) showed the highest contribution to the manufacturing costs, whereas the
cost of recyclable catalysts could be negligible. Furthermore, shorter reaction time and higher
substrate loading ratio were considered to be essential factors for improving the profitability of

the process, which required the design of a more efficient HTL reactor. Vanillin production
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from Kraft lignin was the only established HTL process to valorize the lignin waste from paper
pulp and produce valuable chemicals [169]. In terms of the economic aspect, the optimal
process conditions were the concentration of 30 g/L of lignin feedstock with low operating
temperature at 130 °C and oxygen partial pressure of 0.5 MPa, then the payback period for the
investment would be 6.2 years. Additional TEA of the HTL of oil from lignin for the BTEX
(benzene, toluene, ethylbenzene, and xylenes) production of 65-70 million liters per year was
explored [170]. The results showed that the minimum selling price of BTEX was between $1.65
and $2.00 per liter. Further research efforts are required for reducing the oxygen content of bio-
oil through HDO reaction and decreasing the HTL operating costs in order to render biofuel
products more economically competitive with fossil-based fuels in the market.
6. Challenges and perspectives

The hydrothermal processing of lignocellulosic biomass into fuels and value-added products
has received renewed emphasis thanks to recent advances and better understanding of the
complex characteristics of feedstock variability, reaction mechanisms and pathways, and
properties of target products and byproducts. Although considerable efforts have been made in
fundamental research and technology development at a laboratory scale, inherent challenges
associated with biomass heterogeneity still impede its large-scale implementation. HTC
process has been industrialized for selected biomass, but HTL process is yet to be
commercialized due to the technological challenges (e.g., high pressure and harsh chemical
environment). The major challenges and future perspectives are discussed as follows:
6.1. Challenges

(1) Various types of biomass contain a wide diversity in compositions and chemical
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structures of cellulose, hemicellulose, and lignin, as described in Section 2. The interactions
among these components and process severities differ in the hydrothermal process, resulting in
less-efficient conversion and simultaneous production of mixed products. Subsequent efforts
required for separation and purification of mixed products would be crucial for achieving cost-
effective and sustainable biorefinery towards industrial-scale implementation.

(2) Selection of lignocellulose biomass is a crucial factor associated with both chemical and
physical challenges in HTL and HTC processes. The impact of chemical aspects, including
compositions, structures, and properties of biomass feedstock, and technological parameters
such as reaction temperature, ramping and holding time, and heat and mass transfer rate, etc.,
have to be extensively studied for a holistic understanding. Some less-investigated physical
parameters of biomass feedstock (particle size, mass density, mechanical strength. etc.) and
economic issues (reactor design, liquid-to-solid ratio, mixing regime, catalyst stability/recovery,
product separation/purification, etc.) play crucial roles in the scale-up of the hydrothermal
process. They are currently less explored and the information gaps between the laboratory and
industry scales should be addressed.

(3) Lignin-derived bio-oil typically contains abundant aromatic monomers associated with
the cleavage of B-O-4 linkages. Besides lignin monomers, the remaining fractions include
dimers and oligomers derived from C-C bond-linked units or repolymerization of reactive
monomeric intermediates. Using GC-MS and LC-MS can only identify and quantify monomers
and dimers, whereas the analysis of oligomers in the liquid phase still poses a technical
challenge.

(4) Hydrochar is a temperature-sensitive material, and its characteristics can be greatly
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altered when subjected to high reaction temperatures. Increasing the hydrothermal temperature
will form a parallel network of varying reaction pathways of degradation of different
components in lignocellulosic biomass. As a result, monosaccharides, polysaccharides, organic
acids, and humins are simultaneously formed. The fate and value-added utilization of the
polysaccharides and humins have been little explored [170]. Improved analytics are required
for obtaining new insights into the reaction mechanisms and pathways for hydrochar
customization and broader application.

(5) The transformation of minor species (e.g., N, P, Si, K, Na, Mg, and Ca) is often ignored
in the HTC process. These inorganic species can affect (or catalyze) the formation pathways of
hydrochar and the distribution of products/by-products. A significant quantity of wastewater
(process water) that is rich in organic compounds should be recycled as much as possible and
carefully treated before final discharge. For example, a few recent studies have used the process
water for anaerobic digestion to produce biogas afterwards.

6.2 Future perspectives

To overcome the technological challenges, future studies should elucidate the crosslinking
influences of biomass variability on the production of biofuels/bioproducts and develop
product-oriented solutions to address the heterogeneity of lignocellulosic biomass. Advanced
characterization of the molecular structures and properties of oligomers can improve the
holistic design of downstream valorization strategies. It is imperative to standardize the
feedstock provision (e.g., characterization protocols and material specifications) and develop
reaction models and process flow designs that consider the biomass compositions and

determine the hydrothermal temperature, time, loading, mixing, solvent, pressure, and catalyst
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required to accomplish the selective conversion. Rational selection of various types of
lignocellulosic biomass should be based on our deep understanding of the properties of raw
feedstock and targeted biofuels/bioproducts.

Homogeneous and heterogeneous catalysis is of paramount significance for high-efficiency
energy production and chemical transformation. Their applicability and limitations in the
hydrothermal process are discussed in Sections 3&4 and summarized in Table 7.
Homogeneous catalysis has been extensively investigated. The main drawback is that mineral
acids can cause equipment corrosion, catalyst wastage, wastewater treatment, and
environmental impacts. Heterogeneous reactions depend on the properties of biomass
feedstock, operating temperature, and atmosphere of the reaction system, etc. Understanding
and tailoring the chemical states of the solid catalysts and conversion pathways of substrates
with the assistance of in situ characterization and advanced material synthesis can put us in a
better position to design more energy-efficient catalytic systems. New development in catalyst
design (e.g., highly selective and recyclable catalysts) and heterogeneous systems can foster
the innovation and broad application of sustainable engineering solutions. Overall, cost-
effective and eco-friendly engineering designs of catalytic hydrothermal process require our
concerted efforts in the future studies on fundamental research extending the frontiers of

knowledge.

Table 7. Applicability and limitations of homogeneous and heterogeneous catalysis for

sustainable conversion of lignocellulosic biomass.

Reaction Key Factors Applicability Limitations
Homogeneous  Active species, High activity, Equipment corrosion,
catalysis Solvent system, Solvent effect, Difficult separation,
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Temperature,

Reactor design

Heterogeneous  Biomass feedstock,

catalysis Particle size,
Temperature,
Atmosphere

Uniform dispersion,
Various biomass feedstock
Easy separation,
Well-defined structure,
Multiple active sites,

High selectivity

Poor reusability,

Low selectivity

Low hydrothermal stability,
Limited contact with
feedstock,

Low active atom utilization

The keys to the implementation of hydrothermal technologies on a larger scale are related to
economics, performance, and environmental footprints. Economics is critical for biofuel as it
has already been proven to exhibit similar performance and greater environmental friendliness
compared with petroleum-derived counterparts. Continued development of fundamental and
translational research as well as further establishment of worldwide bio-based economy will
be vital for the scale-up hydrothermal processes. All of the above rely on our effective and
interdisciplinary collaboration in the future.

7. Conclusions

Hydrothermal treatment of biomass has been extensively studied as a biorefinery technology
for producing solid hydrochar and liquid bio-oil with high chemical functionality. In this
critical review, we articulate the key factors (e.g., feedstock variability, reaction temperature,
time, and catalyst) that determine the nature and properties of solid and liquid biofuel in the
HTC and HTL processes. In particular, we critically review the influences of feedstock
compositions and chemical structures on the selective production of value-added chemicals
and multifunctional hydrochar. Temperature is a crucial parameter to determine the degree of
carbonization and liquefaction. Catalysis plays a key role in governing the physicochemical

properties of hydrochar, improving the product yields, and facilitating the selective production
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of aromatics. The hydrochar with desirable functionalization can enable broad applications in
catalysis, energy storage, and environmental fields. A wide range of aromatics from HTL of
lignin-rich feedstock with homogeneous or heterogenecous catalysts can closely resemble
petroleum-derived fuels. The state-of-the-art developments, current challenges, and future
perspectives of hydrothermal processes presented in this review will advance our fundamental
knowledge of sustainable chemistry for maximizing the carbon-efficient valorization of

biomass resources towards bio-based circular economy.
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