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A B S T R A C T

The utilization of lignocellulosic biomass for the production of carbonaceous materials has become increasingly 
prominent in the fields of environmental engineering and the circular economy. With the establishment of new 
material sources, waste management has improved, and novel materials are being synthesized with a reduced 
environmental impact. Consequently, hydrothermal carbonization (HTC) emerges as a sustainable and envi
ronmentally friendly thermochemical technique for the treatment of lignocellulosic biomass, particularly agro- 
industrial waste. HTC produces a carbonaceous material called hydrochar, which has extensive applications in 
environmental water decontamination processes. Hydrochars derived from agro-industrial waste serve as a 
sustainable alternative for the reclamation of agro-industrial byproducts and exhibit desirable properties for use 
in water treatment processes. The abundance of oxygenated functional groups (OFGs) and the presence of 
persistent free radicals (PFRs) make hydrochar a carbonaceous material suitable for diverse water decontami
nation applications. This review offers a thorough analysis of the synthesis, characterization, properties, and 
applications of hydrochars in water decontamination via adsorption and advanced oxidation processes, including 
heterogeneous photocatalysis and persulfate activation.

1. Introduction

Recently, the scarcity of natural resources and the increase in pop
ulation positioned the circular economy as a key economic and pro
ductive model for ensuring a sustainable future [1,2]. From the 
perspective of new materials development, the most promising alter
native is the utilization of lignocellulosic biomass, particularly 
agro-industrial waste, as it is considered low-cost, readily available and 
has the potential to be valorized through various pathways, such as 
platform-molecules generation, biohydrogen production, biofuels pro
duction, biopolymer synthesis, biosurfactants, and energy generation 
[3–5]. Furthermore, one of the routes of exploitation of biomass is the 
creation of materials for use in water decontamination, particularly 
carbonaceous materials [6].

Technological and socio-economic advances have led to the wide
spread use of carbonaceous materials in various fields, such as energy 
conversion and storage, gas separation, and environmental remediation 
processes [7,8]. These fields take advantage of the unique and versatile 

physicochemical properties of carbonaceous materials, such as high 
chemical stability, large surface area, extensive porosity, and excellent 
electrical and thermal conductivity. As a result, carbonaceous materials 
play a key role in scientific and technological development [9]. 
Considering the above, lignocellulosic biomass is a sustainable alterna
tive for the creation of carbonaceous materials by means of thermo
chemical processes; one of the most well-known of these processes is 
pyrolysis, where the biomass is decomposed by heating in an inert at
mosphere. Although pyrolysis can be considered a simple and effective 
process, it requires high temperatures (300–1000 ◦C) and a continuous 
flow of inert gas, which involves a high energy cost. In addition to this, it 
is indispensable that the biomass has a low moisture content [10]. For 
this reason, the scientific community is exploring alternative methods 
for the conversion of lignocellulosic biomass into carbonaceous mate
rials for various applications. In this sense, hydrothermal carbonization 
(HTC) is a thermochemical conversion method in which water is used as 
a reaction solvent in a temperature range between 150 ◦C and 250 ◦C 
under autogenous pressure, without the need for biomass to have a low 
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moisture content [11,12]. Under these conditions, the lignocellulosic 
biomass decomposes through various reactions, producing a carbona
ceous material called hydrochar, along with liquid and gaseous 
byproducts [13–15]. Hydrochar derived from lignocellulosic biomass 
exhibits physicochemical properties and characteristics that depend on 
the type of biomass used and synthesis variables, such as temperature, 
reaction time, and biomass-to-water ratio [12]. The primary attribute of 
hydrochar is its oxygenated surface chemistry, making it a valuable 
carbonaceous material for water decontamination applications [16].

This review article provides a systematic information and a general 
overview of the synthesis, characterization, and properties of hydro
chars derived from lignocellulosic biomass, as well as their application 
in water decontamination processes through adsorption and advanced 
oxidation processes. For the research strategy of this review, the process 
began by identifying research articles and reviews primarily from da
tabases, such as Web of Science, utilizing the following keywords: 
“Hydrothermal carbonization”, “Hydrochar synthesis”, “Hydrochar 
adsorption”, “Hydrochar photocatalysis” and “Hydrochar sulfate activa
tion”. This study exclusively includes research publications that focus on 
the utilization of lignocellulosic biomass from agro-industrial waste for 
hydrochar production, while excluding those that involve hydrochar 
pyrolysis. In the section on heterogeneous photocatalysis, studies 
incorporating glucose, cellulose, and sucrose as precursors for hydro
char were included due to the scarcity of research in this field involving 
lignocellulosic biomass. This information retrieval strategy has facili
tated the management and extraction of more relevant and systematic 
data to fulfill the purpose of this review.

2. Lignocellulosic biomass

Biomass is defined as renewable organic material derived from plants 
or animals, and is classified into forest, agricultural, urban, or industrial 
categories [5,6]. Lignocellulosic biomass is the most prevalent organic 
matter, comprising three primary components: hemicellulose, cellulose, 
and lignin. The remaining composition consists of non-structural com
ponents, including proteins, starch, and ash [1,17].

Hemicellulose is classified as a branching polymer, primarily 
composed of monosaccharide units, including hexoses, pentoses, and 
other saccharides. Its primary role is to serve as a binding agent between 
cellulose and lignin [18]. Cellulose, on the other hand, is a linear 
polymer of anhydro-D-glucopyranose units connected by β 
(1–4)-glycosidic linkages. Its function is to provide structural support to 
biomass, acting as its skeletal framework [18,19]. Finally, lignin is a 
highly branched aromatic matrix composed of oxygenated phenyl
propanoid units (p-hydroxyphenyl, guaiacyl and syringly) chemically 
linked. The primary function of lignin is to provide rigidity and hydro
phobicity, cluster cellulose structures, and protect the biomass from 
external chemical or biological agents [20,21].

In recent years, the use of lignocellulosic biomass has gained sig
nificant interest, especially lignocellulosic agro-industrial waste, as it is 
low-cost, generated on a large scale, easily accessible and has the po
tential to be revalorized through various conversion routes, such as 
platform-molecules generation, hydrogen production, biofuels produc
tion, synthesis of biopolymers, biosurfactants, organic acids, enzymes, 
energy generation, and adsorbents [3,4,6]. Recently, the use of 
agro-industrial waste for the creation of adsorbent and photocatalytic 
materials has increased. However, given that most lignocellulosic 
biomass has a high moisture content, its conversion to biochar via py
rolysis may not be the most appropriate approach, as this process re
quires dry raw material. For this reason, hydrothermal carbonization 
emerges as a sustainable and environmentally friendly alternative for 
processing lignocellulosic biomass and converting it into an efficient 
carbonaceous material for application in water decontamination 
processes.

3. Hydrothermal carbonization (HTC)

Hydrothermal carbonization (HTC) is a thermochemical conversion 
process used for the conversion of biomass [9,13,16]. The conditions 
under which this process is conducted are temperatures between 180 
and 250 ◦C and autogenous pressure (2–6 MPa) [22]. Under these 
conditions, the dielectric constant and the density of water decrease, and 
this reduction decreases the polarity of the water, which allows water to 
function as a solvent [23]. For example, an experimental laboratory 
procedure of hydrothermal carbonization is as follows: A 20 mL Teflon 
container is prepared with 1.5 g of crushed biomass and 15 mL of water 
(β = 0.1), which are then mixed. The container is then put into the metal 
case of the hydrothermal reactor (Tmax: 220–240 ◦C, Pmax: 3–6 MPa) and 
sealed. Then it is placed in a preheated furnace to 180◦C or 200◦C and 
maintained at a constant temperature for 3 h or 9 h. After the reaction 
time has elapsed, the hydrothermal reactor is cooled, and hydrochar is 
separated from the bio-oil. Various studies use hydrothermal reactors, 
which enable improved temperature control through heating and cool
ing ramps, pressure measurement and control, and integrated agitation. 
In this type of reactor, it is recommended to review works that detail 
specific synthesis methodologies [24–28]. To exemplify the method of 
synthesis of hydrochar in Fig. 1, a typical scheme of hydrochar synthesis 
from biomass is shown. During the constant heating of the hydrothermal 
reactor, hydrolysis, dehydration, decarboxylation, aromatization and 
condensation reactions occur, which result in the total or partial con
version of the structural compounds of the biomass (hemicellulose, 
cellulose and lignin) [9,29–31]. All of these reactions generate three 
reaction products: a fraction of gas (1–5 %) composed mainly of CO2 and 
H2O, a liquid fraction (4–15 %) called bio-oil and a larger fraction of a 
solid (50–80 %) called hydrochar [16,32], which is the solid product on 
which this review is focused.

Recent research has investigated the recirculation of water used for 
the production of hydrochars. For instance, Wu et al. [33] conducted up 
to four recirculations of process water during the hydrothermal 
carbonization of food waste at 220 ◦C. The findings indicate an 
enhancement in hydrochar yield and High Heating Value (HHV), 
attributed to the promotion of decarboxylation reactions. From the point 
of view of surface chemistry, an increase in the recirculation of process 
water resulted in an increased stretching vibration peak of aliphatic 
structures as indicated by FTIR, in conjunction with an augmentation in 
the concentration of carbon bonds -C-(C, H)/C-C, and a total elimination 
of -C––O as evidenced by XPS. Ding et al. [34] and Leng et al. [35]
observed the same results during the recirculation of water in the syn
thesis of hydrochars from rice husk and soybean straw, respectively. 
This alternative method of process water recirculation improves the 
utilization of hydrochars as fuel; however, if hydrochar is targeted for 
water decontamination, it is crucial to correlate alterations in surface 
chemistry with the application, whether through adsorption or 
advanced oxidation processes.

3.1. Hydrochars synthesis mechanism

As previously mentioned, three products are produced during hy
drothermal carbonization: liquid, gas and solid (Hydrochar). Generally, 
the production of hydrochar involves two global mechanisms: (1) “solid- 
solid”, in which the structure of the lignocellulosic biomass and the HTC 
conditions control the production of primary char (PC). PC is produced 
by the thermochemical reaction of insoluble lignin and cellulose crys
tals. Additionally, it is characterized by maintaining the original shape 
of the biomass and containing a solid phase that is high in carbon [36, 
37]. (2) “liquid-solid”, where organic molecules created during the HTC 
of biomass condense and polymerize to produce secondary char (SC). Its 
main characteristics is its microsphere-like shape which typically ad
heres to the PC surface [36–39]. The conversion pathways for producing 
primary and secondary char are not yet fully understood, due to the 
complexity of the reaction, variability of raw materials, and parallel or 
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sequential reactions. Nonetheless, many conversion mechanisms have 
been identified for molecules like glucose, cellulose, food waste, and 
lignocellulosic biomasses [24,33,37,40–42].

Fig. 2 shows the building blocks of the lignocellulosic matrix and the 
specific conversion pathways that occur during hydrothermal carbon
ization. First, at 180◦C, hemicellulose, which is more sensitive to tem
perature, rapidly depolymerizes into polysaccharides. Hydrolysis then 
produces monosaccharides like hexoses and pentoses. Through subse
quent reactions, compounds such as aldehydes, furans, furfurals, and 
organic acids are formed. These chemicals then go through condensa
tion and polymerization reactions to make secondary char [37,40]. On 
the other hand, cellulose follows a path similar to that of hemicellulose 
after the dehydration of fructose or glucose. However, for the conversion 
of cellulose, a higher temperature is required for these reactions to take 
place. However, a fraction of cellulose crystals is converted into primary 
char [36]. Lignin is transformed into primary char through "solid-solid" 
processes, primarily contributing to the structure of hydrochar. A 
portion of the lignin undergoes hydrolysis, producing phenolic com
pounds and methoxylated benzenes, which then polymerize and 
contribute to the formation of secondary char [33,39,43].

3.2. Hydrothermal carbonization process variables

The hydrothermal carbonization process is simple from an opera
tional point of view, requires less energy than other thermochemical 
processes, such as pyrolysis, and its main variables are temperature, 
reaction time and biomass-to-water ratio. It is important to note that 
pressure evolution generally occurs autogenously with increasing 

temperature during the HTC process. Consequently, it is not clear 
whether the effect on hydrothermal carbonization is due to pressure, 
temperature, or both [9]. Additionally, the use of specialized equipment 
is required, i.e., a decoupled temperature and pressure hydrothermal 
(DTPH) process. This technology offers autonomous regulation of tem
perature and pressure [45,46]. For this reason, the analysis of the effect 
of pressure will not be considered in this review.

3.2.1. Temperature (T)
Temperature has a direct and dominant effect on the HTC process, 

and generally, the temperature range is between 180 and 250 ◦C. Under 
these conditions, the dielectric constant of water decreases, thereby 
increasing the solubility of non-polar substances. This effect allows 
water to dissolve and degrade organic substances [7]. Temperature has a 
greater effect on hydrochar, as its aromaticity, energy content, and 
thermostability increase with temperature [14,27,28,30]. Conversely, 
hydrochar yield decreases as the temperature increases, leading to a 
higher bio-oil and gas yield [9,47,48]. It is crucial to note that pure 
cellulose stays stable above 190 ◦C, as this temperature is insufficient to 
break strong β-(1–4) glycosidic bonds. Therefore, temperatures beyond 
220 ◦C are necessary for significant cellulose decomposition [38]. 
Additionally, lignocellulosic materials have increased thermal reactivity 
due to the presence of hemicellulose and Xylan-based polysaccharides, 
which are less stable than cellulose, potentially resulting in diminished 
yields [41]. Conversely, lignin, unlike cellulose and hemicellulose, ex
hibits limited reactivity under hydrothermal conditions. However, its 
presence in biomass can stabilize cellulose and delay its decomposition, 
indicating that a higher temperature is required for hydrochar formation 

Fig. 1. Typical procedure of synthesis of hydrochar.

Fig. 2. The evolution pathways of lignocellulosic biomass during HTC. Adapted from References. [33,40,44]. (Note, R1: Hydrolysis, R2: Dehydration, R3: Depo
lymerization, R4: Isomerization, R5: Rearrangement, R6: Condensation, R7: Polymerization, R8: Surface diffusion, R9: Direct carbonization).
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compared to pure cellulose [41]. Therefore, it is important to define the 
synthesis temperature for a high hydrochar yield. Mendoza Martinez 
et al. [12] reported that when the HTC temperature is raised from 180 ◦C 
to 240 ◦C, the HHV and carbon content increases, but the yield de
creases. Similar results have been found in different studies [25,49,50]. 
This means that an increase in temperature, improves the energetic 
properties of hydrochar at the cost of reduced in yield. Although higher 
temperatures can enhance hydrochar quality, they also present chal
lenges in terms of efficiency, cost, and equipment configuration. 
Achieving an optimal balance between temperature and other opera
tional variables is crucial for the successful application of hydrochar.

Based on the above, it is important to emphasize that biomass 
composition (hemicellulose, cellulose and lignin) greatly influences the 
choice of reaction temperature. For example, if the biomass has a high 
hemicellulose content, synthesizing hydrochars at T > 200 ◦C is not 
favorable, as the yield will be low. Conversely, if the biomass has a high 
cellulose and lignin content, significant conversion is more likely when 
synthesizing hydrochar at T ≥ 200 ◦C. However, given the vast avail
ability of lignocellulosic biomass with potential for conversion into 
hydrochars, further research is needed.

3.2.2. Holding time (τ)
The holding time or reaction time of HTC is generally between 1 and 

24 h and has a similar effect to temperature but with less impact [48, 
51]. An increase in reaction time leads to a lower hydrochar yield and a 
decrease in the elemental H/C and O/C ratios [52,53]. Moreover, the 
textural qualities of hydrochars often improve with prolonged reaction 
time due to a purifying effect on their porous structure. The main effect 
of holding time, aside from the reduction in hydrochar yield, is the 
alteration of hydrochar structure. Nonetheless, it is imperative to assess 
this effect during hydrochar production through techniques such as 
scanning electron microscopy. For example, Haris et al. [26], 
Sanchez-Silva et al. [54], and Parra-Marfíl et al. [55] evaluated the ef
fect of temperature and reaction time on hydrochar derived from 
lignocellulosic biomass and found that an increase in both variables 
favors carbon content, surface area, and the concentration of oxygen
ated functional groups. Similar results were found by Zhang et al. [56], 
who evaluated the effect of reaction time (2–12 h) on hydrochar derived 
from coffee residues. Characterization showed a gradual increase in 
surface area and carbon content, as well as a decrease in hydrochar 
yield. Considering the above, the relevance and impact of these two 
variables in the HTC process have been demonstrated in the synthesis of 
hydrochars derived from Wheat straw [57], coffee husk [58], and rice 
straw [59].

3.2.3. Biomass-to-water ratio (β)
The biomass-to-water ratio (g/g) used in HTC is related to biomass 

hydrolysis because, when the water load is greater, hydrolysis of the 
biomass increases. Conversely, when the solid load is high, the amount 
of water may not be sufficient to convert the biomass [9,60]. The 
biomass-to-water ratio can be chosen within a wide range of 0.1–0.5. 
However, it is important to estimate the required amount of water to 
ensure complete mixing of the biomass with the reactor water. For 
example, biomass morphology can be problematic, as it may result in 
portions of the biomass not being submerged, especially at β = 0.5 and 
when using fibers such as sugarcane bagasse. Ronix et al. [58] evaluated 
the biomass-to-water ratio in the synthesis of coffee husk hydrochar and 
their results showed that an optimal ratio leads to a well-defined surface 
with improved properties for methylene blue adsorption. Similarly, 
Haris et al. [26] in their synthesis of hydrochar derived from olive waste, 
demonstrated that the biomass-to-water ratio inversely affects hydro
char yield, as a lower ratio results in a higher yield due to reduced 
biomass decomposition. For comparative purposes, Table 1 presents the 
synthesis conditions, hydrochar yield, and BET surface area of hydro
chars synthesized from various types of biomass. It is important to 
emphasize that hydrochar yield varies depending on the type of 

Table 1 
Summary of synthesis conditions, hydrochar yield (γ) and specific surface area 
(SBET) with different precursor biomass.

Biomass Synthesis 
conditions (T, 
τ, β)

γ (%) SBET (m2/g) Reference

Olive waste 200–250 ◦C, 
0.5–1.5 h, 0.4–2

55.42–78.20 2.38–4.48 [26]

Byrsonima 
crassifolia

210 ◦C, 3–9 h, 
0.2

- 0.9–43 [54]

Bamboo 200 ◦C, 24 h, 0.2 - 7.35 [61]
Bamboo 200 ◦C, 24 h, 

0.25
- 45.79 [62]

Sawdust 
Wheat straw 
Cornstalk

200 ◦C, 20 h, 
0.083

54.7 
47.1 
48.4

4.41 
9.14 
8.58

[63]

Wheat straw 200–260 ◦C, 6 h, 
0.05

31.3–54.5 3.71–9.90 [57]

Hickory wood 
Peanut hull

200 ◦C, 6 h,- - 8 
7

[64]

Bamboo 
sawdust

160–280◦C, 
0.5–6 h, 0.166

44.8–84.9 2.63–43 [65]

Platanus 
acerifolia: 
Leaves 
Woodchips

200 ◦C, 5 h, 0.14 - 15.91 
28.9

[66]

Bamboo 
Cornstalk 
Pine wood

180 ◦C 12 h, 0.1 - 1.225.901.26 [67]

Coffee husk 180 ◦C, 6 h, 0.12 59.70 33.73 [68]
Corn stover 220 ◦C, 1 h, 0.1 57 1.77 [69]
Bamboo 

sawdust
200 ◦C, 24 h, 
0.25

- 7.92 [70]

Sugarcane 
bagasse

200–300 ◦C, 
0.05–0.5 h, 0.12

34–88 - [53]

Palm shell 180–260 ◦C, 
0.5–2 h, 1.1–1.6

12.60–0.31 38.7–70.6 [71]

Rice husk 
Cornstalk

200 ◦C, 2 h, 0.1 - 2.88 
7.34

[72]

Corn stover 180–260 ◦C, 
1–24 h, 0.14

32.86–67.90 - [73]

Banana stalk 160–200 ◦C, 
1–3 h, 0.1

57.8–75.3 - [49]

Cornstalk 180 ◦C, 12 h, 0.1 - 5.80–64.78 [74]
Rice straw 180–300 ◦C, 

1.5 h, 0.05
25.6–56 2.57–4.46 [75]

Rice husk 180–250 ◦C, 1 h, 
0.1

55.2–76.4 - [76]

Wheat straw 160–240 ◦C, 1 h, 
0.1

49.2–79.9 - [77]

Coffee grounds 210–270 ◦C, 1 h, 
0.5

- 6.43–2.39 [78]

Pine wood 180–250 ◦C, 
3–6 h, 
0.125–0.166

52–73 - [79]

Rice husk 220 ◦C, 1 h, 0.25 68.51 - [34]
Eucalyptus sp. 

Wood 
Bamboo 
Coffee Wood 
Coffee 
parchment

180–240 ◦C, 3 h, 
0.125

51.6–72.3 
52.5–63.9 
46.5–68.0 
34.4–55.4

- [12]

Corn straw 220 ◦C, 2 h, 0.25 48.7 10.59 [80]
Pine wood 180 ◦C, 24 h, 

0.12
- 9 [81]

Hickory wood 
Peanut hull

200 ◦C, 6 h, 
0.172

- 8 
7

[82]

Olive waste 190–240 ◦C, 6 h, 
0.3

48.5–69.6 7.47–7.62 [83]

Capsicum 
annuum 
seeds

180–250 ◦C, 
2–8 h, 0.2–0.1

30.4–86.1 0.08–4 [55]

Malt bagasse 250 ◦C, 6 h, 
0.233

28.25 < 2.5 [84]

Rice husk 180 ◦C, 0.33 h, 
0.033

57.9 3.5 [85]

(continued on next page)
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lignocellulosic biomass, which in turn is influenced by its structural 
composition (hemicellulose, cellulose and lignin), differing across 
biomass types.

Other variables involved in hydrothermal carbonization are not 
usually relevant to hydrochar, and very few studies provide studies on 
the effect of these variables. For example, the particle size of the 
biomass: if a small particle size is used, the hydrochar yield will be lower 
because, with a smaller particle, water will penetrate more easily into 
the biomass and increase the conversion of the lignocellulosic biomass. 
Conversely, if the biomass has a large particle size, a higher temperature 
or reaction time will be required for the reactions involved in hydro
thermal carbonization to penetrate the biomass particles [90,91]. For 
example, Wüst et al. [92] demonstrated that a small particle size (0–250 
μm) shows the lowest carbon percentage in hydrochars derived from 
brewer’s spent grains due to higher surface area and reactivity, in 
addition a larger particle size (500–850 μm) causes a delay in mass 
transfer through the pores of the biomass particle which affects hydro
lysis, dehydration, decarboxylation and condensation reactions [92].

In addition to the particle size of the biomass, the pH of the water 
used in the HTC can substantially influence the synthesis of hydrochar 
because, during the hydrothermal process, there is a decrease in the pH. 
Thus, the addition of and acid or alkali source can catalyze and modify 
the reaction paths of hydrothermal carbonization. For example, Lan 
et al. [74] synthesized hydrochars using cornstalk with a variable con
centration of H3PO4. They found that the presence of H3PO4 promotes 
cellulose decomposition. Therefore, these hydrochars exhibit enhanced 
properties, such as a larger specific BET area, increased light absorption 
capacity, and improved adsorption and photodegradation performance 
for norfloxacin. On the other hand, Reza et al. [57] synthesized wheat 
straw hydrochars by modifying the feedwater pH (2–12). The results 
showed that there is a higher generation of hydroxy-methyl-furfural and 
furfural when low pH values are used. In addition, at basic pH levels, 
lignin is more susceptible to depolymerization, resulting in higher pro
duction of phenolic derivatives such as catechol and guaiacol, indicating 
a relationship between pH conditions and lignin degradation.

On the other hand, it is important to mention that, according to the 
HTC process, a variety of organic compounds are produced; therefore, in 
some cases, it is necessary to wash the hydrochar after its synthesis 
because some organic acids (levulinic acid) can become trapped in the 
carbonaceous structure of hydrochar and directly affect its character
ization and application. This interference has been observed by Yu et al. 
[93] in the characterization of glucose hydrochar by infrared spectros
copy and thermogravimetric analysis, where there is a disturbance in the 
signals by the presence of levulinic acid. Recently, Ischia et al. [38]

evaluated the extraction of organic compounds from hydrochars using 
different solvents to improve their applications. They demonstrated that 
the organic compounds adsorbed on hydrochar structure are carboxylic 
acids (formic, glycolic and propionic acid) and furans (5H-furanone and 
5-HMF), with traces of ketones and phenols. The organic compounds 
adsorbed on the surface of hydrochar negatively affect its thermal sta
bility at low temperatures. According to the study, these compounds are 
usually highly volatile, and their presence contributes to the instability 
and reactivity of hydrochar. In conclusion, extraction with polar sol
vents is effective in removing these compounds, which improves the 
thermal properties of hydrochar. By removing the unwanted com
pounds, the treated hydrochar has a more favorable thermal profile and 
is possibly more suitable for combustion or environmental applications. 
One way to carry out this washing process is by using Soxhlet extraction 
with water or solvents such as ethanol. A common practice is to stop 
washing when the washing when the Soxhlet extraction water becomes 
colorless, or alternatively, thermogravimetric analysis can be used.

4. Characterization and properties of hydrochars

As previously mentioned, the synthesis conditions of hydrochar can 
generate different effects on the carbonaceous structure of hydrochar, 
and consequently, on its properties. Therefore, it is essential to under
stand the properties of hydrochar to determine its potential application, 
which requires the support of various characterization techniques.

4.1. Elemental composition (H/C and O/C)

Elemental compositions are easily measurable in CHNS-O analyzers, 
and elemental relationships provide insight into the reactions involved 
during HTC, especially if the Van-Krevelen diagram is used to show the 
H/C vs O/C ratio and the three main conversion routes: decarboxylation, 
dehydration and demethylation. An example of the information pro
vided by this diagram can be found in Sevilla and Fuertes [94], which 
showed that increasing the reaction time during HTC shifts the biomass 
starting point in the Van-Krevelen diagram towards dehydration and 
demethylation. Similarly, Iryani et al. [53] in their study on the HTC of 
sugarcane bagasse, found that the conversion of this lignocellulosic 
biomass occurs mainly through dehydration reactions and a slight 
carboxylation, according to the Van-Krevelen diagram. Regarding S and 
N, their content in lignocellulosic biomass is small [16]. Moreover, the 
C-N bonds are weak, any nitrogen present in the lignocellulosic biomass 
is easily removed during the hydrothermal carbonization [95,96]. It is 
important to highlight that these changes in the elemental composition 
have the greatest influence on the surface chemistry of hydrochar, pri
marily in oxygenated functional groups, which are essential for water 
decontamination through adsorption. The main disadvantage of this 
technique is that it does not distinguish between the chemical forms of 
carbon and oxygen.

4.2. Surface chemistry (Functional groups)

The surface chemistry is strongly influenced by the elemental 
composition of hydrochar, especially its oxygen content. The surface 
chemistry of hydrochar is generally analyzed using Fourier transformed 
infrared spectroscopy (FTIR). Its operating principle is that when IR 
radiation passes through a sample, part of it is absorbed by covalent 
bonds, causing a change in their vibrational energy. Since each bond and 
functional group absorbs at different frequencies, the resulting trans
mission or absorption spectrum is unique to each molecule and material. 
Thus, it is possible to identify the functional groups present in hydrochar 
providing insights into its surface chemistry and potential application. 
For example, hydroxyl groups (-OH) have a transmittance shoulder 
between 3700 cm− 1 and 3200 cm− 1, while aliphatic groups (-CHn) have 
well-defined signals between 3050 cm− 1 and 2850 cm− 1. The carbonyl, 
ester, pyrone and quinone groups (-C––O) are observed as an intense 

Table 1 (continued )

Biomass Synthesis 
conditions (T, 
τ, β) 

γ (%) SBET (m2/g) Reference

Coffee husk 150–225 ◦C, 
0.5–5 h, 0.25–1

52.52–63.70 2.05–29.5 [58]

Corn straw 200 ◦C, 24 h, 0.1 - 24.70 [86]
Hazelnut Shell 

Olive residue
180–260 ◦C, 
2–6 h, 0.1

66–48 
53–38

- [87]

Rice straw 200 ◦C, 4 h, 0.1 63–74.5 7–9 [59]
Soybean straw 220 ◦C, 4 h, 0.1 47.7 - [35]
Avocado seed 250 ◦C, 12 h, 

1–1.25
- 40.54 [88]

Sugarcane 
bagasse

240 ◦C, 10 h, 
0.052

- 7.84 [89]

Rice husk 180–260 ◦C, 1 h, 
0.333

90–72 - [50]

Sunflower 
straw

230 ◦C, 1 h, 1 51 1.79 [24]

Pine sawdust 
Bagasse

230 ◦C, 1 h, 1 54.92 
47.80

0.56 
1.09

[42]

Coffee grounds 160 ◦C, 2–12 h, 
0.1

64.5–80.3 0.17–1.29 [56]
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signal at 1750–1720 cm− 1 [97], the -C––N group exhibits a signal at 
1600–1636 cm− 1, while the aromatic structure (-C = C-) shows a signal 
between 1550 cm− 1 and 1440 cm− 1. In some hydrochars synthesized at 
a temperature above 180 ◦C, an intensive signal is observed at 
1200–1220 cm− 1, which is associated with phenolic groups [54,98]. 
Finally, biomass exhibits an intense and noticeable signal at 
1020–1030 cm− 1 related to the cellulose matrix -C-O-C group [63,70], 
which is the most important signal for tracking changes due to hydro
thermal carbonization. The significance of oxygenated functional groups 
lies in their relationship with the adsorption capacity of various water 
contaminants [54,55,63,70]. Recent studies have also found that these 
functional groups are directly involved in the photodegradation of water 
contaminants [66,67,99,100]. Numerous studies in the literature have 
sought to clarify the structures of hydrochars derived from model mol
ecules such as sucrose, glucose and starch [101–104]. Latham et al. 
[104] conducted Synchrotron-based Near-Edge X-ray Absorption Fine 
Structure (NEXAFS) analysis on two hydrochars derived from sucrose 
and sucrose/(NH4)2SO4. The main findings indicated the presence of 
functionalities: C––C, C-O-C (furan), C––O, and predominantly C-OH on 
the surface of the sucrose-derived hydrochar, while the nitrogen-doped 
hydrochar exhibited C––N and C-N functionalities. The authors illus
trated a furanic structure (Fig. 3a) and a furanic structure incorporating 
nitrogen functions, including pyridine, pyrrole, and amine (Fig. 3b). 
Moreover, a recent study using advanced solid-state 13C NMR demon
strated that hydrochar structures derived from glucose consist of phe
nols, furans, ketones, and nonpolar alkyl CH2 and CH [101]. Therefore, 
literature findings the relevance of the oxygenated groups in hydrochar 
structures. Although the FTIR technique provides information on the 
identification of functional groups, is fast, and widely used to assess 
chemical modifications, such as thermal or chemical treatments, its 
main disadvantage include spectral bands overlap and limited sensi
tivity to structures with low infrared activity.

In addition to FTIR analyses, it is possible to determine the concen
tration of acid groups in carbonaceous materials using Boehm titration 
[106]. Boehm titration consists of determining acidic functional groups 
such as carboxylic (3–6 pKa), lactonic (7–9 pKa) and phenolic (8–11 pKa) 
on carbonaceous surfaces, considering that each functional group can be 
neutralized by bases through different acid-base reactions (selective 
neutralization, Fig. 4). For example, sodium hydroxide (pKb = 1.7) 
neutralizes all acidic functional groups, sodium carbonate (Na2CO3, pKb 
= 3.8) neutralizes the carboxylic and lactonic groups and finally, sodium 
bicarbonate (NaHCO3, pKb = 7.6) neutralizes only the carboxylic groups 
[107]. In this context, the quantify of acidic functional groups can be 
determined based on the chemical equivalents involved in neutraliza
tion. Boehm titration requires strict adherence to good laboratory 
practices, as potential interferences may affect the titration process. 
Factors such as contact time, reagent concentrations, and the selection of 
the titrant can influence the reproducibility and accuracy of the results. 
Therefore, detailed procedures and technical considerations can be 
found in the following literature sources: [107–111].

4.3. Textural characterization (specific surface area and porosity)

The specific surface area is determined by the adsorption and 
desorption of nitrogen at 77 K, and the analysis of the isotherm provides 
us with the BET area (Brunauer-Emmett-Teller), the distribution of pores 
(macropores, mesopores and micropores), and the total volume of the 
pores. Given that hydrochars are carbonaceous materials, the texture 
characterization technique is an indispensable tool for evaluating their 
application as an adsorbent or support for other materials, such as 
semiconductors. Specific areas of hydrochars are usually less than 
90 m2/g. This is because, during the HTC of the biomass, the porosity 
can be blocked, thus decreasing the specific area of hydrochar. However, 
typically, the BET area of hydrochar is low and, according to the IUPAC 
classification, most nitrogen physisorption isotherms are of type IV, 
which indicates a mesoporous structure and an abundant amount of slit 
pores. Some results from the BET surface area are shown in Table 1. It is 
important to note that although the BET-specific areas are low, the rich 
surface chemistry makes it attractive for application in the adsorption of 
water contaminants [54,63,70]. One of the main disadvantages of 
textural characterization is that for hydrochars with a low BET surface 
area (< 0.5 m²/g), nitrogen physisorption at 77 K may not be the most 
suitable analysis method. For materials with low surface area (<
0.5 m²/g), krypton (Kr) physisorption at 77 K is recommended for a 
more accurate textural analysis [112]. However, if the surface area is 
> 0.5 m²/g, nitrogen physisorption can be widely used.

4.4. Raman spectroscopy

The graphitization and amorphousness of a carbonaceous material 
are generally analyzed by Raman spectroscopy, where its principle of 
operation involves the illumination of a sample using a monochromatic 
light source. Part of this light is scattered elastically (Raman scattering), 
and the difference between the incidence light and the scattered light is 
called Raman shift, which provides important information about the 

Fig. 3. Models of hydrochar structures a) Hydrochar-Sucrose, b) Nitrogen doped Hydrochar-Sucrose [104,105].

Fig. 4. Schematic representation of selective neutralization, modified 
from [107].
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changes in molecular vibration energy. In a typical Raman spectrum of 
carbonaceous materials, there are two characteristic peaks. The first is 
around 1350–1325 cm− 1 (D Band) and correlates with amorphous car
bon [103,113], especially C––C vibrations from the defects in the gra
phene sheets of the carbonaceous structure (sp3 hybridization), the 
second peak (G Band) is around 1580–1560 cm− 1 and is assigned to 
defect-free graphene sheets (sp2 hybridization) [81,114]. Both the shape 
of these bands, intensity and width of the peaks provide essential in
formation for determining the amorphousness and graphitization of 
hydrochar. Additionally, Raman microscopy allows for the correlation 
of heteroatom presence or compounds such as semiconductors, 
including TiO₂ [115,116], CeO₂ [100], and BiVO₄ [117].

One of the key features of the Raman spectrum is the band signal 
intensity ratio (ID/IG), which gives us information regarding the degree 
of graphitization [81,118]. These values are generally used to compare 
hydrochars synthesized in different conditions. A general rule is that a 
higher ID/IG ratio indicates a lower degree of graphitization and more 
structural disorder [115]. For example, Donar et al. [87] synthesized 
hydrochars from oatmeal shell (HTC-HS) and olive residues (HTC-OR). 
In both materials, when the synthesis temperature increased from 180 
◦C to 260 ◦C, the ID/IG value decreased by 0.05 units, indicating that 
higher temperatures lead to an increase in the degree of graphitization 
and a decrease in structural disorder. This is related to the conversion of 
the cellulose-hemicellulose matrix, leaving behind a primarily 
lignin-based carbonaceous structure. The main disadvantages of Raman 
spectroscopy are fluorescence interference, dependence on laser wave
length, and variability in Raman spectra due to high structural 
heterogeneity.

4.5. X-Ray photoelectron spectroscopy (XPS)

XPS analysis consists of the interaction of atoms in the material with 
high-energy monochromatic X-ray photons. This interaction causes the 
emission of photoelectrons, providing information about the nature of 
the sample surface. Moreover, since each element has a unique binding 
energy, this technique can be used to identify the elemental composition 
of the sampling surface. In the case of hydrochars, this analysis focuses 
on three peaks in the XPS spectrum corresponding to C1s, O1s and N1s. 
Moreover, when composites are synthesized with other materials (TiO2, 
Fe3O4, ZnO and BiVO4), the XPS spectrum can also include: Ti 2p, Fe 2p, 
Zn 2p, Bi 4 f and V 2p, as appropriate. In the XPS spectrum of the C1s, 
the peaks at 285.89 eV (C-O), 288.39 eV (O-C––O), 286.41 eV (C––O), 
and 284.50/284.52 eV (C-C/C––C) can be associated with C––C, CHn, C- 
C, esters (-C-OR), carbonyl or quinone (>C––O=), and carboxylic, and 
lactone groups (-COOR) [67,74,80,119]. In the case of the O1s spec
trum, it is possible to identify C-O at 533 eV and -C––O at 531–532 eV 
[67,74,120]. Finally, in the N1s spectrum, the chemical bonds present 
include pyridinic-N (398.8–398.5 eV), pyrrolic-N (400.2–399.8 eV) and 
graphitic-N (401.8–400.7 eV) [80,81]. Clearly, XPS analysis is a key tool 
in the characterization of hydrochars and hydrochars composites, as 
well as in the elucidation of adsorption and photocatalytic degradation 
mechanisms. However, the main disadvantages of XPS include its 
sensitivity to static charge, which can affect spectral accuracy, the po
tential structural modification of hydrochars caused by vacuum condi
tions required, and the fact that it is a costly characterization technique 
that is not widely accessible in all laboratories.

4.6. Scanning electron microscopy (SEM)

SEM facilitates the examination of hydrochar morphology, particu
larly in observing morphological alterations in lignocellulosic biomass 
and hydrochar. Typically, microspheres are observed during SEM 
analysis, because monosaccharides, 5-hydroxymethylfurfural, furfural 
and phenolic compounds through polymerization reactions produce 
microspheres on the surface of hydrochar called secondary char [9,37]. 
Furthermore, this characterization technique is fundamental for 

observing dispersed active phase in hydrochar. For example, in the 
works of Zhang et al. [116], Changotra et al. [78], and Li et al. [121], 
using SEM and elemental mapping, they demonstrated that the semi
conductors incorporated into hydrochar were found to be dispersed 
throughout the hydrochar particles. Moreover, it is important to observe 
the change in hydrochar morphology depending on the synthesis vari
ables. The characteristic disadvantage of SEM is the risk of sample 
damage due to interaction with the electron beam. Since hydrochars are 
carbonaceous materials, they can accumulate electrostatic charge, 
which generally requires gold coating to obtain higher-quality images. 
Although SEM is more accessible than XPS, it is still a costly charac
terization technique.

4.7. Thermogravimetric analysis (TGA)

This characterization technique assesses the thermal stability of 
hydrochar by measuring weight loss under heating in an inert atmo
sphere. In addition to producing a thermogravimetric curve (TGA), this 
technique generates a differential thermogravimetric curve (DTG), 
which shows the rate of weight loss as a function of temperature. This 
DTG curve helps analyze the changes occurring in lignocellulosic 
biomass due to hydrothermal carbonization. Lignocellulosic biomass has 
three characteristic peaks corresponding to its structural components 
(hemicellulose, cellulose and lignin). When biomass undergoes hydro
thermal carbonization, these peaks may disappear or decrease in in
tensity, indicating the conversion of these structural compounds, as 
observed in various studies. For example, Haris et al. [26] and 
Sanchez-Silva et al. [54], they demonstrated from the DTG curves of the 
synthesized hydrochars, it is possible to observe the reduction/elimi
nation of the characteristic hemicellulose peak, especially when the 
synthesis temperature is ≥ 200 ◦C, which is related to the decomposition 
of the hemicellulose fraction present in the biomass. TGA analysis yields 
significant insights for water decontamination processes. (1) Thermal 
stability: A hydrochar with excellent thermal stability generally has a 
more robust structure, which can contribute to its adsorption capacity. 
(2) HTC byproducts: TGA/DTG can provide insight into HTC byproducts 
present in hydrochar such as organic acids occupying active adsorption 
sites or leaching out during use, reducing its effectiveness. (3) Optimi
zation of synthesis conditions: TGA/DTG analysis gives us information 
about how the lignocellulosic matrix breaks down, helping determine 
the optimal temperature, biomass-to-water ratio, and reaction time for 
the synthesis process. In general, higher synthesis temperatures result in 
hydrochar with greater adsorption capacity or a larger BET surface area. 
Finally, TGA analysis is a recommended tool for characterizing hydro
char. However, one of its disadvantages is the variability of results due 
to factors such as heating rate, sample weight, and carrier gas. There
fore, these parameters must be well-defined to obtain representative 
results of the sample.

4.8. X-Ray Diffraction (XRD)

Although the XRD technique is widely used for crystalline carbona
ceous materials such as graphite, graphene, or carbon nanotubes, it is 
also used for hydrochars but less frequently, since hydrochars are 
generally amorphous, as noted by Yu et al. [93] in studies on glucose and 
xylose hydrochars. Furthermore, this technique can be employed to 
compare hydrochar and the raw material, especially the crystalline 
cellulosic peak [24,25,122]. On the other hand, in the synthesis of 
composite materials, the XRD technique provides essential information, 
for example, to demonstrate the presence of metal species adhering to 
the structure of hydrochar. Zhang et al. [116], Li et al. [121] and Qi et al. 
[123] corroborated the presence of TiO2, Fe3O4/BiOBr y Bi2WO6/TiO2 
respectively, in the structure of hydrochars using this characterization 
technique. One of the disadvantages of this characterization technique 
for hydrochars is that their highly amorphous nature makes it difficult to 
obtain detailed structural information. Additionally, it requires 
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specialized equipment and careful analysis.

4.9. Solid-state nuclear magnetic resonance (Solid-State 13C NMR)

This characterization technique complements techniques such as 
FTIR, XPS and Raman. It is used to observe organic structures, and 
functional groups present in hydrochars through 13C NMR spectra. The 
spectra area divided into different chemical shift regions: δ = 0–80 ppm 
(aliphatic carbon atoms, sp3), δ = 60 – 100 ppm (aliphatic carbon atoms 
in C-O groups), δ = 100–160 ppm (carbon atoms in aromatic rings, sp2) 
and δ = 160 – 225 ppm (carbon sp2 atoms in carbonyl, carboxyl, ketone, 
aldehyde and ester groups). These regions in 13C NMR spectra have been 
studied by Shi et al. [102], Baccile et al. [124] and Donar et al. [87] in 
the characterization of hydrochars. For example, Haris et al. [26]
showed the NMR spectrum of hydrochar from olive waste synthesized at 
200 ◦C (HC-1) and 250 ◦C (HC-9), where the biomass exhibits charac
teristic cellulose signals at chemical shifts between 60 and 110 ppm 
(63.6, 73.5 y 104.3 ppm). From these spectra, it was shown that a syn
thesis temperature of 200 ◦C (HC-1) does not cause significant changes 
in the NMR spectrum of hydrochar. However, when compared to HC-9, 
the cellulose signals completely disappeared, while the signals associ
ated with carbonyl and carboxyl groups increased substantially. 
Therefore, this characterization technique can complement the charac
terization of these hydrochars to show changes relatives to the precursor 
lignocellulosic biomass. The main disadvantage is its high cost and 
limited availability. The measurements can be time-consuming, espe
cially for high resolution analyses. Moreover, due to the heterogeneous 
nature of hydrochars, they can generate overlapping signals that are 
difficult to analyze without advanced data processing techniques.

4.10. Electron paramagnetic resonance spectroscopy (EPR)

This characterization technique has gained popularity in the field of 
advanced oxidation processes (AOPs), especially when carbonaceous 
materials are used as catalysts, as it is the most widely used method to 
measure persistent free radicals (PFR) in carbonaceous structures and to 
confirm the generation of radical species such as •OH and O2

•-. PFRs are 
organic free radicals stabilized on the surface of hydrochar that form 
during the synthesis of these material [125,126]. Unlike common free 
radicals, which are highly reactive (e.g., •OH), PFRs can persist for 
hours, days, or even months [127]. The importance of PFRs in hydrochar 
lies in their ability to generate reactive species of oxygen (ROS) such as 
•OH and O2

•- [66,99], enhancing the innovative application of hydro
chars in AOPs. From the EPR spectrum, three types of PFR can be 
identified based on the calculated factor g: When g-factor > 2.0040 are 
oxygen-centered radical, when 2.0040 ≥ g-factor ≥ 2.0030 are 
carbon-centered radicals with an adjacent oxygen atom, and when the 
g-factor < 2.0030 are purely carbon-centered radical. Tang et al. [128]
evaluated the formation of PFR in hydrochars derived from municipal 
waste sludge and found that a synthesis temperature below 160 ◦C 
facilitated the formation of oxygen-centered radical PFR. In contrast, a 
synthesis temperature above 220 ◦C produces carbon-centered radical 
PFRs. These results were similar to those reported by Gao et al. [129] on 
the synthesis of rice straw hydrochars. It is important to note that, due to 
the presence of PFR in hydrochars, they have the potential to be used in 
various advanced oxidation processes, thus demonstrating that the use 
of these materials offers a green alternative for natural resources utili
zation and water decontamination. The main disadvantage of the EPR 
technique is that it is not commonly available and depends on experi
mental conditions such as temperature, concentrations of paramagnetic 
species, and sample humidity, which can complicate the result 
reproducibility.

5. Application of hydrochars

5.1. Adsorption

Hydrochar, produced through hydrothermal carbonization (HTC), 
has surfaced as a compelling substitute for traditional adsorbents like 
activated carbon, biochar, and synthetic materials. In contrast to con
ventional adsorbents, hydrochar demonstrates distinctive characteris
tics that affect its adsorption capacity and potential applications. The 
surface chemistry of hydrochar has a large amount of oxygenated 
functional groups, which makes it a green, low-cost adsorbent material 
[130,131]. Several studies have shown that hydrochars obtained from 
lignocellulosic biomass are effective for the removal of inorganic (heavy 
metals) and organic compounds (dyes, drugs and other compounds) 
from water, as shown in the maximum experimental and Langmuir 
adsorption capacity tabulated in Table 2. For example, Luo et al. (2023) 
evaluated the adsorption capacity of Cr (VI) in hydrochars obtained 
from bamboo (BHC), cornstalk (CHC) and pine wood (PHC). It was 
demonstrated that the three hydrochars have different adsorption ca
pacities from Cr (VI), although they were synthesized under the same 
conditions. Therefore, it is shown that the precursor biomass of hydro
chars plays an important role in the removal of contaminants by 
adsorption. On the other competition experiments with other ions such 
as Cl-, SO4

2- and PO4
3-, showed that electrostatic interactions play a role in 

the adsorption mechanism. On other hand, Lan et al. [74] evaluated the 
adsorption of norfloxacin using cornstalk hydrochar and, according to 
their synthesis methodology, they demonstrated that the presence of 
H3PO4 during the synthesis of hydrochar enhances its adsorption ca
pacity because, under these conditions, the number of oxygenated 
groups and the specific area of hydrochar increased resulting in in
teractions like π-π interactions, hydrogen bonding, and electrostatic in
teractions. Considering the above, it is important to emphasize that the 
greater the number of functional groups in hydrochars, the better their 
ability to adsorb various molecules. There are post-synthesis modifica
tions for hydrochars aimed at increasing their adsorption capacity, such 
as physical activation processes (CO2 pyrolysis) and chemical activation 
processes such as cold chemical activation [63,70]. These post-synthesis 
treatments mainly modify the specific surface area and surface chem
istry of hydrochar [130].

Chemical activation has been one of the most commonly used 
methods, as it does not involve the use of elevated temperatures and 
inert/oxidizing atmospheres. Therefore, alkali chemical activation has 
been extensively studied to activate hydrochars, such as in the case of 
Sun et al. [63], who synthesized hydrochars from sawdust, wheat straw, 
and cornstalk under the following conditions: 200 ◦C, a 0.083 
biomass-to-water ratio, and 20 h of reaction time. The obtained hydro
chars obtained were mixed in a KOH (2 M) solution for 1 h. This 
chemical activation process caused significant changes in the properties 
of hydrochars, for example, an increase in the elemental O/C ratio and 
the amount of oxygen in hydrochar and, consequently, the functional 
oxygenated groups as carboxylic. In addition, the BET surface area 
decreased. This is related to the collapse of hydrochar structure due to 
the rupture of active bonds for the KOH. Finally, in the adsorption 
isotherm experiments for the three hydrochars, an increase of up to 3–4 
times the absorption capacity of Cd (II) was found due to chemical 
activation. Similarly, Sanchez-silva et al. [54] synthesized hydrochar 
from Byrsonima crassifolia under the following conditions: 210 ◦C, 0.2 
biomass-to-water ratio and 3, 6 and 9 h of reaction time. They per
formed chemical activation with NaOH (0.5–1.5 M) and demonstrated 
that chemical activity causes a significant increase in acidic and basic 
functional groups. Consequently, the adsorption capacity of metformin 
was favored by 2–12.4 times compared to inactivated hydrochars and up 
to 3.5 – 61.8 other adsorbent materials such as bone char, carbon cloth 
and halloysite nanoclay. On the other hand, Qian et al. [70] synthesized 
bamboo sawdust hydrochars under the following conditions: 200 ◦C, 
0.25 biomass-to-water ratio and 24 h reaction time. In this case, 
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chemical activation with NaOH resulted in a slight increase in the 
adsorption capacity of methylene blue from 248.34 mg/g to 
267.47 mg/g. Bearing in mind the above, the alkali chemical activation 
method offers the ability to increase the adsorption of heavy metals, 
drugs and dyes in hydrochars derived from lignocellulosic biomass. For 
this reason, chemical activation as a stage post-synthesis of hydrochars 
is promising for its application in adsorption.

In summary, a significant benefit of hydrochar lies in its oxygenated 
functional groups, which improve its ability to attract contaminants, 
especially in aqueous environments [131]. Furthermore, hydrochar can 
be produced at lower temperatures compared to activated carbon, 
reducing energy consumption and making it a more sustainable alter
native. Another key advantage is the tunable surface chemistry of 
hydrochar, which allows modifications via cold chemical activation to 
enhance its performance [54,63,82]. Traditional adsorbents like acti
vated carbon typically require high-temperature treatments and chem
ical agents. In contrast, hydrochar can be modified under milder 
conditions, maintaining its structural integrity while improving 
adsorption efficiency. Additionally, hydrochar has shown effective ca
pabilities in eliminating various contaminants, such as heavy metals and 
organic contaminants, attributed to its abundant pore structure and 
surface charge characteristics. Nonetheless, the long-term stability and 
potential for regeneration of hydrochar need further optimization 
compared to commercial activated carbon, which has well-established 
regeneration methods. Finally, hydrochar serves as a sustainable and 
economically viable alternative to traditional adsorbents, with 
competitive adsorption capabilities. Nonetheless, further research is 
needed to refine its characteristics, improve its stability, and develop 
scalable production techniques for large-scale applications.

5.2. Advanced oxidation processes (AOPs)

Advanced oxidation processes (AOPs) have gained relevance in 

water decontamination processes, especially in the degradation of con
taminants that are difficult to remove in a conventional wastewater 
treatment plant [132]. AOPs can be classified into chemical processes 
(Fenton, Persulfate), photolytic (UV, UV/H2O2, UV/persulfate), photo
catalytic (Semiconductor photocatalyst, metal-doped photocatalyst, 
non-metal-doped photocatalyst), sonochemical (Sono-Fenton, 
Sono-photocatalysis, Sono-persulfate), electrochemical (Electro-
Fenton), as well as combination of these processes [132,133]. The 
relevance and objective of these processes are the generation of reactive 
species in-situ for the non-selective degradation of organic contaminants. 
Among all the AOPs, heterogeneous photocatalysis and sulfate activa
tion have gained attention, especially for the application of hydrochars 
in these two processes.

5.2.1. Heterogeneous photocatalysis
Heterogeneous photocatalysis is one of the most promising AOPs for 

water decontamination, especially for the degradation of complex con
taminants. Its main advantages include low energy consumption, high- 
efficiency degradation of organic contaminant, the possibility of using 
visible light and sunlight, reuse of the photocatalyst and, in some cases, 
complete mineralization of the contaminant [132,134]. Recently, 
hydrochars have been shown to have photocatalytic activity for envi
ronmental water decontamination. [128]. For example, Gao et al. [129]
synthetized rice straw hydrochars, while Tang et al. [128] produced 
hydrochars from municipal waste sludge. Both studies assessed tem
perature, reaction time, and biomass-to-water ratio. The Electron 
Paramagnetic Resonance (EPR) characterization results of both hydro
chars indicated that their carbonaceous structure contains persistent 
free radicals (PFRs) capable of generating radical species, including 
superoxide and hydroxyl.

In addition, Chen et al. [66] and Fang et al. [135] synthesized 
hydrochars capable of photogenerating hydrogen peroxide and hydroxyl 
radicals using visible irradiation. Furthermore, they demonstrated that 

Table 2 
Maximum adsorption capacities of hydrochars derived from various biomass.

Biomass Contaminant Adsorption capacity (mg/g) Temperature References

Sawdust 
Wheat straw 
Cornstalk

Cd2+ 40.78δ 

38.75δ 

30.40δ

30 ◦C [63]

Bamboo 
Cornstalk 
Pine wood

Cr6+ 177.0δ 

164.2δ 

156.5δ

- [67]

Avocado seed Pb2+

Ni2+

Cu2+

24.86 
9.39 
8.89

25 ◦C [88]

Hickory wood 
Peanut hull

Pb2+ 135.7δ− 92.1δ 

162.1δ− 158δ
- [82]

Bamboo sawdust Methylene blue 248.34 30 ◦C [70]
Bamboo sawdust Congo red 31.76δ− 96.93δ 25 ◦C [65]
Bamboo Methylene blue ~ 120 30 ◦C [61]
Byrsonima crassifolia Methylene Blue 86.9δ 30 ◦C [100]
Olive waste Methylene blue 14.26 - [26]

Congo red 11.58 ​
Coffee husk Methylene blue 34.85δ 25 ◦C [58]
Capsicum annuum seeds Methylene blue 33.78δ− 51.09δ 25 ◦C [55]
Hickory wood 

Peanut hull
Methylene blue 187.3δ− 49.8δ 

135.5δ− 49.9δ
- [82]

Byrsonima crassifolia Crystal violet 83.44δ 25 ◦C [115]
Sugarcane bagasse Methylene blue 116.65δ 30 ◦C [89]
Coffee grounds Sulfadiazine 

Sulfamethoxazole
0.295δ 

0.740δ
25 ◦C [56]

Cornstalk Norfloxacin 17.619δ - [74]
Byrsonima crassifolia Metformin 117.27δ 25 ◦C [54]
Olive waste Diclofenac 

Ibuprofen 
Triclosan

11 
10 
13.7

20 ◦C [83]

Rice husk 
Cornstalk

Norfloxacin 1.83δ 

1.72δ
25 ◦C [72]

δ: Maximum capacity adsorption of Langmuir isotherm model (Qm).
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the capacity to generate radical species is due to the oxygenated func
tional groups of hydrochar structure. Moreover, Zhang et al. [136] found 
that both hydroxyl groups and quinone groups in a carbonaceous ma
terial are responsible for the generation of radical species. Xiao et al. 
[137] demonstrated that a greater number of oxygenated functional 
groups significantly improves photocatalytic performance and proposed 
a semiconductor-like mechanism in which the electrons present in the 
carbon defect (valence band) are excited by UV–visible light and 
transferred to the oxygenated groups (conduction band). Subsequently, 
the photogenerated electrons migrate to the dissolved oxygen, leading 
the formation of superoxide radicals (O2

•-). Based on these findings, it is 
important to emphasize that hydrochars, being carbonaceous structures 
with a high density of functional groups, have the potential to serve as 
highly efficient materials for the photodegradation of water contami
nants. However, further studies are needed to elucidate the mechanisms 
involved in contaminant degradation in aqueous environments.

As an example, Fig. 5 presents a diagram illustrating possible pho
todegradation mechanisms of a contaminant in solution using hydro
char. First, when light irradiates the carbonaceous structure (I), carbon- 
defect electrons are generated and subsequently migrate to oxygenated 
functional groups (OFGs) (II) [66,137]. This electron migration can 
initiate the reduction of dissolved oxygen to superoxide radicals, as 
described by Eq. 1 (III) [66,99]. Once formed, the radical superoxide can 
follow the pathway described by Eq. 2 (IV) and Eq. 3 (V) to generate 
hydroxyl radicals [99]. In parallel, and as previously mentioned in the 
section on the characterization and properties of hydrochars, these 
materials contain persistent free radicals (PFRs), which can donate 
electrons (I*) [125]. These electrons can also reduce dissolved oxygen to 
superoxide (II*), leading to hydroxyl radical formation through the same 
mechanism (IV–V). For example, when hydrochar contains an 
oxygen-centered PFR of the semiquinone type, it can oxidize to quinone 
through interactions with dissolved oxygen. Ultimately, the superoxide 
and hydroxyl species generated are responsible for contaminant 
degradation. 

O2 + e− →O•−
2 (1) 

O•−
2 +2H+ + e− →H2O2 (2) 

H2O2 + e− → • OH+OH− (3) 

As mentioned earlier, hydrochars have the ability to photodegrade 
contaminants; however, to enhance their application, composite 
hydrochar-photoactive materials have been synthesized. For example, 
Zhou et al. incorporated Ag3PO4 into Osmanthus fragrans wood hydro
chars and evaluated the photocatalytic activity of sulfamethoxazole by 
visible irradiation. Based on the photodegradation results, they observed 
a synergistic effect between the two materials, achieving a 98 % 

degradation efficiency compared to 48 % of Ag3PO4 alone. Furthermore, 
the results of diffuse reflectance ultraviolet-visible spectroscopy char
acterization revealed that the presence of hydrochar led to broad ab
sorption of visible light, decreasing the band-gap value and enhancing 
photocatalytic efficiency under visible irradiation. Sánchez-Silva et al. 
[100] synthesized hydrochar/CeO2 and evaluated its application in the 
visible photodegradation of MB. Their results demonstrated a synergistic 
effect between the carbonaceous structure of hydrochar and CeO2, pri
marily due to the migration of photogenerated electrons in the CeO2 to 
hydrochar, which reduced the recombination of electron-hole pair in 
CeO2. Similarly, Zhang et al. [116] synthesized hydrochar/TiO2, and 
characterization results showed that the composite exhibited improved 
photocatalytic activity compared to the individual materials. Addition
ally, it was found that the Hydrochar/TiO2 material had a type-II het
erojunction structure, leading to higher separation and transfer 
efficiency of photogenerated charge carriers.

As an example, Fig. 6 presents a diagram illustrating the possible 
photodegradation mechanisms of a composite. Hydrochar/photoactive 
material: First, when the photoactive material is irradiated with light, an 
electron-hole pair is generated (Eq. 4). The hole (h+VB) migrates to the 
surface and can oxidize the water molecule, generating a hydroxyl 
radical according to Eq. 5. Conversely, the photogenerated electron (e-

CB) 
can reduce dissolved oxygen, producing superoxide radicals, according 
to Eq. 6. In this case, instead of recombining with the holes, the electrons 
migrate to the carbonaceous surface of hydrochar, reducing electron- 
hole recombination. Therefore, a greater generation of radicals occurs, 
substantially enhancing the photocatalytic activity of the composite. 

Photoactive material+ hv→e−CB + h+

VB (4) 

h+

VB +H2O→ • OH+H+ (5) 

e−CB +O2→O•−
2 (6) 

Table 3 presents the application of hydrochars and composite ma
terials in the photodegradation of various contaminants, along with the 
most significant results of each study. It is important to highlight that, in 
most hydrochars applications, carbonaceous sources such as glucose or 
sucrose are used. Therefore, there is a clear opportunity for research and 
development in creating photocatalytic in the creation of photocatalytic 
materials using agro-industrial waste as precursors of hydrochars, either 
in their unmodified form or with the incorporation of photoactive ma
terials to enhance their photocatalytic activity.

5.2.2. Persulfate activation
One of AOPs that has gained attention in water decontamination 

processes is persulfate activation, as sulfate radicals exhibit good pH 
adaptability, a longer half-life compared to other radicals, and strong 

Fig. 5. Scheme of photodegradation mechanism using hydrochar.

J.M. Sánchez-Silva et al.                                                                                                                                                                                                                      Next Sustainability 6 (2025) 100150 

10 



oxidative ability [148,149]. Persulfate can be obtained from perox
ymonosulfate salt (PMS, HSO5

- , E◦ vs NHE = 1.82 eV) and perox
ydisulfate salt (PDS, S2O8

2-, E◦ vs NHE = 2.01 eV). The most notable 
difference between these oxidants is that PMS, due to its asymmetric 
structure, is easier to activate than PDS, which has a symmetrical 
structure. Persulfate activation has been achieved through various ap
proaches, including heat activation, photoactivation, microwave, elec
trochemistry, transition metal ions, and heterogeneous activation [149, 
150]. Heterogeneous activation is the most promising process, as it of
fers a high degradation rate, versatility in catalysts selection, reusability 
of catalytic material, and ease of combination with other processes, such 
as photocatalysis. However, its main disadvantages are the cost and 
recovery of the catalyst [150]. Therefore, it is essential to develop cat
alysts that are efficient, low-cost and easy to recover and reuse. In this 
sense, hydrochars have a structure rich in oxygen functional groups 
(OFGs), which are capable of promoting redox reactions. In addition, the 
PFRs present in the structure of hydrochars can contribute to persulfate 
activation thorough electron transfer (radical-based reactions) and a 
non-radical pathway (generation of 1O2). For example, Yu et al. [81]
evaluated PMS activation using pinewood hydrochar. According to 
scavenger experiments and EPR analysis, the generation of SO4

•- and •OH 
was demonstrated, as well as the importance of oxygen-centered PFRs in 
PMS activation. Similarly, Wei et al. [151] and Song et al. [152] studied 
Fe-doped hydrochars for tetracycline degradation by activating PMS and 
PDS. Both studies concluded that the presence of oxygenated groups 
plays a key role in degradation. Additionally, iron species catalyzes the 
persulfate activation. It is important to highlight that information on the 
use of hydrochars or composite hydrochars in persulfate activation is 
still limited. In various studies, hydrochar is subjected to pyrolysis; 
therefore, further research is needed on persulfate activation using 
hydrochars or composites, ensuring that pyrolysis is not a determining 
step in creating a material with catalytic activity.

6. Techno-economic analysis of hydrochars and future 
perspectives

The viable and potential application of hydrochars through adsorp
tion and advanced oxidation processes, such as heterogeneous photo
catalysis and persulfate activation has been presented in this review. 
However, for materials to be commercially viable for large-scale pro
duction and application, it is common to use techno-economic analysis 
(TEA). A TEA is a tool to estimate the viability of a process through an 
economic assessment of industrial processes, products, or services, 
determining capital and operating costs, generally based on material 
balance and energy requirements [131]. In a TEA, mass and energy 
balances, energy consumption, and waste handling are established, 
allowing for informed economic, research & development decisions. For 

example, Nadarajah et al. [153] estimated the production cost of 
hydrochar from rice straw at US$76/ton. Compared to other carbona
ceous adsorbent materials, such as biochar (US$136/ton), hydrochar is 
more cost-effective suggesting that hydrochars derived from lignocel
lulosic biomass can be considered affordable for commercialization. 
However, it is important to note a TEA for hydrothermal carbonization is 
primarily based on experimental data at the laboratory scale. When 
scaling up to industrial production, continuous reactor may exhibit 
significant differences compared to small-scale reactors [154]. There
fore, obtaining operational and experimental data from larger, contin
uous hydrothermal reactors is essential to improving the economic 
viability of hydrochars. Additionally, integrating other technologies 
could enhance commercial value, for example, by valorizing the syn
thesized bio-oil alongside hydrochar.

Undoubtedly, the hydrothermal carbonization of lignocellulosic 
biomass offers an alternative to the utilization of agro-industrial waste, 
and the application of hydrochars presents a promising option for syn
thesis of green materials for contaminant removal from water [9]. 
Although there are reports on the application of various hydrochars, 
challenges remain in their synthesis, characterization, and application in 
adsorption and advanced oxidation processes (AOPs), such as: 

i) Most studies on the application of hydrochars in adsorption and 
AOPs have been conducted using carbonaceous sources, such as 
glucose and sucrose. However, it is essential to recognize that 
large amount of agro-industrial waste are generated and can be 
utilized through HTC. Therefore future studies should focus on 
revalorizing this type of waste.

ii) Research on adsorption and AOPs for various contaminants is 
usually conducted under ideal conditions; in systems with zero 
ionic strength or without the presence of salts and organic com
pounds, as well as in mono-component systems. It would be 
beneficial to assess the impact of real environmental conditions 
on these study systems to determine the actual applicability of 
hydrochars.

iii) The reusability and stability of hydrochars should be evaluated. 
These assessments will help determine the feasibility of using 
hydrochar in environmental decontamination processes, partic
ularly in AOPs.

iv) Economic feasibility studies should be incorporated from the 
synthesis to the application of hydrochars. Although there is little 
literature on this topic, a techno-economic assessment (TEA) can 
be conducted [131,155].

7. Conclusions

This review explores the key variables influencing the synthesis, 

Fig. 6. Scheme of photodegradation mechanism of a composite hydrochar/photoactive material.
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properties, characterization, and application of hydrochars in adsorp
tion and advanced oxidation processes. The main conclusions are as 
follows: 

• Hydrothermal carbonization (HTC) is an attractive and efficient 
thermochemical process for converting lignocellulosic biomass, 
especially agro-industrial waste, into value-added materials.

• Temperature is the most critical parameter in hydrochar synthesis, 
and its selection should consider the structural composition of the 
precursor biomass (Hemicellulose, cellulose and lignin).

• Characterization techniques provide essential insights into hydro
chars properties, particularly oxygenated functional groups (OFGs) 
and persistent free radicals (PFRs), which influence their perfor
mance in adsorption and AOPs.

• Chemical activation such as cold chemical activation is a crucial 
post-synthesis step for enhancing hydrochar surface chemistry, 
significantly improving adsorption capacity.

• The carbonaceous structure and abundant functional groups of 
hydrochars, make them highly suitable for advanced oxidation pro
cesses, with PFRs playing a key role in heterogeneous photocatalysis.

• Hydrochar-based composites are gaining attention as an effective 
strategy to enhance performance, such as combining hydrochars 
with photoactive materials for improved photodegradation of 
organic contaminants in water.

• Further research is needed on hydrochar application in persulfate 
activation to better understand degradation mechanism and explore 
their potential in environmental remediation.

Finally, hydrothermal carbonization presents a sustainable approach 
for biomass valorization, offering dual benefits of waste reduction and 

Table 3 
Summary of application of hydrochars in heterogeneous photocatalysis.

Hydrochar Contaminant Light 
source

η (%) Main results Ref

Bamboo (BHC), cornstalk (CHC), pine wood (PHC), 
glucose (GlHC) and cellulose (ClHC)

Cr (VI) Vis.a 99.9 
98.5 
90.2 
23.1 
18.5

Synergistic effect: Adsorption and suitable band-gap structure 
enhance photoreduction.

[67]

Glucose/TiO2 Cr (VI) Vis.a 100 Type II Heterojunction: Improves charge carrier separation and 
transfer.

[116]

Cellulose Cr (VI) Vis.a 61 Photogenerated Electrons: Play a key role in Cr(VI) reduction, 
enhanced under acidic conditions.

[138]

Glucose/Fe3O4/g-C3N4 Cr (VI) Vis.a 100 Visible Light Absorption: Hydrochar enhances light absorption and 
suppresses electron-hole recombination.

[139]

Shrimp/glucose MB Vis.a 88.9 Nitrogenated Species: Improve photodegradation via charge transfer 
and hydroxyl radical generation.

[113]

Glucose/Iodine RhB Vis.c 87 Iodine Doping: Optimizes sp² hybridization, facilitating charge 
transfer.

[140]

Byrsonima crassifolia/CeO2 MB Vis.b 98 Hydrochar-CeO₂ Synergy: Enhances photodegradation under 
different light sources.

[100]

Glucose/Fe-Zn-oxide RhBMB Vis.a 96.2 
95.2

Photo-Fenton Process: H₂O₂ enhances photocatalysis, hydroxyl 
radicals play a key role.

[141]

Glucose/CdS MO UV 92 CdS Activation: Hydrochar stimulates CdS for better electron 
transfer and contaminant reduction.

[142]

Glucose/TiO2 RhB Vis.c 59 Band-Gap Reduction: Hydrochar improves visible light 
photodegradation.

[143]

Glucose/TiO2 Acid Fuchsin UV 98.3 TiO₂ Microspheres: Enhance surface dispersion and 
photodegradation.

[144]

Glucose/BiVO4 MBRhB Vis.a 95 
79

BiVO₄ Degradation Boost: Hydrochar improves degradation 11.56 
times.

[117]

Glucose/Cl RhB Vis.a 38 Hydrochar-Cl Charge Interface: Enhances adsorption and 
photodegradation.

[120]

Byrsonima crassifolia/TiO2 CV Vis.b 
UV

64 
77

Superoxide Radicals: Key to photodegradation. [115]

Saccharose/TiO2 MO Vis.a 100 Complex Mechanism: Hydrochar-TiO₂ interface enhances light 
absorption.

[145]

Coffee grounds/TiO2 MB UV 98.5 Ti-O-C Bond Formation: Reduces electron-hole recombination, 
improves charge transfer.

[78]

Cornstalk/H3PO4 Norfloxacin Vis.a 83.6 Acid Synthesis Effects: Decreases band-gap, enhances charge 
separation and radical generation.

[74]

Glucose PFOAPFOS UV 80 
33

KI Addition: Improves degradation efficiency for PFOA/PFOS. [146]

Platanus acerifolia (HTC-F) and (HTC-W) Sulfadimidine Vis.b 72 
62

Persistent Free Radicals: Generate H₂O₂. [66]

Corn straw/FeAl-LDH Diethyl- 
phthalate

Vis.a 68.9 Fe and Oxygenated Groups: Promote H₂O₂ and radical 
photogeneration.

[86]

Glucose/Fe3O4/BiOBr Carbamazepine Vis.b 100 Superoxide Radicals & Hydrochar: Act as photosensitizers for 
oxidation.

[121]

Potato straw/BiWO6/TiO2 Sulfathiazole Vis.b 99.59 Hydrochar-BiWO₆/TiO₂ Synergy: Enhances photodegradation via 
superoxide radicals.

[123]

Saccharose/TiO2 Toluene Vis.a 26 TiO₂ Band-Gap Reduction: Carbonization at 200◦C increases 
efficiency.

[147]

Malt bagasse/TiO2 and ZnO Ramipril UV 98 
72

ZnO/TiO₂ Interaction: Hydrochar reduces band-gap and inhibits 
recombination.

[84]

Abbreviations: η: Degradation efficiency, Vis.a: Xenon lamp, Vis.b: Led lamp, Vis.c: Halogen lamp, UV: UV lamp, RhB: Rhodamine-B, MB: Methylene blue, PFOA: 
Perfluorooctanoic acid, PFOS: Perfluorooctane sulfonate, MO: Methyl orange, CV: Crystal violet, BPA: Bisphenol-A, LDH: Layered double hydroxides.
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water decontamination, reinforcing its potential as an environmentally 
friendly solution.
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studies of hydrothermal carbonization of avocado stone and analysis of the 
polycyclic aromatic hydrocarbon contents in the hydrochars produced, Fuel 316 
(2022) 123163, https://doi.org/10.1016/J.FUEL.2022.123163.
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