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Abstract
Hydrothermal carbonization (HTC) is a novel method to produce carbonaceous materials, which has been extensively concerned
because of its environmentally benign and simple process. This review aims to introduce the approaches and mechanisms of
carbonaceous materials prepared by hydrothermal carbonization from biomass in recent years, and discuss the applications of the
functional materials transformed from carbonaceous materials. Specifically, the utilizations of various biomass raw materials,
including carbohydrates, lignocellulose, and other biomass waste for the production of biochar are discussed. The significant
parameter influence and mechanistic aspects of the hydrochar are critically analyzed to better understand the hydrochar formation
process. More importantly, recent advances in hydrochar utilization techniques are summarized. Finally, we envision that the
ideal designs of the biomass-based functional carbonaceous materials will open up a novel family of functional carbon materials
with various applications towards a green and sustainable future.
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1 Introduction

Since Kroto et al. [1] first discovered fullerene in 1985 and
Novoselov [2] obtained graphene by stripping high-oriented
graphite in 2004, the research of carbonaceous materials has
become a worldwide upsurge. Due to the unique structure,
carbonaceous materials have special properties and wide

applications such as adsorption [3, 4], bioimaging [5, 6], ca-
talysis [7, 8], and activated carbon synthesis [9–11]. These are
promoting the development of materials science. The raw ma-
terials used to prepare carbon nanomaterials are mainly
mesophase pitch. In recent years, non-asphalt materials such
as biomass have become the new alternative feedstock.
Biomass is a kind of energy resource with zero-carbon dioxide
emissions, which complies with a requirement of green chem-
istry for the synthesis of carbonaceous material. Over the past
couple of years, the utilization of hydrothermal technology to
convert biomass into valuable carbonaceous materials has
attracted much attention with the knowledge of the sustain-
ability of natural resources.

Fundamentally, hydrothermal carbonization (HTC) is the
process of converting biomass into various functional carbon
materials under relatively mild hydrothermal conditions [12].
The insoluble or poorly soluble substances can be dissolved to
decompose and convert to crystals under the hydrothermal
conditions with a relatively high temperature and pressure
environment [13]. As is known to all, the hydrothermal car-
bonization has several advantages, such as lower energy con-
sumption and less emission over pyrolysis. It can provide the
suitable environment for many reactions that cannot occur
under normal conditions. The composition, morphology, size,
and other properties of products can be adjusted by controlling
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reaction conditions, such as temperature, residence time, raw
material concentration, and pH. This offers a variety of possi-
bilities for carbonaceous materials.

Biomass refers to various organisms formed through pho-
tosynthesis, including animals, plants, and microorganisms.
Biomass energy is the renewable resource that takes biomass
as the carrier to store solar energy, which has been considered
as one of the most important energy sources for human sur-
vival. After coal, oil, and natural gas, biomass energy plays an
important role in the entire energy system, which is regarded
as a potential energy source because of the advantages of low
cost, cleanness, and environmental friendliness. Biomass
waste comes from human production and consumption in
the process of using biomass, which still belongs to the
macroscopical category of biomass, but its energy density
and availability have been significantly reduced. In 1913,
Bergius and Specht [14] proposed the concept of hydrother-
mal carbonization for the first time to explore the formation
mechanism of coal. They obtained some black residues with
the O/C atom ratio of 0.1:0.2. Subsequently, Berl et al. [15]
studied hydrothermal carbonization of cellulose at 250 to
310 °C in 1932. Schuhmacher et al. [16] found that the resi-
dues from hydrothermal carbonization of cellulose had the
same chemical composition as that of glucose. Since then,
scientists have been trying to prepare carbonaceous materials
by hydrothermal carbonization from biomass or biomass
waste.

It is well established that carbonaceous materials play im-
portant roles in promoting scientific and technological ad-
vancement because of their excellent structures and properties.
Owing to the exceptional heat resistance, high thermal con-
ductivity, and good chemical inertia, carbonaceous materials
are widely used in metallurgy, chemical industry, machinery,
electronics, aviation, and other fields. In recent years, with the
shortage of fossil resources, the synthesis of carbonaceous
materials from fossil resources is limited. It is imperative to
find new alternative energy sources. Biomass resources are
rich in carbon, which can replace fossil resources as raw ma-
terials for the preparation of various carbonaceous materials.
This will be an important step towards environmental
sustainability.

2 Hydrothermal carbonization of biomass

In the process of hydrothermal carbonization, water is both the
solvent and catalyst to promote the hydrolysis and cracking of
lignocellulosic biomass [17–19]. At high temperatures, water
has a higher ionization constant and be used to hydrolyze
organic compounds, which can be further catalyzed by acids
or bases [20, 21]. During the process of hydrothermal carbon-
ization, a decrease in pH is typically observed because of the
formation of various organic acids such as acetic, formic, and

lactic acids. These acids further promote hydrolysis for
obtaining smaller fragments from oligomers and monomers.
These series of processes can bring about a near-total disinte-
gration of the physical structure of biomass. As the degree of
reaction increases, the amount of colloidal carbon particles
increases significantly. When the temperature and pressure
rise to an appropriate level, about 1–5% of gas is usually
produced, and most of the organic matter in the biomass feed-
stocks are converted to solids. The hydrothermal route for the
conversion of lignocellulosic biomass into carbonaceous ma-
terials is shown in Fig. 1.

Titirici et al. [22] reported a direct synthesis of mesoporous
carbons from crude plant material by hydrothermal carboni-
zation. The conclusion showed that carbonaceous materials
prepared from complex waste biomass were similar to peat
or lignite in chemistry and spectroscopy. Instead of the as-
sumption, the presence of other components in the plant had
no interference in the reaction but promoted the formation of
useful nanostructures. Likewise, Berge et al. [23] obtained
analogous products through a hydrothermal route from mu-
nicipal waste and further discussed their practicability in
large-scale operations. These studies demonstrated that hydro-
thermal carbonization is a very promising thermo-chemical
conversion technique, which can eventually transform bio-
mass into value-added products. Among them, owing to their
broad application prospects, the obtained carbonaceous mate-
rials have received considerable attention. Kang et al. [24]
studied the formation of carbonaceous materials via a hydro-
thermal treatment of cellulose, lignin, D-xylose, and wood
meal in the temperatures at 225–265 °C. They have found that
the yield of hydrothermal carbon was about 45–60%, among
which the yield from lignin was the highest, while that from D-
xylose was the lowest. The different formation mechanisms of
various hydrothermal carbons were also proposed [24]. In
recent years, semi-carbonized substances could be prepared
through the hydrothermal carbonization of plant or plant-
based wastes such as lignocellulose under low temperature
(170–350 °C). Since lignocellulose is a large classification
of biomass, including lignin [25], cellulose [26], and hemicel-
luloses [27], the carbonaceous materials obtained from differ-
ent compositions of biomass have been classified in the fol-
lowing sections.

2.1 Carbohydrates to hydrochar

During the hydrothermal process, the presence of hydronium
ions will result in the hydrolysis of carbohydrates. In 2001,
Wang et al. [28] firstly reported the synthesis of carbon mi-
crospheres by a hydrothermal method from glucose, which
had controllable monodispersed particle size and high specific
surface area, and the typical morphology of carbonaceous
materials was a perfect sphere shape with uniform particle
size. Afterwards, Mi et al. [29] successfully prepared the
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carbon microspheres with a regular shape, high yields, and
narrow size distribution via the hydrothermal treatment of
the glucose solution. They confirmed that the optimum reac-
tion condition for preparing carbon microspheres was at
500 °C for 12 h. After determining the feasibility of preparing
carbon materials from polysaccharides, the researchers shifted
their attention to finding better methods to improve the struc-
ture and properties of carbonaceous materials. For instance,
the carbon microspheres were prepared through a hydrother-
mal route from glucose by Liu et al. [30]. The particle size
(0.5–0.8 μm) could be regulated by adding different amounts
of oxalic acid.

Meanwhile, the other researchers found a novel route to
modify the carbonaceous materials during the hydrothermal
process. Compared with the modification of carbonaceous
materials in the later stage, introducing functional moieties
during the preparation process is much easier to control the
porosities and surface functional groups, thereby improving
the physical structure and chemical properties of materials.
Demir-Cakan et al. [31] reported a handy hydrothermal meth-
od for the preparation of products loaded with carboxylic
groups from glucose in the presence of acrylic acid. The final
materials were mainly composed of amorphous carbon skele-
ton with high thermal and chemical stability, and the mono-
mer introduced additional functional groups. Similarly, Zhang
et al. [32] prepared the phosphorus-rich carbon microspheres
(HCSs-PO4) through a hydrothermal method from glucose in
the existence of phosphoric acid. Later, Zhang et al. [33] used
NH4Cl as a nitrogen source to convert the carbon materials to
N-doped carbon microspheres. Although the specific surface
area of the N-doped carbonmicrospheres is lower, it exhibits a
prominent increase (exceeding 3000 m2/g) after the activation
of KOH.

Furthermore, with the explorations of the physical struc-
ture and chemical properties, researchers have tried to elu-
cidate their formation mechanism for the purpose of provid-
ing a general guideline. According to Sevilla and Fuertes
[34, 35], the brief formation mechanism of carbonaceous

materials derived from polysaccharide can be concluded
as follows: (1) the dehydration and cracking, (2) the poly-
merization and condensation, (3) the aromatization, and (4)
the nucleation and subsequent chain propagation. Then,
Falco et al. [36] further demonstrated that the chemical
structure of hydrothermal carbon could be converted from
polyfuran rich in oxygen-containing functional groups to
aromatic carbon network by changing corresponding pro-
cess parameters. Nevertheless, there are significant differ-
ences in the hydrothermal mechanisms of glucose and cel-
lulose. The polyfuranic intermediate, which is specifically
obtained from glucose, cannot be separated from cellulose-
derived carbonaceous materials [36]. Later, Knežević et al.
[37] conf i rmed the aforement ioned assumpt ion.
Additionally, the carbonaceous material obtained in this
process has more nanopores and a larger specific surface
area. Sun and Li [38] observed that the diameter of carbon
microspheres obtained by hydrothermal carbonization was
affected by reaction time, temperature, and initial concen-
tration. The formation mechanism of carbon microspheres
was consistent with the LaMer model.

Fructose is an isomer of glucose, which exists in fruit
juice and honey in a free state. It is also used to prepare
carbonaceous materials by hydrothermal carbonization
from waste fruits, contributing to waste utilization and en-
vironmental protection. Yao et al. [39] obtained colloidal
carbon spheres by hydrothermal carbonization from aque-
ous monosaccharide solutions and found that fructose first-
ly formed 5-hydroxymethyl-2-furaldehyde (HMF) during
the dehydration at 120–140 °C. After polymerization, the
large spheres with granular surface morphology were as-
sembled from carbon microspheres. The conclusions are
in good agreement with that of Zhang et al. [40], who used
fructose as a precursor to prepare the carbon spheres by a
simple hydrothermal method, and then proposed a four-step
formation mechanism carbon spheres. In step 1, fructose
was transformed into HMF via the partial dehydration.
Then, HMF monomers assembled a 3D network structure

Fig. 1 Schematic path of the
hydrothermal carbonization of
lignocellulosic biomass
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by releasing water molecules in step 2. Subsequently, the
polymeric embryos formed solid primary particles by pre-
cipitation in step 3. Finally, the primary nanoparticles were
aggregated by a polycondensation reaction to growing the
micro-sized spheres in step 4 [40].

In addition to glucose and fructose, sucrose formed by
dehydration condensation reaction from one molecule of
glucose and fructose can also be used as a raw material
for hydrothermal charcoal. Qi et al. [41] successfully pre-
pared the carbon spheres with small particle size and narrow
size distribution through a hydrothermal treatment from su-
crose. Meanwhile, they schematically introduced a novel
three-step formation mechanism of carbon spheres from
sucrose. Similar to the conclusions mentioned above, the
mechanism for the preparation of carbon materials from
sucrose combined the formation mechanisms of that from
glucose and fructose.

2.2 Lignocellulose to hydrochar

2.2.1 Cellulose

As the major component of biomass, cellulose is the poly-
saccharide composed of glucose and has attracted wide-
spread attention. Currently, the preparations of carbona-
ceous materials by hydrothermal carbonization from cellu-
lose have become riper. Sevilla and Fuertes [35] produced
the highly functional carbonaceous materials through a hy-
drothermal route from cellulose at 220–250 °C and pro-
posed that the formation of hydrochars from cellulose took
place via the following steps: (1) hydrolysis of cellulose, (2)
dehydration and cracking of the monomers into soluble
matters, (3) further polymerization and condensation, (4)
aromatization of the polymers, (5) appearance of nucle-
ation, and (6) the subsequent chain propagation from the
solution to the nuclear surface. Consequently, the formation
mechanism of the carbonaceous materials by hydrothermal
carbonization from cellulose fundamentally accorded with
the path of the dehydration process, which was similar to
the formation mechanisms of carbohydrates, such as glu-
cose and sucrose [34, 35, 41]. Figure 2 shows the hydro-
thermal formation mechanism from cellulose [42].

On the other hand, the effect of reaction conditions on
the hydrochar was also studied. Lu et al. [43] discussed the
influence of reaction conditions on the formation and prop-
erties of hydrochar of cellulose. It was found that reaction
time and the temperature had the greatest effects on the
hydrochar, and the maximum conversion efficiency oc-
curred in the first 8 h. Moreover, the effects of the acidic
conditions on the reaction were studied by García-Bordejé
et al. [44]. The hydrochloric acid greatly changed the prop-
erties of carbonaceous materials, which was conducive to
hydrolysis and deoxygenation. In addition, Wu et al. [45]

prepared Ni-doped spherical mesoporous carbon materials
by a one-step hydrothermal treatment from cellulose with
nickel acetate as Ni source. The results indicated that the
mesoporous ratio increased with the increment of the Ni
content.

2.2.2 Hemicelluloses

Hemicelluloses are the polysaccharides composed of different
monosaccharides, which are usually used to prepare films and
hydrogels, but there is still much weakness in them. The hy-
drothermal carbonization provides a novel route for high-
value-added utilization of hemicelluloses. Falco et al. [46]
advocated using the recovered hemicellulose hydrolysis prod-
ucts (both spruce and corncob) to prepare the precursor of
functional carbon materials via a hydrothermal method. The
obtained materials were interconnected microspheres, and the
morphology and chemical structure were also completely
characterized to extrude the similarities with glucose-derived
carbon materials. Afterwards, Wang et al. [47] obtained well-
shaped carbonaceous spheres with large surface area via an
improved hydrothermal method from hemp stem
hemicelluloses.

Furthermore, hemicelluloses can be easily hydrolyzed
into xylose, which can be transformed into the other
value-added product. Such a conclusion has been already
drawn by Cheng et al. [48], and the carbon microspheres
with controllable morphologies could be prepared via hy-
drothermal carbonization of xylose, which had an average
size of 620 nm. Kim et al. [49] also upgraded the character-
istics of hydrochar from xylan and investigated the chemi-
cal properties and suitability of the fuel products. The for-
mation channels of hydrochars derived from D-xylose are
shown in Fig. 3 [42].

2.2.3 Lignin

As the second-largest renewable raw material, lignin can
also be used as a precursor for the preparation of
hydrochars. Although it is difficult to be completely hydro-
lyzed at typical hydrothermal carbonization temperatures,
partial hydrolysis could take place at 200 °C [50]. As re-
ported by Dinjus et al. [51], dissolved lignin could be po-
lymerized into microspherical carbonaceous materials.
Sangchoom and Mokaya [52] not only prepared the renew-
able carbonaceous materials through a hydrothermal route
from lignin waste but also discussed the performance of
materials as superior sorbents. Meanwhile, Wikberg et al.
[53] investigated structural and morphological changes in
Kraft lignin during the hydrothermal process. The solid
yields and carbon recovery of products increased in the
presence of H2SO4. Recently, Mao et al. [54] obtained
spherical hydrochars from enzymatic hydrolysis lignin
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Fig. 2 Hydrothermal formation mechanism from cellulose [42]
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and explored the effects of reaction conditions on the mor-
phology of the products. The optimal hydrothermal condi-
tion was at 270 °C for 7 h with a reaction concentration of
0.06 g/ml to obtain carbon spheres with a particle size of 3–
6 μm. During the hydrothermal process, hydrolysis and
cleavage of the C–O–C and C–C bonds, alkylation, conden-
sation, and demethoxylation are the major reactions [55,
56]. The cleavage of the β–O–4 ether bonds occurs first
in the reaction, while the aromatic rings have no effect dur-
ing the hydrothermal process. In summary, the preparation
mechanism of carbonaceous materials from lignin involves
cleavage of the weak bonds, elimination of functional
groups, and carbonization. Figure 4 presents a brief forma-
tion mechanism of hydrochars obtained from lignin [42].
There are two reaction pathways to form hydrochar via
liquid state and solid state, and the phenolic hydrochar
may exist on the surface of polyaromatic hydrochar obtain-
ed from the undissolved part of lignin.

2.3 Other raw materials to hydrochar

Moreover, untreated raw materials also can be directly used to
prepare carbonaceous materials. Aquatic microalgae mainly
consist of proteins, carbohydrates, fats, and nucleic acids in
different proportions [57]. They have promising prospects in
the fields of food, medicine, genetic engineering, and liquid
fuel. For example, the nitrogen-doped carbonaceous materials
with high nitrogen content were obtained by Falco et al. [58]
via a one-step hydrothermal method from microalgae. The
resulted materials showed a typical morphology of spray-
dried Spirulina platensis globular particles with an average
size of several micrometers, and also had a concave bottom
surface and a relatively smooth texture. Currently, Méndez
et al. [59] used macroalgal wastes to prepare hydrochars

through a hydrothermal route. The results showed that the
products retained most vegetal structures and displayed meso-
porous and macroporous nature. Besides, the available water
and phosphorous content of materials increased with the de-
gree of HTC, which was suitable for growth media
components.

As a kind of agricultural waste, sugarcane bagasse can also
be the raw material for the preparation of carbonaceous mate-
rials. For instance, Rattanachueskul et al. [60] successfully
prepared a new magnetic material via hydrothermal carboni-
zation of sugarcane bagasse at 230 °C. The composites exhib-
ited the hierarchical structure, good magnetic properties, and
excellent chemical stability in a wide pH range. In addition,
waste fruits, cores, and shells are also potential raw materials.
The hierarchical porous carbonaceous materials were success-
fully prepared through a hydrothermal method from waste
Lentinus edodes by Tang et al. [61]. Furthermore,
Wataniyakul et al. [62] prepared materials via hydrothermal
carbonization of defatted rice bran and discussed the effects of
temperature and time on the yield and the chemical
characteristics.

In addition to plant waste, animal and human excreta can
also be used as a carbon source to prepare hydrothermal
carbon, reducing environmental load. For example, Lang
et al. [63] used swine manure as a carbon source to prepare
hydrochars by CaO assisted under a hydrothermal condition
and discussed their properties. The results indicated that the
pH, yield, and phosphorus content were significantly in-
creased by the addition of CaO. Meanwhile, owing to the
polar functional groups and porosity, the products had ex-
cellent hydrophilic property, which enhanced the exchange
between soil and hydrochars as soil amendment. Yahav
Spitzer et al. [64] presented a novel route for reuse of hu-
man excreta via hydrothermal carbonization and explored

Fig. 3 Brief formation
mechanism of hemicellulose
(D-xylose) to hydrochar [42]
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potential applications of the solid products and aqueous
phase. In addition to the above, the hydrochars derived from
different feedstocks by hydrothermal carbonization are
shown in Table 1.

After discussing the carbonaceous materials synthesized
from different biomass sources by hydrothermal carboniza-
tion, the different mechanisms and chemical compositions
would affect the structure and properties of the obtained
carbonaceous materials, which further influence their prac-
tical application. Afterwards, the effects of several hydro-
thermal parameters on the carbonaceous materials will be
discussed in the following section.

3 Hydrothermal carbonization parameters

Parameters such as temperature, pressure, residence time, and
substrate concentration are identified as the crucial parameters
to determine the properties of products [65, 75].

3.1 Temperature

The temperature is the most vital parameter in hydrothermal
carbonization reaction because it represents the main factor of
the water properties leading to the ionic reaction in the sub-
critical region. The breakage of different chemical bonds will

Fig. 4 Simple formation mechanism of lignin to hydrochar [42]

Table 1 The applications and effects of hydrochars derived from different feedstocks

Type of feedstocks Method or activating
agent used

Temperature
(°C)

Yield
(%)

Applications Effects Refs.

Lignocellulose 150–250 27.6–87.7 Solid fuel The HHV reached 23.6–34.6 MJ/kg [65]
220 57.05–80.17 Fuel/adsorption High C content, HHV, and energy yield [66]
140–200 77.1–67.8 Fuel The HHV reached 20.7–23.9 MJ/kg [67]
190 50.40–76.80 Fuel/adsorption The highest hydrochar calorific value was ~ 23.01 MJ/kg [68]

HCl 220 51.86 Fuel The HHV reached 26.64 MJ/kg [69]
H2SO4 180 22.10 Adsorption Good adsorption capacities for Pb(II) ion (273.4 mg/g)

and MB (701.3 mg/g)
[70]

Macroalgae H2SO4 217 Adsorption Higher esterification yield [71]
Chitosan KOH/KHCO3 250 10.2–16.3 Supercapacitor Excellent specific capacitance,

rate capability, and energy density
[72]

Pig manure 140–220 97.4–53.5 Agriculture
manure

High nutrient recovery rates. [73]

Sewage
sludge/food
waste

230 Fuel With the high C content [74]
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happen in the polymers with the rise of temperature, also the
release of volatile compounds and the rearrangement reactions
of residues, all of which are the primary decomposition reac-
tions. Then, the further conversion reactions of some unstable
volatile compounds are defined as the secondary reactions
[76]. Two levels of decomposition mechanisms of lignocellu-
lose by the pyrolysis process are illustrated in Fig. 5. As the
temperature increases, the effectiveness of biomass conver-
sion has an increasing trend since the temperature transfers
the extra energy to destroy the biomass bonds [77].

The H/C and O/C atomic ratios can express the change of
products under different temperatures. For example, Parshetti
et al. [78] used empty palm fruit bunches as the carbon source
to prepare carbon materials at 150 °C, 250 °C, and 350 °C,
respectively.With the temperature increasing, the results of H/
C and O/C atomic ratios generally decreased because of de-
carboxylation and volatile matter reduction [79]. Meanwhile,
similar tendencies were observed from other biomass such as
starch [24], municipal solid waste (MSW) [80], and sewage
sludge (SS) [81].

On the other hand, the yield of the product usually decreases
as the temperature increase. Hoekman et al. [82] obtained a
decrease result in product yield from the mixture of Jeffrey pine
and white fir as the temperature increased from 215 to 255 °C.
The predominant reason might be the conversion of total or-
ganic carbon, including sugars and organic acids in solution.
The research conducted by Sun et al. [83] indicated that the
solid yields of the product were extremely high at temperatures
below 200 °C. Meanwhile, the solid yield increased in the tem-
perature range of 200–250 °C but decreased at 280 °C. Zhang
and Wang [84] reached similar conclusions that the solid yield
decreased with increasing temperature. In order to explore the
effect of temperature on product distribution, a lot of researches
have been carried out in recent years [85, 86].

Additionally, it is observed that temperature is also a sig-
nificant parameter affecting the morphology of the obtained
materials. As shown in Fig. 6, cellulose was through a hydro-
thermal treatment at a low temperature (160 °C), the fibers of
products were still intact and arranged in the characteristic

cellulose network. Upon increasing the temperature at
220 °C, spherical particles began to form, which were similar
to the HTC materials obtained from glucose. However, the
overall morphology is not as uniform as for simple sugars.
Meanwhile, higher temperature will cause more pore struc-
tures in the obtained materials due to the release of more
volatile matter from the biomass, which, in turn, increases
the surface area.

3.2 Residence time

During the hydrothermal process, residence time also plays a
significant role in the degree of reaction, the distribution, and
properties of materials. The slow or conventional reaction with
a residence time ranging from a few minutes to several days at
moderate temperature is mainly beneficial to the production of
hydrochar [87]. Compared with the temperature, the influence
of residence time on solid yield is similar but relatively weak.
The solid yield is high when the residence time is short, and it
decreases with the extension of residence time. Because a long
residence time leads to the polymerization of dissolved frag-
ments in the liquid phase, which results in the secondary prod-
ucts with a polyaromatic structure [24, 88].

Furthermore, the residence time also determines the size of
materials because it can result in excessive polymerization.
Romero-Anaya et al. [89] prepared spherical carbons from
abundant and cheap carbohydrates. As the residence time in-
creased, the resulting carbon microspheres were more dispers-
ible (Fig. 7). The results showed that long residence time
determined the morphology of products. The residence time
has a great influence on the reaction end point, specific surface
area, and pore volume, due to the structural melting, elemental
realignment, and shrinkage [90].

3.3 Substrate concentration

The high substrate concentrations are likely to reach higher
product yields during the HTC reaction, whereas few studies
put particular emphasis on the effects of substrate

Fig. 5 Primary and secondary
mechanisms of lignocellulose
thermal decomposition
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concentrations. Knežević et al. [91] proposed that a rapid po-
lymerization reaction occurred with a high initial concentra-
tion of glucose. In a relatively short residence time, the higher
substrate concentration will result in polymerization, leaving
most of the reactant unhydrolyzed. Meanwhile, Sevilla and
Fuertes [35] reported that less condensed products with high
O/C and H/C atomic ratios appeared at a higher substrate
concentration because of incomplete hydrolysis.

Moreover, insufficient polymerization of soluble products
will cause a decrease in the aggregation of solid products,
which can be deduced directly from the particle size of micro-
spheres. For instance, Sevilla et al. [9] and Sevilla and Fuertes
[35] suggested that the smaller microspheres would form as
the substrate concentrations of cellulose increased. However,
the type of raw materials may leverage the final results. The
size of microspheres increased at higher substrate concentra-
tion when easily dissolved substrates were directly used, such
as glucose and sucrose [35, 92]. The results reported by
Romero-Anaya et al. [89] also advocated this theory. They
observed an increase in the size of microsphere when the
substrate concentration increased from 0.8 to 1.6 M. A higher
degree of polymerization can be obtained by dehydration and
condensation at a high concentration, which may further in-
crease particle size.

4 Applications of the biomass-based
functional carbonaceous materials

The most attractive feature of the conversion from biomass
by hydrothermal carbonization depends on the superiority

which represents a green, cost-effective, and upgradable
technology. The biomass-based functional carbonaceous
materials have various practical applications in the fields
of catalysis, adsorption, energy storage, and so on. In the
subsequent sections, the applications of carbonaceous ma-
terials derived from biomass will be introduced.

4.1 Catalysis applications

In the chemical industry, due to the high catalytic activity
and selectivity, metals or metal compounds are commonly
the most advanced catalyst, especially precious metals, but
they tend to consume more energy [93]. The biomass-based
functional materials, exhibiting environmental acceptabili-
ty and good industrial application, can be powerful substi-
tutes for some industrial chemical products. For example,
carbonaceous solid acid is the typical metal-free catalyst,
which is widely used in various acid-catalyzed chemical
reactions, such as hydrolysis, dehydration, and esterifica-
tion [94–96].

A new-type strong acid catalyst based on carbon was
obtained by Liang and Yang [94], who used a hydrothermal
method from glucose with a higher yield under the milder
conditions. Afterwards, Qi et al. [97] prepared carbona-
ceous materials by hydrothermal carbonization of glucose,
which were functionalized in situ with –SO3H or –COOH
groups. The material exhibited great catalytic activity as a
solid acid catalyst for the hydrolysis of cellulose. Moreover,
they also obtained a similar carbonaceous microsphere via
the hydrothermal route from glucose for the catalytic dehy-
dration of fructose. The results showed that the catalytic

Fig. 6 Scanning electron
micrographs of hydrothermal
carbons obtained from cellulose
at 160 °C (a, b) and 220 °C (c, d)
[36]
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capability is suitable for a high concentration of fructose, up
to ca. 10 wt% with the yield of 5-HMF above 75.8%. After
separating the product 5-HMF with ethyl acetate, it can be
reused for 5 times without significant loss of activity [98].
Similarly, the carbonaceous materials with different mor-
phologies and sizes were prepared through a hydrothermal
treatment of glucose by Wen et al. [99], which were utilized
as an efficient metal-free carbo-catalyst enriched with spe-
cific oxygenated groups. Carbo-catalyst containing carbon-
yl and hydroxyl groups could be used for nitrobenzene re-
duction reaction, and hydrothermal carbon enriched with
carboxyl groups exhibited more superior catalytic activities
than conventional solid acid in the Beckmann rearrange-
ment reaction of cyclohexanone oxime. In a recent study,
the catalyst was further obtained from hydrochars by sulfu-
ric acid from defatted rice bran and showed higher catalytic
activities on cellulose hydrolysis than the commercial
sulfonated solid Amberlyst 16 WET catalyst [62].

Besides, the hydrothermal carbon materials can also be
used as catalyst support. The catalyst support is the skeleton
of catalyst, which can support the active component, disperse
the active component, and increase the strength of the catalyst.
Carbon support is the potential alternative to metal oxides
because the surfaces can be upgraded by proper
functionalization, and the surface areas can be increased via
physical and chemical treatment [100]. For instance, Joo et al.
[101] reported a simple method to prepare graphitic porous
(GP) carbon by hydrothermal carbonization of non-toxic and
economical carbon source (sucrose) under the relatively low
temperature. The highly graphitic nature of GP carbon exerted
a positive effect on the catalytic function of supported Pt cat-
alyst, which resulted in a higher catalytic activity in methanol
electro-oxidation. Moreover, Wataniyakul et al. [102] deter-
mined the suitable hydrothermal conditions for the prepara-
tion of carbonaceous material from glucose. The material was
used as a catalyst carrier for sugar and cellulose conversions,

Fig. 7 Hydrothermal carbon
obtained from glucose and
saccharose with different
residence times. a, b For 12 h. c, d
For 24 h. e, f For 48 h [89]
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which could provide a stable carbon support after sulfonation.
After sulfonation, the total acidity of materials increased by
20%, which caused a decrease in catalytic activity for the
hydrolysis of cellulose and the dehydration of fructose.

As mentioned above, as the substitutes for inorganic cata-
lysts, the biomass-based carbon materials have achieved re-
markable development and valuable results. They exhibited
excellent catalytic activities in multifarious chemical reactions
and had great advantages in green chemistry and ecological
protection. However, considering the harsh reaction condi-
tions, high production costs, and low selectivity, there are still
some deficiencies in catalytic selectivity and industrial appli-
cations that need to be improved.

4.2 Energy storage applications

After the excessive consumption of fossil fuels caused a seri-
ous global energy crisis, a well-established strategy is pur-
posed for disposing to store and use cleaner, low-cost, and
renewable energy resources, such as wind, solar, and biomass
[103]. Capacitor and lithium-ion batteries are popular in ener-
gy storage devices. Since the carbonaceous materials enriched
many functional groups could greatly improve the pseudo-
capacitance, the biomass-based functional materials are also
an advantageous choice for electrode materials of capacitors.
Furthermore, a great deal of electrochemical inert functional
groups can enhance the wettability of electrodes, thereby im-
proving the specific capacitance through the increase of utili-
zation and porosity [104]. Most especially, the oxygen-
containing functional groups can prevent further oxidation
under a wide range of potentials, hence improving the cycle
stability of the electrode material [105].

For example, Falco et al. [46] reported a hydrothermal
method to prepare functional carbonaceous materials from
hemicellulose hydrolysate. The materials showed a greatly
high porosity (pore volume ≈ 1.0 cm3/g), mostly composing
of micropores (90% of total pore volume). Therefore, the ma-
terials were further tested as electrodes for supercapacitors
with potential results (300 F/g at 250 mA/g) and demonstrated
the high suitability for electric double-layer supercapacitors.
Moreover, Liu et al. [106] successfully prepared the carbona-
ceous materials (HPGC) with 3D hierarchical and intercon-
nected honeycomb-like structure, and they used pomelo peel
as the raw materials through a hydrothermal route and follow-
ed KOH activation procedure. Then, as the as-assembled sym-
metric supercapacitors, the materials exhibited high
gravimetric/volumetric capacitance, excellent rate capability,
and cycling stability.

Nowadays, carbonaceous materials are often doped with
some special functional groups such as nitrogen-containing
groups, boron-containing groups, and carboxyl groups.
These special functional groups can improve the mechanical
and electrical properties of materials, such as oxidation

resistance, electrochemical efficiency, chemical reactivity,
mechanical properties, and super capacitor performance.

For instance, the mesoporous carbonaceous materials
doped with nitrogen via the hydrothermal soft-templating pro-
cess were obtained by Hu et al. [107], who used D-fructose
and dicyandiamide as a precursor. They demonstrated and
clarified the effects of nitrogen doping as a mesoporous car-
bon electrode on supercapacitor performance. When the N-
doping amount was controlled to 6.0 wt%, the compromise
was achieved between the specific surface area, electrical con-
ductivity, and redox reactions, thereby obtaining the highest
electrical capacitance. Similar studies were reported by Ren
et al. [108], and the N-doped carbons were obtained via hy-
drothermal carbonization of macroalgae, which could be uti-
lized as electrodes for supercapacitors. The materials showed
a good perspective in applications for carbon capture, oxygen
reduction reaction, and supercapacitor. Among them, the
supercapacitor exhibited excellent cycling stability with ca-
pacitance retention highly up to 98% at 2 A/g even after
10,000 cycles (Fig. 8).

As described above, the biomass-based functional carbo-
naceous materials showed various advantages in energy stor-
age applications, due to the rich functional groups, high po-
rosity, and easy contact of electrolyte ions. However, there are
still many aspects that need us to improve and break through.
Firstly, due to the insolubility of natural biomass, it is difficult
to control the morphology and structure of the resulting ma-
terials based on the solution method. Secondly, the purified
biomass derivatives can obtain relatively pure materials but
the cost is higher. Finally, due to the volatility of certain sur-
face functional groups, biomass-based carbonaceousmaterials
have poorer cycle performance in supercapacitors and batte-
ries than conventional carbon materials.

4.3 Adsorption applications

In the past few years, people have made a lot of effort to solve
the environmental pollution problems, in which activated car-
bons play important roles in the removal of heavy metals and
organic pollutants. The special adsorption of contaminants by
hydrothermal carbon is attributed to the distribution of porous
structures, high specific surface areas, and enhanced surface
chemistry properties. The validity of adsorption also depends
on other factors such as hydrophobicity, alkalinity, ion ex-
change capacity, and elemental composition [109, 110]. The
hydrothermal carbon prepared at 180 °C without heat treat-
ment and surface activation had a relatively limited pore struc-
ture, but the oxygen groups can not only promote adsorption
but also facilitate further surface modification. However, since
the single carbohydrate is usually used as the carbon source
for hydrothermal carbon, the number of oxygen groups is very
limited on the surface of hydrothermal carbon. The materials
have no significant adsorption for heavy metal ions (including

277Adv Compos Hybrid Mater (2020) 3:267–284



uranium and other radionuclides) and organic pollutants,
which limits their further utilization in the field of adsorption
applications. In order to overcome these disadvantages, the
adsorption performance of hydrothermal carbon was im-
proved through the modifications [28, 111, 112].

As mentioned above, the carbonaceous materials loaded
with carboxylic groups were obtained by Demir-Cakan et al.
[31] from glucose in the presence of acrylic acid. The results
indicated that the material has a significant improvement in
the adsorption properties of heavy metal ions such as Pb2+

(351.4 mg/g) and Cd2+ (88.8 mg/g). Similar conclusions were
supported by Qi et al. [111], who used the materials as the
adsorbent for the water-soluble ionic liquid (1-butyl-3-meth-
yl-imidazolium chloride). The microspheres with low surface
area (ca. 20 m2/g) exhibited adsorption capacity comparable
to commercial activated carbon, which can be attributed to the
presence of a high content of polar oxygenated groups, such as
–OH, –C=O, and –COOH. In addition, Krstić et al. [112]
prepared the precursor of activated carbon through a hydro-
thermal route from fructose and glucose and discussed the
detailed characterization. The good removal of the heavy met-
al ions (~ 47–59 mg/g for Pb2+, ~ 21–27 mg/g for Cd2+, and ~

6–10 mg/g for Zn2+) and fast (~ 10–30 min) removal of meth-
ylene blue (~ 60–200 mg/g) were also be determined. Finally,
the results showed that activated carbons posed the potential
to be utilized as filter materials for tailing collector.

The hydrothermal carbonaceous materials from biomass
wastes can also be used as adsorbents. For example, Islam
et al. [113] prepared the carbonaceous material through a hy-
drothermal route from factory-rejected tea, which was used as
a precursor for activated carbon to remove methylene blue
(487.4 mg/g) from aqueous solution. Recently, Bibaj et al.
[114] prepared activated carbons via pyrolysis and hydrother-
mal treatment from banana peels for the removal of nickel
ions. Khan et al. [115] also successfully obtained nitrogen-
doped, mesoporous, and paramagnetic hydrochar (mSBHC-
N) by hydrothermal carbonization from sugarcane bagasse,
which were used for the removal of post-transition and tran-
sition heavy metals, such as Pb2+ and Cd2+ from aqueous
environment.

Nuclear industrial wastewater is a kind of highly saline
wastewater with trace amounts of radioactivity. The treatment
of nuclear industrial wastewater is still a difficult problem to
be solved urgently in the world. For instance, the

Fig. 8 The capacitive performance of NAC-800-based supercapacitor in 6MKOH. aCV curves at different scan rates. bGCD curves at different current
densities. c Nyquist plot and inset of the enlarged high-frequency region. d Long-term cycling stability at 2 A/g for 10,000 cycles [108]
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preconcentration techniques developed for uranium are based
on the physical, physics-chemical, and chemical principles,
including precipitation, solvent extraction, ion exchange, and
adsorption [116]. Activated carbon is widely used in the pro-
cess of separation and purification for the nuclear industry due
to its advantages of selective adsorption, high radiation stabil-
ity, and high purity. The researchers tried to utilize the
biomass-based functional carbonaceous materials as adsor-
bents in the treatment of nuclear industry wastewater.

Zhang et al. [117] discussed the ability of oxygen-rich
carbon spheres prepared through a hydrothermal route from
glucose for the adsorption of uranium (U(VI)) from aque-
ous solution. The results demonstrated the adsorption pro-
cess of materials towards uranium was feasible, spontane-
ous, and effective. Complete removal (99.9%) of U(VI)
from 1.0 L industry wastewater containing 15.0 mg U(VI)
ions was possible with 3.0 g of materials. Afterwards, Cai
et al. [118] further demonstrated that the carbon micro-
sphere with abundant carboxyl groups had high adsorption
capacity for U(VI) (163 mg/g), which were prepared by
hydrothermal carbonization from glucose and further calci-
nation. More recently, Han et al. [119] prepared the hydro-
thermal carbon with a huge amount of carboxyl groups via a
hydrothermal method in the presence of acrylic acid, which
was used for the highly efficient removal of uranium. The
adsorption capacity of U(VI) on the obtained materials
reached 197.7 mg/g, which was 9-fold higher than that of
raw glucose-derived hydrochars.

The hydrochar applications for the adsorption of heavy
metals and dyes are summarized in Table 2. On the basis of
above discussion, it can be seen that the biomass-based
functional carbonaceous materials show excellent perfor-
mance in the field of adsorption application. However,
since natural biomass is mostly a mixture, the product are
he te rogeneous and complex , which hinders the

improvement of the adsorption performance. In addition,
some pollutants may release to the environment inevitably,
leading to secondary pollution. Therefore, in order to pre-
vent secondary pollution, subsequent work should focus on
the development of suitable and sustainable carbonaceous
materials to reduce the release of pollutants in the adsorp-
tion process.

4.4 Other applications

In addition to catalysts, adsorption, and energy storage, the
biomass-based hydrothermal carbonaceous materials can
be utilized in many other fields, such as agriculture, bio-
medicine, and magnetic application. In agricultural produc-
tion, charcoal is often added to soil as a carbon sink to
improve soil productivity. As a substitute for charcoal, the
biomass-based hydrothermal carbon has the advantages of
choosing non-traditional carbon sources, such as animal
manure [130], sludge [131], and microalgae [132].
Furthermore, photoluminescent carbon dots are novel bio-
compatible nanomaterials, which can be prepared from bio-
mass, bringing great hope for the modern nanobiomedicine.
Mehta et al. [133] prepared fluorescent carbon dots through
a facile green hydrothermal route from apple juice. The
materials were used as alternative biocompatible fluores-
cent probes for imaging ofMycobacterium and fungal cells.
The carbon dots can also be prepared from flowers [134,
135], leaves [136, 137], and fruits [138, 139]. Recently, the
biomass-based hydrothermal carbon has been used as the
precursor of magnetic carbon nanocomposite because of its
high surface area, controlled nanosizes, material stability,
and magnetic properties [140]. Only a small part is men-
tioned here, there are still more possibilities for biomass-
based carbonaceous materials to be explored.

Table 2 Adsorption characteristics of removal of heavy metals and dyes using different hydrochars

Material Modification Pyrolysis
temperature (°C)

HMs Best fit kinetic
model

Best fit equilibrium
model

Equilibrium adsorption
capacity (mg/g)

Refs.

Hardwood Fe2+/Fe3+ 450 Cu(II)/Zn(II) PSO* Langmuir 6.70/4.54 [120]

Glucose Fe2+/Fe3+ 190 Cd(II) PSO* Langmuir 97.66 [121]

Peeled pine wood Mn(II) 700 Pb(II) PSO* Langmuir 91.98 [122]

Banana empty
bunch fiber

H3PO4 220 Pb(II)/Zn(II) PSO* Langmuir 74.62/77.51 [123]

Banana peels 20% H3PO4 230 Pb(II) PSO* Langmuir 359 [124]

Arecanut husk Citric acid 180–220 Pb(II) – – 79.86 [125]

Rice straw – 160–200 Cu(II)/Zn(II) – Freundlich 144.9/112.8 [126]

Waste vinasse KOH 180 VB PSO* Langmuir 713.524 [127]

Eucalyptus sawdust KOH 220 Cr(VI) PSO* Freundlich 45.88 [128]

Corn cobs PEI 300 Cr(VI)/Ni(II) PSO* Langmuir/Freundlich 33.663/29.059 [129]

PSO pseudo-second-order
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5 Conclusions and outlooks

As an important component of clean energy, biomass can
produce various useful chemicals, fuels, and functional mate-
rials. Hydrothermal carbonization is considered as one of the
most effective methods to prepare carbonaceous materials
with high-quality morphologies. Currently, there are mainly
two ways to produce carbonaceous materials using hydrother-
mal carbonization, and this article focuses on the facile single-
pot hydrothermal process. The existing approaches and tech-
nologies for the conversion of biomass into functional carbo-
naceous materials by hydrothermal carbonization are intro-
duced. The different biomass raw materials in hydrothermal
carbonization are firstly summarized, and the formationmech-
anisms of carbonaceous materials from biomass in the hydro-
thermal process are illuminated roughly. Subsequently, the
effects of hydrothermal conditions on the products were brief-
ly discussed. Temperature is the most vital parameter in the
hydrothermal process because it is the key to cause the ionic
reaction and further affects the yield and properties. The res-
idence time also plays an important role in the degree of reac-
tion and in the distribution and properties of products. Then,
the extensive applications of biomass-based functional carbo-
naceous materials in catalysis, energy storage, and adsorption
applications were introduced in detail. In the catalysis appli-
cations, the biomass-based functional carbonaceous materials
have shown excellent activities for esterification, hydrolysis,
and dehydration. They can also be used as catalyst carriers to
support other nanoparticles for the catalytic reaction. In ener-
gy storage applications, the biomass-based functional carbo-
naceous materials are applied to electrode materials of
supercapacitors or batteries because of the high specific ca-
pacitance and favorable cycle stability. In adsorption applica-
tions, the biomass-based functional carbonaceous materials
exhibit great performance in removing heavy metals and or-
ganic pollutants, and even nuclides, due to rich functional
groups and adjustable porosity.

Although great progress has been achieved in the conver-
sion of the biomass into functional materials via hydrothermal
carbonization, there are still some obstacles and challenges
that need to be overcome. Firstly, biomass with different
chemical compositions has a significant impact on the perfor-
mance of the product and should be rigorously chosen as the
ideal precursor for the synthesis of carbonaceous materials.
The compositions such as lignocellulose, ash, moisture, and
oxygen have some effects on the properties of the materials. In
order to solve this problem, comprehensively comparative
investigations on different raw materials are of great signifi-
cance for determining the common features and formulating
relevant preparation schemes. Furthermore, the relevance be-
tween the surface characteristics of materials and the compo-
sition of feedstock should also be concerned with the change
of hydrothermal conditions. Therefore, the determination of

hydrothermal conditions is helpful in obtaining better final
products.

Secondly, for the applications of the biomass-based func-
tional carbonaceous materials, a deep understanding of the
effects of surface functional groups on their performance is
critical. In recent years, heteroatom doping on the carbona-
ceous materials to improve the corresponding performance
has received extensive attention; however, the pore blockage
caused by doping often occurs. Therefore, avoidance methods
will be the focus of future research. It will be helpful to fill the
gaps in activation knowledge and better understand the role of
heteroatoms in chemical activation. Furthermore, since hydro-
thermal carbonization is carried out in an aqueous solution,
some substances dissolve into the liquid phase during the re-
action process. Further research is still focused on the utiliza-
tion and harmless treatment of the liquid-phase product.
Besides, other difficulties need to be solved in commercial
production such as scale-up issues, cost reduction, and effi-
ciency increase.

Finally, as shown by numerous examples discussed herein,
hydrothermal carbonization is considered as one of the most
effective methods to prepare precursors for the biomass-based
functional carbonaceous materials. It provides the ideal prop-
erties tomake precursors more suitable for chemical activation
and receives more benefits than other conventional pretreat-
ment. The utilization of highly abundant biomass waste is a
cost-effective proposal that can greatly reduce the cost of syn-
thesis. In addition, environmental remediation can be
achieved, which is an important sustainability of the environ-
ment. The biomass-based functional carbonaceous materials
have achieved enormous success in many practical applica-
tions, including catalysis, energy storage, environmental re-
mediation, biomedicine, and so on. Despite many challenges
in technologies and products, the biomass-based functional
carbonaceous materials can open up new avenues for devel-
opment in the future.
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