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Abstract: The conversion of abundant forest- and agricultural-residue-based lignocellulosic mate-
rials into high-quality bio-oil by the mild hydrothermal method has great potential in the field of
biomass utilization. Some excellent research on biomass hydrothermal process has been completed,
including temperature, time, catalyst addition, etc. Meanwhile, some research related to the biomass
raw material tissue structure has been illustrated by adopting mode components (cellulose, hemi-
cellulose, lignin, protein, lipid, etc.) or their mixtures. The interesting fact is that although some
real lignocellulose has approximate composition, their hydrothermal products and distributions
show individual differences, which means the interaction within biomass raw material components
tremendously affected the reaction pathway. Unfortunately, to our knowledge, there is no review
article with a specific focus on the effects of raw materials and their tissue structure on the lig-
nocellulose hydrothermal process. In this review, research progress on the effects of model and
mixed cellulose/hemicellulose/lignin effects on hydrothermal products is initially summarized.
Additionally, the real lignocellulosic raw materials structure effects during the thermal process are
summed up. This article will inspire researchers to focus more attention on wood fiber biomass
conversion into liquid fuels or high-value-added chemicals, as well as promote the development of
world energy change.
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1. Introduction

Although human beings have fully realized that using fossil energy is clearly not
sustainable, the reality is that fossil fuels, coal, oil, and natural gas account for more than
80% of the world’s energy needs [1]. Coal, 0il, and natural gas are non-renewable, and
their overexploitation will seriously lead to the depletion of resources. Besides, during
the fossil energy consumption process, greenhouse gases emissions cause damage to the
global environment. Therefore, it is very necessary and urgent to develop non-fossil fuel
sources (biomass, geothermal, hydro, nuclear, solar, and wind [2,3]). Among the above
non-fossil fuels, solar energy-derived biomass, in the form of chemical energy, shows strong
advantages, including great production, wide distribution, low sulfur, low nitrogen, fast
growth, and low carbon dioxide emissions. In addition, low sulfur and nitrogen contents
in biomass materials could reduce emissions of greenhouse gases during their utilization
process. Therefore, the development of biomass-based energy will play an important role
in achieving the carbon-neutral target in China [4,5].

Generally, the utilization mode of biomass resources mainly includes the physical
chemistry method represented by compression molding; the thermochemical method
represented by combustion, liquefaction, gasification; and the biochemical method repre-
sented by fermentation. Among the above methods, hydrothermal liquefaction (HTL) is a
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thermochemical process in which biomass is treated under high pressure (5-20 MPa) at
a moderate temperature (200-374 °C) [6,7]. During the HTL process, biomass feedstocks
undergo hydrolysis, dehydration, repolymerization, and other reactions to produce bio-oil
(HT bio-oil), water-soluble products, gases, and solids with the presence of water [8-12].
As for bio-oil production from bioresources, pyrolysis is also an important method in
which various steps are involved [13,14]. Compared with pyrolysis, HTL operating condi-
tions are relatively mild, and raw materials do not need to be dehydrated, which reduces
pretreatment and energy cost, which in turn exhibits broad application prospects. HT
bio-oil has the characteristics of high energy density and is a potential liquid fuel and
chemical raw material, which is of great significance to reduce diesel consumption and
ease the shortage of high-quality fuel oil supply. Furthermore, HT bio-oil products, as
chemicals, have also received wide attention. For example, Hossain et al. [15] concentrate
antioxidant-active ingredients in tobacco-derived bio-oil for use in pharmaceutical and
cosmetic industries. Wang et al. [16] have studied the performance of bio-oil as an asphalt
additive to improve the bonding properties of asphalt. Zhang et al. [17] use bio-oil as
an aluminum adhesive, expanding the application of bio-oils. Recently, the biorefineries
concept has been summarized by De Blasio et. [18,19] for the sustainable utilization of
bioresources. The integration of processes allows for the reduction of transportation and
energy consumption, and in the case that there is a surplus of energy produced, this can be
sold or utilized for other purposes, providing more chance to produce fuels and chemicals
from bioresources.

At present, most hydrothermal bio-oils are made from algae [20-22], while for some
inland areas, the development of lignocellulose biomass materials (especially forestry and
agricultural residues) to prepare HT bio-oil and other liquid fuels will have more practical
characteristics [23]. Therefore, this paper will focus on lignocellulose upon lignocellulose
HT bio-oil production.

The main research directions on bio-oil production from bioresources HTL process
include temperature investigation, reaction time inspection, catalysts addition, and opera-
tion mode change (such as heating method), etc. Ravneet and Thallada [24] examined the
effects of hydrothermal temperature and reaction time on HT bio-oil yield and conversion
rate using castor residue as a raw material (Figure 1). The study found that the effect
of temperature and reaction time on bio-oil yield was not linear. Temperature plays a
more important role than reaction time from the view of bio-oil yield under the tested
temperature range. Colak and Durak, etc. [25] and some other researchers [26,27] also
found the temperature is an efficient parameter for both the experiments with and without
a catalyst for the hydrothermal-fluidization process.

(a) Total Bio-oil yield, wt.% (b) Conversion, wt.%
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Figure 1. Effect plot of biomass conversion (a) and total bio-oil yield (b) as a function of temperature
and residence time. Reprinted with permission from Ref [24]. Copyright 2019 Elsevier.

Duo and Aminul et al. [28] have found that HT bio-oil yield can be increased at
lower temperatures by using oil palm fronds as raw material and ZnO/ZSM-5 as a cata-
lyst (Figure 2). The authors believe the isomerization reaction of sugar in lignocellulose
components occurs at low temperatures, and bio-oil is mainly composed of acetaldehyde.
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ZnO/ZSM-5 has the properties of both Lewis and Brensted acid sites, which can catalyze
the transformation of oil palm fruit empty string to furfural, and therefore increase the
Xylose isomerization Xylose dehydration

yield of HT bio-oil.
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Figure 2. Effect of zinc oxide concentration on yield and proposed mechanism for biomass-derived
furfural formation over ZnO-supported zeolite catalyst at 180 °C. Reaction mechanism (a) and
yield (b), Reprinted with permission from Ref [28]. Copyright 2017 RSC Publishing.

Microwave assistance is considered to be a promising new heating process [29-31].
Siddiqui et al. [32] demonstrate the effect of microwave radiation during the conversion
process of rice shells into HT bio-oil. Results showed that microwaves promoted a more
even distribution of heat in biomass feedstocks and led to higher HT bio-oil yield (Figure 3).
Microwave-assisted hydrothermal oil is mainly composed of esters, phenols, ketones,
aldehydes, and alcohols, which shows good application prospects.
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Figure 3. Microwave heating mechanism (left) and the yield of bio-oil prepared by microwave-
assisted solvothermal carbonization (right). Reprinted with permission from Ref [32]. Copyright
2019 Elsevier.

Besides the microwave-assistance heating process, supercritical HTL is also very effec-
tive for lignocellulose-derived bio-o0il conversion. A Norwegian—Swedish joint venture,
“Silva Green Fuels”, constructed an industrial hydrofaction demonstration plant in Norway
with a capacity of around 4000 L/day [33-37]. In terms of commercial application of HTL
technology, an Australian company named Muradel Pty Ltd. (Maylandscity, Western Aus-
traliastate, Australia) is a further player. This company developed a technological platform
called Green2Black™, which focuses on hydrothermal integration into existing wastewater
plants. The whole concept comprises several steps, including pretreatment, sub-critical
HTL (350 °C, 200 bar), and upgrading and fractionation of the produced biocrude [38,39].
This company has run the “Muradel Demonstration Plant” (MDP) to realize a conversion
of 60% of the organic fraction into bio-oil. Many other excellent pieces of research and
reviews [40] on the biomass feedstocks hydrothermal conversion have been completed,
including the addition of catalysts, the effect of operating conditions, etc. [41-45]. The op-
eration parameters, together with biomass tissues and structure, play decisive roles during
bio-oil production. Some interesting facts found are that many feedstocks contain approxi-
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mate compositions (cellulose/hemicellulose/lignin content), but their performances during
conversions exhibit tremendous differences under similar operation conditions, including
products yields, compounds, etc. All those differences indicate that the inherent interaction
could also affect biomass feedstocks” hydrothermal process and reaction pathway. The aim
of this article is to inspire researchers to pay more attention to the relation investigation
between raw materials themselves and their performances during hydrothermal conver-
sion. Firstly, the review paper introduces the structure of the plant, general hydrothermal
conversion process, and product distribution of pure cellulose, hemicellulose and lignin,
etc. Secondly, hydrothermal conditions, bio-oil yield, and composition from different
wood fiber raw materials and the interactions between model cellulose, hemicellulose,
and lignin components during hydrothermal are summarized. Finally, real biomasses and
their structure effects on their HT bio-oil preparation are summed up to promote research
extending into more wide raw material types. Additionally, the possibility of obtaining
high HT bio-oil yield with high quality under relatively mild operation parameters by
adjusting the raw materials’ tissues structures is also encouraged.

2. Structure of Lignocelluloses and Their Hydrothermal Liquefaction Mechanism
2.1. Structure of Plants

Plant cell walls exhibit a multi-layered structure; the middle lamella and primary
cell wall are overlaid by three layers of secondary cell walls (SCW) named S1, S2, and S3.
S2 is the thickest (Figure 4), which is a determinant of the plant’s mechanical property
together with S1 and S2 [46-51]. The “middle lamella” between the primary cell wall
and the secondary cell wall is not actually a layer in the physical sense, but some filling
material (tannin and other components). The main components of the secondary cell wall
are cellulose, hemicellulose, and lignin, all of which are called lignocellulose, accounting
for more than 95% of the dry weight of the cell wall [49].
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Figure 4. Schematic dia gram of cell wall structure of wood fiber. Reprinted with permission from
Ref [51]. Copyright 2018 The Chemical Society of Japan.

In the S2 layer, cellulose functions as a basic skeleton (30-50 wt.%), lignin acts as the
filler (5-30 wt.%), and hemicellulose (1040 wt.%) acts as an adhesive to combine lignin
and cellulose. It is generally believed that four cellulose chains constitute “original fine
fibers”. Four primary microfibers form a “microfiber”, four microfibers form a “fine fiber”,
and the stratification structure of the cell wall is demonstrated in Figure 4 [51].

2.2. Hydrothermal Process and Product Distribution of Cellulose, Hemicellulose, and Lignin

As shown in Figure 5 [52], lignocellulose mainly contains lipids, proteins, carbohy-
drates (cellulose and hemicellulose), and lignin [53,54]. Under hydrothermal conditions,
hydrolysis, degradation, reaggregation, and the Maillard reaction occur. Among those
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reactions, lipids components are first hydrolyzed into fatty acids and glycerol and further
converted into aldehyde compounds. Proteins are hydrolyzed into amino acids, and or-
ganic acids are further converted into amides. Cellulose and hemicellulose are hydrolyzed
into monosaccharides (glucose, xylitol, etc.) and then converted into ketones, acids, and al-
cohols. Along with the further temperature increase, oxygen-containing cyclic compounds
are formed directly (or through furans). Lignin, on the other hand, produces phenolic
substances, mainly through hydrolysis reactions. In the actual liquefaction process, there
will also be interactions between intermediate degradation products, making the com-
position of liquefaction products more complex. We know from Figure 5 that under low
temperature (<260 °C), the lipids, proteins, carbohydrates (cellulose and hemicellulose),
and lignin exhibit activities. In most research, the adopted hydrothermal temperatures are
above 300 °C to achieve high bio-oil yield (as shown in Table 1). Thus, the possibility of
obtaining a high yield will be an interesting topic for biomass hydrothermal conversion.
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Figure 5. Reaction pathways and corresponding products of different biological structures in biomass
for HTC where (a) refers to hydrolysis, (b) refers to the decomposition reaction, (c) refers to dehy-
dration, (d) refers to deamination, (e) refers to the Maillard reaction, (f) refers to decarboxylation,
and (g) refers to the cyclization reaction. Reprinted with permission from Ref [52]. Copyright 2019

RSC Publishing.

Table 1. Hydrothermal conditions, bio-oil yield, and composition of different wood fiber raw materials.

Feedstock Composition or Element

Operating

Solid-Liquid

Bio-Oil Yield

Main Components of

Feedstock Composition (wt.%) Conditions Mass Ratio Catalyst (wt.%) Bio-Oil Ref.
Lignin 28.2%, polysaccharide
70.6% = (including 64.8% glucose, o . . o Sugars, furans, organic -
Softwood 24.5% mannose and arabinose, 270 °C, 30 min 14:62.5 Na,COs 74% acids, and phenolic 1551
6.6% xylose, and 4.1% galactose)
Volatile matter 82.3%, ash 1.4%, i . . .
Sé’éﬁ’ss moisture 4.0%, C 50.4%, H 7.2%, 275 °C, 10 min 1:20 / 43.7% Long Chg;‘éa;;fgzhc acids 51
& N 2.1%, O 40.3%
Water Moisture 9.54%, ash 21.80, o . . o . . .
hyacinth volatile 77.85%, fixed carbon 0.35% 280 °C, 15 min 1:6 KOH 23% Aliphatic and aromatic [57]
Branches: cellulose 26.9%, Branches: phenols
hemicellulose 20.8%, lignin 16.8%, aliphatics ésl’i’ers aciéis
ash 2.8%, ethanol extract 7.0%, 29% kept’ones élcohol,s an d/
Pinus others 25.7%; Leaves: cellulose 22.9%, 300 °C, 30 min 1:10 / (Branches), Y o [58]
. o e s o o furans; Leaves: phenols,
hemicellulose 15.0%, lignin 31.0%, 20% (Leaves) cvelones, ketones
ash 1.3%, ethanol extract 8.5%, yan d alrcohols ’
others 21.4%
Branches: cellulose 23.0%, Branches: phenols
hemicellulose 19.0%, lignin 18.3%, Hinhatics sere o
Cupressus ash 2.9%, ethanol extract 5.9%, 28% akel:t’oralesc éli Soﬁol,s afm d’
fullzebris others 31.0%; Leaves: cellulose 24.8%, 300 °C, 30 min 1:10 / (Branches), furans: L/eaveS' ph,enols [58]

hemicellulose 16.9%, lignin 16.8%,
ash 7.4%, ethanol extract 8.5%,
others 25.6%

19% (Leaves)

cyclones, ketones,
and alcohols
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Table 1. Cont.
Feedstock Composition or Element Operating Solid-Liquid Bio-Oil Yield Main Components of
Feedstock Composition (wt.%) Conditions Mass Ratio Catalyst (wt.%) Bio-Oil Ref.
Branches: cellulose 27.7%, B hes: phenol
hemicellulose 19.9%, lignin 18.3%, li Lar’lc es: I,;: €no s(,j
ash 2.1%, ethanol extract 2.6%, others 29% 1;€0§elscsélec iﬁgsl/s a;m?/
Platanus 22.1%; Leaves: cellulose 22.7%, 300 °C, 30 min 1:10 / (Branches), furans: L,eavesr k{enols [58]
hemicellulose 16.1%, lignin 23.6%, 19% (Leaves) i o k. tpn ’
ash 6.0%, ethanol extract 5.4%, cyco desl, i 01 s
others 26.3% and alcohols
Branches: cellulose 27.8%, Branches: phenols
hemicellulose 18.4%, lignin 27.7%, Alihatics sare o
Cinnamomum ash 2.0%, ethanol extract 4.9%, 32% K I’; o ’1 h l, nd,
a }? u others 19.2%; Leaves: cellulose 23.5%, 300 °C, 30 min 1:10 / (Branches), £ €to ei’ aico ‘0 ;’ a 1 [58]
camphora hemicellulose 12.9%, lignin 16.8%, 26% (Leaves) “ransi eaveks' tp eno’s,
ash 8.0%, ethanol extract 5.4%, cyclones, ketones,
thers 33.5% and alcohols
Branches: cellulose 26.7%, Branches: phenol
hemicellulose 21.2%, lignin 14.5%, i ha t.C s I: €no s(,i
Pittosporum ash 5.4%, ethanol extract 5.6%, 30% 12:0;1;2162 Sol(igsl/s a;l;’
tolg)ira others 26.6%; Leaves: cellulose 18.2%, 300 °C, 30 min 1:10 / (Branches), furans; L,eaveS' h,enols [58]
hemicellulose 17.6%, lignin 10.6%, 21% (Leaves) iones két}c))nes ’
ash 10.7%, ethanol extract 9.1%, e d 1’ hol ’
others 33.8% and alcoho’s
Branches: cellulose 24.5%, Branches: phenols
hemicellulose 16.4%, lignin 23.1%, Alivhatics sora o
Distvlium ash 4.6%, ethanol extract 4.5%, 28% K Ft) n ’1 h l, nd,
styliu others 26.9%; Leaves: cellulose 23.7%, 300 °C, 30 min 1:10 / (Branches), etones, alco 40 S, & [58]
racemosum . PR o o furans; Leaves: phenols,
hemicellulose 16.3%, lignin 23.8%, 22% (Leaves) cvelones, ketones
ash 10.0%, ethanol extract 6.1%, yand allcohols ’
others 20.1%
Branches: cellulose 25.4%, Branches: phenol
hemicellulose 18.9%, lignin 30.1%, i ha t.C s I: €no Sa
Viburnum ash 2.2%, ethanol extract 3.4%, 25% akg:or?elscséli soﬁgsl/s a;;;'
odoratiss- others 19.9%; Leaves: cellulose 8.3%, 300 °C, 30 min 1:10 / (Branches), furans; L/eaveS' l{enols [58]
inum hemicellulose 17.5%, lignin 20.1%, 16% (Leaves) ¢ ciones két}())nes 4
ash 9.8%, ethanol extract 8.1%, Y d 1’ hol ’
others 36.2% and alcoho’s
Branches: cellulose 25.9%, Branches: phenols
hemicellulose 17.0%, lignin 30.1%, aliphati . }tj s a ;1
Salix ash 1.4%, ethanol extract 3.8%, 24% tomen Al e
babyloni others 21.9%; Leaves: cellulose 23.2%, 300 °C, 30 min 1:10 / (Branches), furans: L’ . h’ ol [58]
abylonica hemicellulose 17.3%, lignin 18.3%, 14% (Leaves) ura si eavi& tp €no’s,
ash 8.8%, ethanol extract 4.9%, Cyzggeasl’c Oﬁé)lr;es,
others 27.6%
Alcohols, ethers, lipids
0 0, 0y '’ '’ '’
Poplar N 0.91%, Coiég%ﬁ;’ H 5.60 %, 260 °C, 30 min 1:10 / 13% alkanes, aldehydes, [43]
e and phenols
Moisture 8.99%, dry matter 91.01%, Furfural, ketones
Oil palm ash 2.42%, hemicellulose 41.32%, Zn/ aldeh de/s henoi
empty fruit cellulose 39.07%, lignin 34.82%, 180 °C, 90 min 1:10 ZSM-5 43.6% benzoi Yy Ny d, p nd t}{ " [28]
bunch C 45.44%, H 6.22%, N 1.58%, S 0.36%, et hvdrosarbon
O 46.40% aromatic hydrocarbons
Moisture 5-12%, ash 1.5%, cellulose
23.3%, hemicellulose 20.4%, lignin o . . o Phenols, alcohols, ketones,
Walnut shell 53.5%, extract 2.8%, C 45.6%, H 4.3%, 320 °C, 30 min 15 / 25% aldehydes, and phenol 1591
050.1%
Phenols, ketones,
Ash 7.00%, volatile 68.50%, fixed acféfeﬂi};fjséﬁcrs&xayiﬁfn
Corn straw carbon 24.50%, cellulose 30.81%, 320 °C, 60 min 38 / 7.9% Pt eI (U
hemicellulose 25.52%, lignin 16.76% b pounds,
ethanol, and aromatic
compounds
Phenols, ketones,
Sovbean Ash 4.43%, volatile 73.10%, fixed aldehydes, carboxylic
(s)%;afj carbon 22.47%, cellulose 42.39%, 320 °C, 60 min 3:8 / 15.8% acids, nitrogen-containing [60]
hemicellulose 22.05%, lignin 18.93% heterocyclic compounds,
and olefins
Phenols, ketones,
Ash 13.05%, volatile 65.50%, fixed acfi‘:egf(fsﬁcrsggﬂ;
Peanut straw carbon 21.45%, cellulose 36.56%, 320 °C, 60 min 3:8 / 14.6% 4 8 g [60]

hemicellulose 20.27%, lignin 18.36%

heterocyclic compounds,
ethanol, alkanes,
and olefins
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Table 1. Cont.
Feedstock Composition or Element Operating Solid-Liquid Bio-Oil Yield Main Components of
Feedstock Composition (wt.%) Conditions Mass Ratio Catalyst (wt.%) Bio-Oil Ref.
Phenols, ketones,
Ash 15.10%, volatile 64.00%, fixed féder}l‘iytfes' ffrbl‘:;‘yiﬂicn
Rice straw carbon 20.91%, cellulose 46.33%, 320 °C, 60 min 3:8 / 15.1% afl ts' (;.ge conta M & [60]
hemicellulose 31.09%, lignin 10.17% CLETOCy e compounds,
ethanol, alkanes,
and olefins
Moisture 7-15%, ash 2.0%,
cellulose 38.1%, hemicellulose 23.0%, o . . o Phenols, ketones, )
Oak wood lignin 32.0%, extract 6.9%, C 50.2%, 320°C, 15 min 15 Fe 38% and aliphatic (411
H 7.0%, O 42.8%
Moisture 11.14%, ash 5.40%,
volatile 74.30%, fixed carbon 9.16%, o . . o )
Castor plant extract 16.40%. cellulose 38.42%, 300 °C, 60 min 1:6 / 15.9% / (24]
hemicellulose 22.40%, lignin 20.20%
Moisture 11.8%, volatile matter 79.7%, . . . .
Rice straw fixed carbon 6.3%, ash 10.5%, C 37.8%, 280 °C, 15 min 1:6 Ni-Al/ 56.6% Aliphatic, phenolic, [42]
SBA-15 and phenol

H 5.4%, O 55.8%, N 0.7%, 50.3%

3. Research Progress on the Effect of Lignocellulosic Tissue Structures on Their
Hydrothermal Process

Lignocellulose is mainly composed of cellulose, hemicellulose, and lignin (they cover
more than 95% of the dry weight of lignocellulose biomass). However, HT bio-oil yields
and compositions that are obtained from different types of plants under similar operating
conditions vary greatly. It has also been documented that the composition and organiza-
tional structure of raw materials also play an important role in the conversion of biomass
materials into functional materials [59,60]. Table 1 shows information such as the yield and
composition of HT bio-oils from different lignocellulose feedstocks. In this part, we will
summarize the influence of plant tissue on bio-0il composition and yield during the hy-
drothermal process in recent years, including major mode components (namely, cellulose,
hemicellulose, and lignin) and real biomass materials.

3.1. Interaction among Cellulose, Hemicellulose, and Lignin Components

Some early studies on the model cellulose, hemicellulose, and lignin components and
their interactions during the HTL process have been completed. Pedersen, etc. [61] found
that during the production of fuel range oxygenates by supercritical hydrothermal liquefac-
tion of lignocellulosic model systems, glucose and xylose demonstrate similar bio-oil yield,
and the thought reaction mechanisms for the two model compounds are indistinguishable.
An effective hydrogen-to-carbon ratio (H/C) is proposed and expressed as below:

H-20

H/Cegs = C

Bio-oil yields were correspondingly affected by the elemental composition of the
starting materials. For the given model compounds, the higher the H/C ratio, the lower
the biocrude and biochar yields. However, the chain number may be a latent factor since
the higher the H/C., the lower the carbon chain number for the investigated model
compounds.

Lu et al. [62] studied soybean o0il, soy protein, microcrystalline cellulose, xylose,
lignin, and their mixture as raw materials to simulate real biomass raw materials for
the exploration of interaction during the hydrothermal process. When taking a single
component as raw material, the bio-oil yield for cellulose, xylose, and lignin is relatively
low (less than 10 wt.%) under the reaction conditions of 350 °C and 30 min. The lignin type
used in this research is alkali lignin, which can be catalyzed, depredating into phenolic
compounds. Those phenolic compounds are more water-soluble and cannot be extracted
by dichloromethane, resulting in a decrease in the HT bio-oil yield. HT bio-oil yield
obtained from a binary mixture of simulated biomass composition is much higher than that
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calculated by the weighted average yield in each component. Besides, obvious synergy
effects in HT bio-oil production are observed in a binary mixture of protein and cellulose,
protein and lignin, and cellulose and lignin. Simultaneously, the hydrothermal liquefaction
of soybean oil and lignin showed an antagonistic effect on HT bio-oil yield. Based on
experimental results, a model is established as below:

Y = ZaiXi + ZZainin
1 i j

where Y represents the quantity of interest (wt. % yield of biocrude, wt. % C, H, or N
in the biocrude). Xj is the mass fraction of biochemical constituent i (e.g., lipid, pro-
tein, C5 saccharides, lignin) in the feedstock on a dry, ash-free basis. The values of the
a; coefficients come directly from the HTL experiments with the individual compounds,
and the values of the a;; coefficients were obtained by considering the results from the HTL
of the binary mixtures. The model could be used to predict the yield, thermal value, and
content of C, H, and N in hydrothermal liquefaction productions.

Yang and Han et al. [63] take glucose and glutamic acid as biomass material models
to investigate the interaction during a hydrothermal process. The study found that when
glucose was used only as a feedstock, initial hydrothermal products included furfural,
furans, ketones, and acids, which were converted into benzene rings, phenols, and hy-
drocarbons as the reaction progressed. When only glutamic acid is used as raw material,
glutamic acid, through deaminoid and dehydration, forms NHj, arginine, CO,, and amine.
Part of the generated NH3 and arginine further reacted to produce amide, coke glutamate,
ketones, organic amine compounds, etc. (as shown in Figure 6). As the hydrothermal
process goes on, those products are further converted to pyridoxine, esters, phenols, and
hydrocarbons. When glucose and glutamate are co-feeds as feedstock, under HZSM-5
catalyst addition, hydrolysis reactions interact, and the content of esters, benzene, pyridine,
and icing increases, which improves HT bio-oil quality and yield. The results further
show that the effects of the interaction between different components in the process of
hydrothermal cannot be ignored during HT bio-oil products distribution and yield.

R_o © R_o OH
s N L
O OH OH i { : R R R §
N oH —— | furfurals furans P — i @f @ AN i
OH OH i i bhenzenes phenols hydrocarbons
glucose i T T T b s
N I— s
E)zo e M .chs
R i fore
o o pyroglutamic acid ketones i pyrrolidones csters
no?S~Hon ° ? on -
NH, R )]\ NN Q’ RTNZ
NFOSH i :
: H . i phenols hydrocarbons ;
glutamic acid amides amines IR
............ '.'.'.(.).............'.'.'.............
" CH. /\[\/§C’(' S P S
o Form M ony . :

: 7 cyclic ketones  chain ketones iocsters benzenes :
blflal") — ; o S H _N, N_R H
mixture o OH H U i

R\N)I\N D_/ i L\j S0
H i pyrroles pyridines;
amines furans  § 0000 teesteeeeeececccccceccctlecceeeendd

Stagel Stage2

Figure 6. Major reaction profile of the bio-oils produced from the HTL of glucose, glutamic acid, and
their binary mixtures with HZSM-5. (Green: the products promoted by HZSM-5; red: the products
inhibited by HZSM-5.) (For interpretation of the references to color-in this figure legend, the reader
is referred to the web version of this article.). Reprinted with permission from Ref [63]. Copyright
2018 Elsevier.

Yang et al. [64] used a mixture of five model components: xylan (hemicellulose),
crystalline cellulose, alkaline lignin, soya protein, and soybean oil to establish a predictive
model of HT bio-oil and biochar yields during the HTL process. The reliability of the
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model is verified by using actual raw materials and reaction pathways between two model
components, and possible synergies and antagonists are explored (as shown in Figure 7).
The results show that interaction among hemicellulose, lipids, and cellulose has synergistic
effects on bio-oil production, while the interaction of cellulose and lignin has an antagonistic
effect on biochar production. The interaction between carbohydrates and lipids has a great
influence on acid, hydrocarbon, and ketone yields. Results can be used to assess the
economic value of various biomass for hydrothermal liquefaction, to provide guidance for
various biomass feedstocks’ co-liquefaction.
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Figure 7. Decomposition pathways of individual model components and related interactions.
Reprinted with permission from Ref [64]. Copyright 2018 Elsevier.

Additionally, raised by Yang et al. [65], advanced models have been established for the
prediction of product yield in hydrothermal liquefaction via a mixture design of biomass
model components coupled with process variables. The model compounds used in this
study were represented by soya protein, soybean oil, crystalline cellulose, xylan, and
alkaline lignin as the model protein, lipids, polysaccharide, hemicellulose, and lignin. The
models could be expressed as:

Biocrude yield (wt.%) =19.99 x X1 +9.75 x Xy + 1.75 x X3 + 97.37 x X3 — 33.1 x X1 X4 +26.4 x Xy X3 +

59.8 x Xz X4 — 65.6 X X3 X4 — 25.46 x X3 X4 X5 —18.93 x X1 X4 X6 — 38.63 x Xl X4 X7

SR yield " 0.5 (wt.%) = 2.184 x X; +5.396 x X3 +5.514 x X3 + 0.870 x X4 + 6.025 x X; X3 — 2.051 x Xy X3 +

4.349 x X3 Xq + 0.455 x X3 X5 — 2.957 x X; Xa X5 — 3.396 x Xp X3 X5 — 1.838 x Xq X Xg —

0.339 x X2 X7 — 0.359 x X3 X7

where Xj, X5, X3, X4 represent the mass percent of soya protein, saccharide, alkaline
lignin, soybean oil; X5, X¢, Xy represent the temperature (°C), time (min), and mass ratio
of water/feedstock. The accuracy of bio-oil and biochar yields prediction models was
94.6% and 93.2%, respectively, and was verified with simulated and actual raw materials.
These models can be used to optimize hydrothermal reaction conditions where the raw
material is known, as well as to optimize the composition of the raw material under a given
reaction condition. In the experimental design, relatively mild HTL conditions eliminated
the interaction between lignin and lipid and protein and lipid, promoting the formation
of bio-oil. At the same time, higher hydrothermal temperatures and longer reaction times
could promote protein-sugar interaction and sugar and alkaline lignin interaction to reduce
the formation of biochar. Similar studies can be found in other literature [29,66].

Déniel et al. [67] chose glucose, xylose, and microcrystalline cellulose to represent
carbohydrates, guaiacol and alkali lignin to represent natural lignin, glutamic acid to
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present protein, and linoleic acid to present lipids. Experimental results show that the
products are mainly derived from the degradation of individual compounds. Compounds
produced in bio-oils and coke are mainly derived from dehydration, dehydration, and
shrinkage reactions. Some binary interactions that form bio-oils have been identified, such
as the Maillard reaction between carbohydrates and proteins and the interaction between
carbohydrates and lipids. In terms of the products” composition, especially when using
cellulose models, the hydrothermal liquefaction products components of real biomass
can be qualitatively predicted using model components. In fact, the Maillard reaction is
considered to be very important during biomass feedstock hydrothermal conversion. Fan,
etc., [68] employed lactose, maltose, and lysine as model substances and tested individually
and in binary mixtures to evaluate the Maillard reaction network during the HT process.
When treated individually, conversion of lysine leads to higher bio-oil yields (5-17 wt.%)
than the model carbohydrates (6-10 wt.%) during HTL. In mixtures with carbohydrates,
the measured bio-oil yields exceeded those obtained from the conversion of the single
substances (10-39 wt.%). Some similar researches could also be found in the published
literature [69-71].

Croce et al. [72] used cellulose, bovine serum albumin, and tripalmitin as biomass
model components of carbohydrates, proteins, and triglycerides to treat their binary and
trinity mixtures under HTL conditions to describe the main reaction pathways of municipal
organic waste. As shown in Figure 8, the composition of bio-oil produced in the model
components was analyzed and compared with the composition of bio-oil produced by
urban organic waste biomass. This ternary mixture can be used as a reliable biomass
model to explore reaction mechanisms in biomass treatment, improve the HTL process by
modulating the input of organic matter, and obtain high-quality biofuels.
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Figure 8. Proposed mechanistic events involved in the formation of some Maillard-type compounds
of bio-oil samples obtained after HTL treatment of a cellulose/BSA binary mixture at 300 °C and
20 min of reaction time. Reprinted with permission from Ref [72]. Copyright 2017 WILEY-VCH
Verlag GmbH & Co. KgaA.

From the above literature, some facts about the interactions among pure cellulose,
hemicellulose, and lignin components could be found. The bio-oil yields and components
are correspondingly affected by the elemental composition, effective hydrogen-to-carbon
ratio (H/C,g), and operation parameters (temperature and time). Some less-abundant
components (lipids, for example) will play important roles during lignocellulose hydrother-
mal conversion. Especially, the Maillard reaction could enhance the bio-oil yields when
mixed with pure cellulose and hemicellulose during the HT process. As we know and
expect, lipids, tannins, pectin, etc., occupy a small space in lignocellulosic raw materials,
while the investigations of tannins and pectin with pure cellulose, hemicellulose, and lignin
components are limited and needed.
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3.2. Interaction between Cellulose, Hemicellulose, or Lignin Components and Real Lignocellulosic
Raw Materials during the Thermal Process

Feng and He et al. [73] studied cellulose and spirulina as feedstock to explore their
interaction during the hydrothermal conversion process. Because cellulose is easily con-
verted into small molecules under hydrothermal conditions that are readily water-soluble,
the yield of HT bio-oil is very low over a range of 240-340 °C (as shown in Figure 9).
The highest bio-oil yield is obtained at 300 °C. As the temperature further increases, the
re-degradation and polymerization reaction occurs, resulting in a decrease in the HT
bio-oil yield.

When cellulose and algae are co-feed as raw materials, the co-promotion phenomenon
is observed. Firstly, proteomic and cellulose components in algae co-promoted the Maillard
reaction and polymerization reaction. As illustrated in Figure 10, furans (a hydrolytic
product of cellulose) are more likely to bind to the nitrogen-containing components of
algae, thus slowing the trend towards hydrothermal carbon conversion. Although direct
evidence that supports the authors” assumptions is limited, it is a side reminder that
the interaction of biomass raw materials in the hydrothermal process will greatly affect
products distribution and reaction pathways. At the same time, relevant studies show that
when adopting mixed biomass species as feedstock, a component of higher N content, the
synergy effect will be more obvious [74].
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Figure 9. (a) Effect of residence time on HTL product distribution of o-Cellulose; (b) effect of temper-
ature on HTL products distribution of Spirulina platensis; (c) effect of blending ratio of Spirulina
platensis and «-Cellulose on product distribution; (d) synergistic effects of different blending ratios
of HTCL of Spirulina platensis and x-Cellulose for bio-oil yield. (Temperature of 300 °C, residence
time of 30 min, 3 g blending feedstocks, and 30 mL water.). Reprinted with permission from Ref [73].
Copyright 2019 Elsevier.
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Chen et al. [66] studied the production of HT bio-oils from spirulina, x-cellulose,
and lignin. Results showed that the highest bio-oil yield from spirulina and o-cellulose
HTL was 30 wt.% and 7.03 wt.%, respectively. When water phase products from the
spirulina HTL process are introduced into the HTL system again, significantly higher
bio-oil production of spirulina and a-cellulose HTL in the order of 10 wt.% and 6 wt.% can
be obtained. In the process of HTL, the energy recovery rate of bio-oil is greatly improved
by using water-phase product circulation. However, the recycling of water-phase products
inhibits the production of bio-oil, which indicates that there is an antagonist reaction
between water phase products and lignin. Possible reaction paths of spirulina, x-cellulose,
and lignin are shown in Figure 11.

@ Hydrolysis (@Deoxidation (@ Decarboxylation @) Polymerization (§ Deamination
@ Mailland QDemmposiﬁon@ Esberification ® Dehydration

e %J_.::

Polymers
Llpld (Solid)
@ \
i
Ay 8y e
Protein | () [N _Q_..\,\m —
®
n
4 2. ‘\/’\/v& .:%\-
w on .J\
Carbohydra(es g:d::mlg Snvar
Cellulose . L
" S é@ _— Coke

Polymers
(Solid)

Figure 11. Spirulina platensis, x-Cellulose, and lignin’s partial possible reaction network to HTL
with or without recycled aqueous phase. Reprinted with permission from Ref [66]. Copyright

2019 Elsevier.
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Compared with pure cellulose, hemicellulose, lignin, etc., the interaction between
cellulose, hemicellulose, or lignin components and real lignocellulosic raw materials during
the thermal process is more complex.

3.3. Real Biomasses and Their Structure Effects on Their HT Bio-Oil Preparation

Cao and Zhang et al. [58] have chosen some leaves and branches from eight typical
landscape plants as raw materials for the preparation of HT bio-oils at 300 °C and 0.5 h.

As shown in Figure 12, studies have found little correlation between the HT bio-oil
yield and the content of holocellulose in plant component leaves. In the branch, the bio-oil
yield and the content of holocellulose were positively correlated, whereas the contents of
holocellulose and lignin do not show much difference (as shown in Figure 12). This study
shows that the interaction of plant fiber raw materials in the hydrothermal process and
their influence on product distribution are very complex. Especially with the co-existence
of other components (tannins and pectin, etc.), the yield and distribution of hydrothermal
products will be more complex.
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Figure 12. Product yield in HTL of green landscaping wastes. (a) Leaves; (b) branches. Reprinted
with permission from Ref [58]. Copyright 2016 RSC Publishing.

Yang and Xu et al. [56] treated spent coffee grounds with HTL under the conditions of
275 °C, 10 min with a liquid—solid ratio of 20:1; HT bio-oil yield was as high as 47.3% (as
shown in Figure 13). The high thermal value for obtained HT bio-oil was 31.0 M]/Kg, a
significant increase over raw material (20.2 MJ/Kg). It shows that high HT bio-oil yield
can also be obtained by adjusting operating parameters at lower temperatures. At the
same time, the extraction process of caffeine helps to destroy the structure of cell walls and
enhance the reaction activity of the main components in a hydrothermal process.
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Figure 13. Yields of bio-oil, solid residue, water-soluble product, and gas from the liquefaction
at various reaction temperatures (left). FTIR spectrum of spent coffee grounds and the crude bio-
oil derived from SCG liquefaction (right). Reprinted with permission from Ref [56]. Copyright
2016 Elsevier.

In another study, Caprariis et al. [59] studied the relation between HT bio-oil yields
and raw material compositions at slightly higher temperatures (280-320 °C) using three
different compositions (natural hay, oak wood, and walnut shell, shown in Figure 14). It
was found that in all tested temperature ranges, HT bio-oil yield was positively correlated
with the lignin content of raw materials and negatively correlated with the content of
holocellulose. The authors think that the generated bio-oil during the HTC process was
mainly due to some small fragments derived from lignin degradation over a longer reaction
time. Cellulose and hemicellulose are more likely to degrade while having sufficient time
to further polymerize into carbon-containing components.
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Figure 14. Bio-oil yields as a function of lignin content (a) and holocellulose content (b). Reprinted
with permission from Ref [59]. Copyright 2017 Elsevier.

By screening literature, it has been found that the components in raw materials show
different reaction pathways. Unfortunately, there are currently fewer detailed comparisons
and experiments. Due to the lack of more effective detection methods, reaction paths are
mostly based on experience, and more detailed evidence is expected.

Ankit and Nabisab et al. [74] used oil palm fronds as raw materials for hydrother-
mal conversion at relatively low temperatures (160-260 °C). This study found that palm
leaves also had high HT bio-oil yields under low temperatures (27.3 wt.% at 160 °C and
41.9 wt.% at 260 °C, shown in Figure 15). HT bio-oil composition is mainly composed of
phenol, esters, aldehyde, and acids. Compared with raw materials, high thermal value
increased from 13.4 MJ /Kg to 22.413 MJ/Kg. It is worth noting that the leaf did not show a
significant advantage over branches from the angle of element analysis and compounds. It
is bewildering that oil palm leaves have a high yield in the low-temperature zone, while
other biomass raw materials have a low yield in bio-oil in the low-temperature zone. Thus,
we still think that the structure of plant raw materials plays a very important role in the
hydrothermal transformation process, especially if other group sub-substances (tannins,
pectin, etc.) exist.
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Figure 15. The effect of reaction temperature on the yield percentage of bio-oil and biochar (a) and
GC-MS analysis of bio-oil (b). Reprinted with permission from Ref [74]. Copyright 2019 Springer
Publishing Company.

Tian and Pei-Gao Duan et al. [60] use four types of straw biomass waste as raw
materials (corn straw, CS; peanut straw, PS; soybean straw, SS; and rice straw, RS) to
convert them by the hydrothermal conversion method at 320 °C and 60 min. The HT
bio-oils’ yield and the straws’ composition analysis of the obtained bio-oils are shown in
Figure 16.
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Figure 16. Yields of product fractions, elemental compositions, and estimated HHVs of the four crop
straws. Reprinted with permission from Ref [60]. Copyright 2020 Elsevier.

The present study concluded that the content of cellulose in raw materials and the
mass ratio of cellulose to hemicellulose (Weetulose / Whemicellulose) are important factors in
determining HT bio-oil yield. High cellulose content and wepulose / Whemicellulose ratio
results in high bio-oil yields. SS achieved the highest bio-oil yield among four adopted
straws. In addition, this study concluded that the hydrogen bond between cellulose and
hemicellulose also affects its reaction activity in hydrothermal reactions, which in turn
affects the characteristics of HT bio-oil and product distribution, suggesting that physical
properties between raw material components, together with chemical properties, are major
factors that determine the production of HT bio-oils.

Wu et al. [43] used poplar as a raw material for hydrothermal liquefaction in the
temperature range of 220-280 °C and took ethyl acetate as a solvent to extract liquid
products. The highest bio-oil yield (19.88 wt.%), the highest bio-oil C content (69.13 wt.%),
and the highest thermal value (27.97 M]/kg) were obtained at 260 °C. Because there are
fewer aromatics in liquid phase products, the O/C and H/C of liquid-phase products are
relatively high. Combined with GC-MS results, HT bio-oil compounds consist of some
phenolic compounds due to the presence of lignin and sugars in biomass feedstock.

Yu et al. [75], using aspen wood as raw material, studied the effects of different metal-
oxide catalysts (NiW/Al,O3 and NiMo/Al,O3) on hydrothermal rehydration (Figure 17).
High-loaded NiMo/Al,Os catalysts had the best performance, with a bio-oil yield of
71.9 wt.% and oxygen content of 2.4 wt.%. The GC-MS analysis demonstrates that lignin is
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mainly converted to oxygen-containing polycyclic aromatic hydrocarbons by a decompos-
ing or decomposition reaction during the HTL process. Meanwhile, sugars and lipids are
mainly converted to cyclopentanone and fatty acid derivatives.
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Figure 17. GC-MS total ion chromatograms of (a) bio-crude and (b) hydrotreated bio-oil produced
with the NiMo-HL catalyst (initial Hy pressure: 75 bar, reaction time: 2 h, and catalyst loading:
10 wt.%). Reprinted with permission from Ref [75]. Copyright 2017 RSC Publishing.

Ding et al. [42] examined the effects of different solvents and catalysts (SBA-15,
Ni/SBA-15, Al/SBA-15, Ni-Al/SBA-15) on the HTL process of rice straw. Research demon-
strates alcohol-solvents (ethanol and methanol)-extracted bio-oil yields are higher than
water. Because of the Ni and Al loadings on SBA-15 support, the acid strength of the
catalyst increased. Under the Ni-Al/SBA-15 catalyst, the obtained HT bio-oil yields are
44.3 wt.%, 56.2 wt.%, and 48.1 wt.% for water, ethanol, and methanol solvents, respectively.
HT bio-oil components are monophenols, phenols, 4-acetylol, 2-methylphenol, 2-methyl-4-
acetylol, and vanilla aldehyde. Compared with non-catalytic HTL, catalytic HTL promotes
hydrogenation and deoxygenation, producing bio-oils with lower molecular weight.

During an HTL process, water can be broken down into H* and OH~; thus, cellulose,
hemicellulose, and lignin break down faster than alcohol solvents, producing higher levels
of fatty family compounds (2-ethyl ketones, 4-hydroxy-4-methyl). A catalyst can accelerate
the 3-O-4 and C-C bond break (mainly in lignin) to obtain more aromatic compounds.
Because of the breaking of 3-O-4 bonds in lignin by H*, more phenolic compounds could
be found in lignin-based HT bio-oil. Ethanol is a hydroxyl type solvent that enhances the
hydrogen bond strength with oxygen-containing energy groups, and the hydrogen-bond-
induced effect enhances the degradation of the lignin and carbohydrate matrix [76].

Yang, etc., [54] took carbohydrate-rich feedstock (sawdust and spent coffee grounds)
and co-liquefied it with algal biomass (Chlorella sp. and seaweed) at 270 and 320 °C
with varying mixing ratios of 25:75, 50:50, and 75:25. They found co-liquefaction of saw-
dust/seaweed exhibited a significantly negative antagonistic effect on the biocrude yield
(—14.8%). The feedstock mixing ratio (varying biochemical composition of mixture) af-
fected the antagonistic effect, which was reasoned using the knowledge of biomass model
components’ interactions under liquefaction conditions. It was found that, presumably ow-
ing to the Maillard reaction between carbohydrate and protein, sufficient and comparable
amounts of carbohydrate and protein in the feedstock mixture were favorable and led to a
highly synergetic effect [76,77].
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As summarized above, real biomasses and their structural effects on their HT bio-
oil preparation are rather complicated. Some predictability models obtained from pure
cellulose, hemicellulose, and lignin hydrothermal are unsuitable, which will inspire some
more fundamental investigations, including how to evaluate the interaction strength among
the real lignocellulose biomass components. Additionally, based on the detailed reaction
investigations, it is expected that some research will try to realize high bio-oil yield under
mild operation parameters.

4. Conclusions and Outlook

Interaction among biomass material components in the process of HTL will greatly af-
fect product distribution and reaction pathways. Cellulose, hemicellulose, lignin, proteins,
and lipids have exhibited both synergy and antagonistic effects when adopting different
operating conditions and raw material types. Presently, researchers have discussed the rela-
tion between HT bio-oil yield and the compositions of raw materials. However, some con-
clusions are inconsistent and even contrary. Those conclusions include (1) the content of cel-
lulose in raw materials and mass ratio of cellulose to hemicellulose (W celiulose / Whemicellulose)
is an important factor in determining the yield of HT bio-oils; (2) the chemical and physi-
cal properties between raw material components are also important factors affecting the
production of HT bio-oils; (3) the used solvents in the hydrothermal process also impact
bio-oil yield and composition. General hydrothermal product distributions show the major
components within lignocellulose (cellulose, hemicellulose, and lignin) and have certain
activities, while high bio-oil yields also require high temperatures. Thus, the explorations
of high HT bio-oil yields under mild reaction conditions are expected.

Although some mechanisms have been put forward about the interaction and reaction
path of biomass components in the HTL process, unfortunately, fewer detailed pieces of
evidence are presented. Meanwhile, due to the lack of more effective detection methods,
more direct evidence is limited. The interactions of lignocellulose raw materials in the
process of HTL are very complex, especially considering the co-existence of some other
components (tannins, pectin, etc.). Some established models that predict HT bio-oil compo-
nents and yields are not uniform, indicating that some other reasons and considerations
may be missed. This fact also should promote researchers to study the HTL process of
various biomass materials, examining their performance, yield, and products distribution,
which will be important for converting wood fiber biomass into liquid fuels or high-value-
added chemicals. Regarding the production of HT bio-oil under lower temperatures, more
microcosmic research could be present in the future that unifies the present experiment’s
pheromones and turn laboratory achievements into mass production.
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