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Biomass conversion by thermochemical processes has gained increasing interest due to its carbon-neutral and/or
carbon-negative effect. The most common thermochemical approach is pyrolysis, which results in the production
of biochar, a well-known carbon-rich material with properties comparable to those of materials derived from
fossil sources. In the last decade, hydrothermal carbonization of biomass has attracted attention due to its simple
requirements, low cost and lower temperatures, producing a carbon-rich material called hydrochar. This
bibliographical study, based on the Scopus database and focused on the last 5 years, without forgetting earlier

articles, aims to define the main differences between the two processes and the physico-chemical properties of
each char, to summarise the main techniques for their characterisation and to highlight the areas of application
according to their properties. This review suggests that it would be strategic to distinguish between the terms
hydrochar and biochar to ensure efficient characterisation and appropriate application.

1. Introduction

Since the first industrial revolution, the intensification of human
activities has led to an increase in Greenhouse Gases (GHGs) responsible
for climate change, a phenomenon of global concern.

Based on the goals set out in the Paris Climate Agreement signed at
the UN Climate Change Conference (COP21) in 2015 to hold “the in-
crease in global average temperature well below 2 °C above pre-
industrial levels” and to pursue efforts “to limit the temperature in-
crease to 1.5 °C above pre-industrial levels”, the recent United Nations
Conference on Climate Change (COP28) proposed measures to ratchet-
ing up ambition for near-term climate action [1]. Among the GHGs,
carbon dioxide plays a significant role, as it is one of the main
by-products of fossil fuels, as evidenced by the increase in its atmo-
spheric concentration level, which is around 420 ppm. For this reason, it
is necessary to switch from fossil fuel-based technologies to more envi-
ronmentally friendly ones [2,3].

In this context, biomass has emerged as a viable and renewable
alternative carbon source that is inexpensive, readily available and
abundant. It can be converted into biofuels resulting in a carbon neutral
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process, whereas the conversion of biomass into chemicals or functional
carbon materials has a carbon negative effect [4-7].

Carbon-neutral technologies aim to balance CO, emissions by
removing the same amount of carbon dioxide produced during the
process. On the other hand, carbon-negative policy aims to actively
remove more CO, from the atmosphere than is emitted. This recent
concept has evolved over time with the development of new technolo-
gies and materials able to exhibit “carbon sequestration” behaviour and
has become a crucial goal for several global strategies to mitigate the
climate change [8].

Several conversion technologies have been developed and can be
broadly categorised as follows:

— Thermo-chemical conversion;
— Bio-chemical conversion;
— Physico-chemical conversion;

Depending on the production process, the bio-product obtained can
be used in different areas such as energy production, water treatment
and in agriculture for soil improvement and biofertilizer [5,6,9,10].
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In recent years, there has been a growing interest in the thermo-
chemical approach, which, compared to other technologies, is faster,
less raw material-specific and capable of producing high value-added
products. Depending on the treatment and severity of the conditions,
the resulting compounds can be mainly solid (biochar, hydrochar),
liquid (bio-oil, bio-crude) and gaseous (syngas, biogas). Among them,
biochar and hydrochar, obtained from the most common thermo-
chemical processes, have shown remarkable properties such as porous
structure with a high surface area and functional groups, pH buffering
capacity and cation exchange capacity, presence of minerals and trace
metals, and serve as a reservoir of electron donors and acceptors, making
them ideal to replace carbon-based materials derived from fossil fuels
[11-16].

A literature analysis with data mining from the bibliographic data-
base SCOPUS using the free software VOSviewer, version 1.6.20
(created by Nees Jan van Eck and Ludo Waltman, van Eck & Waltman,
2010) [17] was carried out with the aim of providing an overview of the
impact of char related studies. As a first step, a search was performed
using the keywords “biochar” and “hydrochar”, separately. The results,
shown in Fig. 1, indicate the exponential trend highlighting the rele-
vance of these two materials starting from the year 2010, just before the
Paris Climate Agreement signed in 2015.

Another consideration is the total number of documents, 40,088 for
biochar and 3,450 for hydrochar. This difference is due to a general
interpretation of the word biochar, which is used in some studies to
define hydrochar. In this paper the two chars are considered separately
and their main characteristics are defined, emphasizing their effective
differences [18-21].

During biomass conversion, the possible presence of toxic elements
in feedstock leads to their accumulation in the final char; in addition,
during their production complex reactions occur that may lead to the
formation of substances of some concern such as polycyclic aromatic
hydrocarbons (PAHs), polychlorinated dibenzo-dioxins and furans
(PCDDs and PCDFs), phenols and phenol derivatives or other as yet
unknown toxic chemicals from biogenic material [22-25]. With this in
mind and considering that hydrothermal carbonization research is
relatively new compared to pyrolysis, the focus has been on character-
ization techniques in terms of potential applications, attempting to
provide a comprehensive overview of the end product.

The use of the co-occurrence analysis has the potential to reveal
upcoming research efforts in a given field. In our case, this approach was
useful to evidence the relationship between the keywords found in the
SCOPUS database. The counting method implemented was frequency,
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which allowed us to determine the most recurrent keywords and the
strength of their associations. We required a minimum of 20 occurrences
for each keyword to ensure a meaningful and clean graph.

The co-occurrence network contains several elements:

— Node size indicates the frequency of occurrence of the keyword
(number of times it appears);

- Link between nodes indicates the co-occurrence of the keywords
where they appear together;

— Link thickness indicate the frequency of co-occurrence (number of
times the keywords appear together);

— Colours indicate thematic clusters.

The co-occurrence diagram in Fig. 2 was generated by the VOS-
viewer software using a SCOPUS dataset of 244 documents from 2012 to
2024 collected using the keywords “hydrochar” AND “hydrothermal
carbonization” AND “characterization”. It shows the close relationship
between the hydrothermal carbonization process and hydrochar/end
product or biomass/resource [17]. The keyword hydrochar is associated
with characterization and absorption, indicating the main property of
this type of char to be investigated. The co-occurrence of the terms
“hydrochar” + “biochar” or “hydrochar” + “char properties” is weak,
justifying our research in these two directions of use of the two terms
and of the identification of specific properties set. Thus, focusing on
these features of co-occurrence, the objectives of this study can be listed
as: (i) clarify the different chemical, physical, morphological and
microstructural properties hydrochar and biochar; (ii) summarise the
characterization methods adopted in the scientific literature and stan-
dardized practices for determining the properties of hydrochar and
biochar; (iii) illustrate the most appropriate applications for each type of
char.

2. Process and definition of biochar and hydrochar

The high variability of biomass variability in terms of form,
composition and water content combined with the large quantities of
produced have made the development of conversion processes essential.
Thermal processes such as pyrolysis and hydrothermal carbonization
have gained increasing interest due to the production of materials with
high carbon content and remarkable versatility for various applications
[26-29]. Biotechnology for biomass degradation/digestion seems to
have longer times and is unsuitable for small production plants [30,31].

These two conversion processes take place under different
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Fig. 1. Documents by year of Biochar and Hydrochar as from data mining on the SCOPUS bibliometric database (set of keyword used: “Hydrochar” and “Biochar”, 6
June 2024). Blue, left y-axis, is related to biochar; orange, right y-axis, is related to hydrochar.
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Fig. 2. Keywords network based on co-occurrence data collected from SCOPUS reference data bank in May 2024 and elaborated by VOSViewer.

conditions:

— Pyrolysis, the thermal decomposition of dry biomass take place at
temperatures between 400 and 700 °C in the absence or in an
oxygen-deficient atmosphere. According to different residence times
and heating rates we can distinguish: slow pyrolysis (low heating
rate, 5-7 °C/min, long vapor residence time >1 h); fast pyrolysis
(high heating rate >200 °C/min and short vapor residence time
<10's). The solid end product is a carbonaceous material called
“biochar”, defined by the “World Biochar Certificate (WBC) & Car-
bon Standards International” as a “porous, carbonaceous material
produced by pyrolysis of biomass and is applied so that the contained
carbon remains stored as a carbon sink or replaces fossil carbon in
industrial manufacturing. It is not made to be burnt for energy
generation” [32,33].

Other end products are in the gaseous phase (e.g. CO2, CO, CHy4)
and liquid phases (e.g. bio-oil, tar, water) with the proportion of
solid:liquid:gas strongly influenced by process conditions [34,35]

— In hydrothermal carbonization (HTC), biomass conversion takes place
in an aqueous environment and in closed reactors at temperatures
between 180 and 250 °C. In these conditions an autogenous pressure
is generated (2-6 MPa), moreover subcritical water is able to maxi-
mize the ionic product and solubilize organic compounds. The pro-
cess produces a solid-liquid mixture and a small amount of gases with
a negligible contribution to the greenhouses effect [32]. The solid
end product is a carbon rich material called “hydrochar” and defined
as “solid, porous carbon-like material with a C-content up to 60 wt
%” [36,37].

The selection of treatment methods, i.e. pyrolysis or HTC conversion,
is primarily determined by the biomass type and its composition. In
order to reduce conversion costs, it is important to select the most

appropriate process according to the amount of moisture and, in some
cases, to the fat content [38,39]. Indeed, the requirement for moisture
content in pyrolysis is typically below 30 % in weight, thus limiting the
biomass types that can be processed and necessitating the costly drying
pretreatment. Conversely, HTC conversion has gained prominence in
waste treatment, particularly for wet biomass, due to its simple re-
quirements, low costs and lower temperatures. This process simulates
the natural humification process and produces a material, hydrochar
(HC), which is more degradable and versatile than biochar due to the
presence of oxygenated functional groups, labile carbon and fewer ar-
omatic structures [32,36,40-43].

3. Physicochemical properties

Although chars are produced by different processes, they are
generated by the same complex reactions: degradation, dehydration,
decarboxylation, demethanation and repolymerization. However, the
diversity of biomass and process conditions defines specific and unique
reaction pathways, resulting in chars with different physicochemical
properties that significantly affect their potential applications [43-45].

The final product properties and yield are strongly influenced by
parameters such as temperature, residence time and biomass type.
Among these, temperature plays a key role in the physicochemical
properties of chars as it is the driving force that influences the dominant
reaction mechanism.

In the case of hydrothermal carbonization, due to the lower tem-
peratures compared to the pyrolysis, the kinetics of the process can be
modulated by setting acidic conditions, catalysing the reactions in the
system [46,47]. In addition, both the concentration and the type of acid
have an impact on the final properties of hydrochar, affecting its:
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e carbon content, the addition of acids, particularly inorganic acids
such as sulfuric acid (H2SO4), can significantly increase the carbon
content of hydrochar. This is due to the increased effectiveness of the
acid as a catalyst during the HTC process. Increased carbon content is
often associated with increased aromaticity of the hydrochar
[46-48];

e process yield, acidic conditions tend to reduce the yield of hydro-

char. This is due to the degradation of macromolecules present in the

starting biomass and the formation of liquid or gaseous products. In

other words, acid promotes the conversion of the feedstock into a

variety of products, not just hydrochar [47,48];

acid functional group, the addition of acids, particularly strong acids

such as HySOy, increases the amount of acid functional groups, such

as carboxylic and sulfonic, on the hydrochar surface. These groups
can act as active sites for adsorption and other catalytic applications.

Note that excessive carbonization time is detrimental to the forma-

tion of surface acid groups [48,49];

surface area and pore volume, the addition of hydrochloric acid

(HCI) has been shown to increase the specific surface area (SSA) and

total pore volume of hydrochar. This effect is probably due to the

acid promoting hydrolysis of the biomass [46];

nutrient content, acid catalysis can promote the extraction of nutri-

ents such as phosphorus and nitrogen from biomass. For example,

HTC with hydrochloric acid (HCI) can extract almost 100 % of the

phosphorus and a significant amount of nitrogen from manure.

Sulfuric acid increases the release of nitrogen in the form of

ammonia. Most of the extracted phosphorus is in the form of phos-

phate (PO4-P). It should be noted that these solubilized nutrients are

found in liquid by-products [46-48];

H, both the hydrochar and the process liquids resulting from HTC
are acidic, regardless of the starting pH. However, at lower starting
pHs, the acidity of the process liquids is higher. In addition, the pH of
the process liquids can be lower than the pH of the hydrochar [50,
51].

Generally, the discussion between biochar and hydrochar is con-
ducted by taking into consideration the proximate analysis (moisture
content, fixed carbon, volatile matter and ash content), ultimate analysis
(carbon, hydrogen, nitrogen, sulphur and oxygen composition),
porosity, and functional group. Moreover carbon, hydrogen and oxygen
content are used to build the Van Krevelen diagram, which is obtained
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by plotting the H/C and O/C revealing the main features of chars in
relation to those of natural materials such as peat, coal, anthracite and
others (Fig. 3) [26,28,40,52-57].

Table 1 shows the main properties of biochar and hydrochar pro-
duced from the same biomass, allowing a char-centred comparison that
highlights the main differences between the two materials.

The ultimate analysis is used to check the evolution of the carbon
content and to understand, through the H/C and O/C ratios, the reaction
path and thus the degree of aromaticity and polarity. A low H/C in-
dicates a higher degree of aromaticity, while a high O/C indicates a
higher polarity [64]. Table 1 shows how the degree of aromaticity fol-
lows the trend biochar> hydrochar> biomass trend, while the polarity
goes in the opposite direction. This pattern can be explained by
considering the temperature of the processes; the higher temperature in
pyrolysis produces a material with higher carbon content and fewer
functional groups, as oxygen and nitrogen are released as gaseous
by-product. Proximate analysis is used to define the stability of chars, in
particular volatile organic matter and fixed carbon are the extremes that
determine stability or lability. High levels of volatiles are characteristic
of hydrochar and result from incomplete carbonization due to lower
process temperatures. Higher levels of fixed carbon are observed in
biochar, due to better stability than hydrochar. The lower ash content of
hydrochar can be explained by the presence of a reaction medium in the
HTC process, which allows the dissolution of inorganic species, reducing
the contribution to the ash content. Differences in pH value can be
explained either by the dissolution of inorganic and organic compounds
in the aqueous medium, corresponding to an acidic pH for hydrochar, or
by the easy rearrangement of functional group, through dehydrogena-
tion, decarboxylation and aromatization reactions, favoured by high
pyrolysis temperatures that increase the pH value of biochar [55,57,65].

Biochar and hydrochar show different chemical (acids and bases)
and thermal stability. The study of these characteristics can be predicted
from proximate and ultimate analysis; in particular, biochar has been
found to be more stable than hydrochar due to a higher degree of
aromaticity, which confers high thermal resistance, and the lower con-
tent of functional groups lowers its reactivity toward acids and bases as
well as to oxidation [66-71]. It can be concluded that the complexity of
the properties of the two chars’, which are strongly dependent on the
biomass source (Table 1), and their best exploitation can find benefits in
different application areas to address the most important environmental
issues [72]. Thus, as a complex substrate, char requires an approach
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Fig. 3. Van Krevelen diagram: biomass (green), peat (violet), lignite (magenta), bituminous (blue), anthracite and coke (orange). Blue dots are biochars example and

red dots are hydrochars example reported in Table 1.
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Table 1
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Literature note on the comparison of the main physicochemical properties of biochar and hydrochar obtained from the same raw material; T (°C) Temperature; C, H, N,
S, O (%): content of carbon, hydrogen, nitrogen, sulphur and oxygen respectively: VM: volatile matter; FC: fixed carbon; MC: moisture content;.

Biomass T (°C) C (%) H (%) N (%) S (%) 0O (%) o/C H/C VM (%) FC (%) MC (%) Ash (%) pH BET (mz/g) Ref.
Hickery wood (HW) - 45.51 6.17 0.15 - 47.83 1.05 0.14 - - - - 5.8 0.1 [58]
Biochar-HW 600 81.81 217 0.73 - 14.03 0.17 0.03 - - - - 8.4 401.0 [58]
Hydrochar-HW 200 53.52 6.13 0.25 - 39.84 0.74 0.11 - - - - 6.0 2.5 [58]
Bagasse (BG) - 45.82 6.25 0.36 - 47.18 1.03 0.14 - - - - 6.0 0.4 [58]
Biochar-BG 600 76.45 2.93 0.79 - 18.33 0.24 0.04 - - - - 7.5 388.3 [58]
Hydrochar-BG 200 53.32 6.23 0.44 - 39.93 0.75 0.12 - - - - 5.7 3.8 [58]
Bamboo (BB) - 46.52 6.11 0.2 - 46.89 1.01 0.13 - - - - 6.6 >0.1 [58]
Biochar-BB 600 80.89 2.43 0.15 - 14.87 0.18 0.03 - - - - 9.2 375.5 [58]
Hydrochar-BB 200 55.27 6.18 0.21 - 38.27 0.69 0.11 - - - - 6.3 1.3 [58]
Fresh water (FS) - 12.46 4.63 1.77 3.33 39.75 3.19 0.37 61 1.38 - 38.1 6.6 96.5 [42]
Biochar-FS 700 11.47 0 1.04 1.01 5.19 0.45 0 14 4.57 - 81.3 7.8 108.9 [42]
Hydrochar-FS 200 8.63 0.82 0.73 1.4 25.66 2.97 0.1 35 1.75 - 62.8 4.3 197.6 [42]
Microalagae (MA) - 44.21 6.54 6.95 0.36 26.13 0.44 1.77 70 13.7 - 15.8 - - [59]
Biochar-MA 700 80.64 2.29 9.31 0.52 7.23 0.09 0.03 15 38.7 46.3 9.9 - [60]
Hydrochar-MA 210 68.82 8.93 6.42 0.01 15.81 0.23 0.13 54 16.7 29.1 5.5 - [60]
Feedstock - 47.9 5.7 0.12 0.19 44.5 0.7 1.4 - - - 1.6 - - [61]
Biochar 600 75.7 0.8 0.43 0.19 26.7 0 0.1 - - - 18.5 - - [61]
Hydrochar 240 66.4 4.4 0.24 0.25 4.5 0.5 0.8 - - - 2.1 - - [61]
Microalgal - 49.1 7.64 9.85 - 21.1 0.43 0.15 - - - 12.3 6.17 0.221 [62]
Biochar-MA 500 67.3 2.62 10.9 - 0.16 0 0.039 - - - 19 5.87 0.313 [62]
Hydrochar-MA 200 65.6 8.75 6.6 - 11.7 0.18 0.13 - - - 7.35 4.46 0.191 [62]
Spent coffee ground 48 7.58 2.29 - 421 0.8 0.15 85 13.97 7.53 1.45 5.4 - [63]
Biochar-SCG 400 69.8 5.78 4.25 - 20.2 0.29 0.082 39 57.21 2.53 3.72 8.4 - [63]
Hydrochar-SCG 200 62.6 7.62 2.47 - 27.3 0.43 0.12 73 26.02 3.46 0.54 3.9 - [63]
with multiple characterisation techniques, which will be detailed in the
next section. Table 2 ‘ o
Standard methods used for biochar and hydrochar characterization.
4. Characterization techniques Standard Title Ref.
1SO-562-2024 Coke and Coal Determination of Ash [92]
Physico-chemical characterization is essential to assess both the 1S0-687 Hard Coal and Coke Determination of Volatile Matter  [93]
1SO-1171-2024 Coke Determination of Moisture in the General [94]

conversion efficiency and the final application of chars. In this regard, a
wide range of analytical techniques are currently used for the in-depth
determination of char properties [53,55,73-75].

This section summarizes the main analytical techniques and meth-
odologies used for char characterization.

4.1. Proximate and ultimate composition

4.1.1. Proximate analysis

Proximate analysis focuses on the chemical composition of a material
in terms of moisture content, fixed carbon, volatile matter, and ash
content. It is a simple and inexpensive approach that is commonly used
to assess the macro-composition and calorific capacity [76-80]. As
mentioned in the previous section, fixed carbon and volatile matter are
an indicators of char stability, which affects their potential applications.
In fact, in some industries, particularly metallurgy, high fixed carbon
contents (90/95 %) are required to replace fossil carbon sources [81].

To the best of our knowledge, no standardized ad hoc methods have
been established for biochar and hydrochar, so in several studies the
proximate analysis is performed following standard procedures for coal/
coke characterization [77,82-89].

The determination is carried out by a thermal program under specific
conditions, and can be performed using a muffle or instrument, through
thermogravimetric analyser (TGA) [90,91]. The most commonly used
standard methods are those provided by the International Standard
Organization (ISO-562-2024; ISO-687; ISO-1171-2024 [92-94]) and by
American Society for Testing and Materials International (ASTM
D-3173; ASTM D-3174; ASTM D-3175 [95-97]), although only in the
latter includes specifications for the instrumental determination (ASTM
D-5142 [98])(Table 2).

4.1.2. Elemental analysis
Ultimate analysis, also known as elemental analysis, is carried out to
determine the carbon, hydrogen, nitrogen and sulphur content by using

Analysis Test Sample

ASTM D-3173 Standard Test Method for Volatile Matter in Analysis [95]
Sample of Coal and Coke

ASTM D-3174 Standard Test Method for Moisture in the Analysis [96]
Sample of Coal and Coke

ASTM D-3175 Standard Test Method for Ash in the Analysis Sample [97]
of Coal and Coke from Coal

ASTM D-5142 Standard Test Methods for Proximate Analysis of the [98]
Analysis Sample of Coal and Coke by instrumental
Procedures

ASTM D—-5373 Standard Test Methods for Instrumental [99]
Determination of Carbon, Hydrogen and Nitrogen in
Laboratory samples of Coal and Coke

IBI-STD—2.1 International Biochar Initiative — Biochar Standards- [100]

EPA-Method Inductively Coupled Plasma — Mass Spectrometry [101]

6020B

an elemental analyser (Table 2). The oxygen content is calculated by
subtracting the C, N, H, S and ash contents from the total mass of char
[86,102,103]. The oxygen to carbon and hydrogen to carbon ratios can
be used to construct the Van Krevelen diagram, based on the main re-
actions that occur during thermo-conversion, and to monitor the degree
of carbonization by comparing the values obtained with those of known
materials (Fig. 3). In addition, the carbon to nitrogen ratio can be used as
an indicator of nutrient retention and nutrients availability to the plant
[28,42,104-111].

Very recently, energy dispersive X-ray spectroscopy (EDX), and X-ray
photoelectron spectroscopy (XPS) has been reported to fit with ultimate
analysis [112,113]. Although not detected by EDX, nitrogen concen-
tration was determined by XPS methods, as were carbon and oxygen by
both spectroscopies.

4.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is of fundamental importance to the
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characterization of hydrochar and biochar, providing essential infor-
mation on their thermal and combustion properties and composition.
TGA makes it possible to study the behavior of materials during heating
resulting in:

e combustion profiles: the TGA generates a combustion profile
showing the rate of weight loss as a function of temperature. This
profile is different for biomass, biochar and hydrochar. Biomass
typically generates two peaks due to the different reactivity between
the volatile matter and the resulting char. In contrast, biochar and
hydrochar show a single peak at elevated temperatures due to of
their reduced volatile matter content [114];

effect of production temperature: TGA is useful to investigate how
process temperature affects the properties of hydrochar and biochar,
allowing production conditions to be optimized in order to obtain
materials with specific properties [114,115];

material characterization: in addition to its use in proximate analysis
(paragraph 4.4.1) and in the study of thermal stability, TGA can be
coupled with Fourier transform infrared (FT-IR) spectrometry to
analyse the gases produced during combustion, allowing identifica-
tion and quantification of main gaseous products, such as CO5, CO,
H50, NO, HCl, and HCN providing information on environmental
impact [114-116].

4.3. Surface functional groups

In the biomass conversion, many reactions take place leading to the
development of different surface functionalities such as hydroxyl (-OH),
amino (-NHj), carboxyl (-(C=O0)OH), nitro(-NO>), ester(-(C=0)OR),
ketone (-OR), aldehyde(-(C—=O0)H) which occur mainly on the external
surface rather than on the pore surfaces [117]. Therefore, the study of
functional groups plays a significant role, both in providing a clearer
understanding of reaction pathways and in identifying the optimal
application based on material affinity (hydrophilic/hydrophobic) and
its behaviour in environments (acidic/alkaline).

4.3.1. Boehm titration

Boehm titration is a method of quantifying the oxygen-containing
acid functional groups present on the surface of a material. This tech-
nique takes advantage of the principles of acid-base titrations and is
based on the use of 3 different bases NaOH, NaHCO3; and NayCOs.
Assuming that NaOH neutralizes the acid groups (carboxylic, lactonic
and phenolic), NayCOgs neutralizes the carboxylic and lactonic groups
and NaHCOj3 only the carboxylic groups, the specific amount of func-
tional groups can be determined by calculating the difference in volume
between the 3 bases [51,118-120].

4.3.2. Fourier transform infrared spectroscopy (FT-IR)

In many studies functional groups are analysed by infrared spec-
troscopy (FT-IR) and in some cases Attenuated Total Reflectance (ATR-
FT-IR) is also used due to its easy operability and time efficiency
compared to FT-IR analysis. Other techniques such as Raman spectros-
copy and X-ray Photoelectronic Spectroscopy (XPS) can assist in deter-
mining the composition of surface functional groups and understanding
how elements bind on the surface of materials, useful information to
comprehend reactivity and adsorption capacity [12,55,73,75,88,89,
117,118,121-129].

4.4. pH

The change in char pH is strongly related to the functional group
rearrangement and to the ash content. Thermally degraded materials
generally have high pH value due to the degradation of acidic functional
groups and the accumulation of ash (e.g. alkali salts) [55,84]. However,
as mentioned above, in the hydrothermal process, the abundant dis-
solved organic acids produced from the hydrolysis of organic matters
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along with leaching of inorganic components, results in a lower pH value
of hydrochar [57,130].

The pH is an important parameter that affect the chemical species in
char material, the physico-chemical properties of the adsorbate-
adsorbent mechanism and determines the mobility of heavy metals
[131-133]. Generally, pH studies are performed dissolving chars in
water with a solid to liquid (w/v) ratio that varies between studies [28,
63,84,102,130,134] However, the International Biochar Initiative
(IBI-STD-2.1) provides a standardized method with a solid to deionized
water ratio of 1:20 (w/v) (Table 2) [100]. The suspension is first shaken
and equilibrated for 1.5 h, then measured using a pH meter [42,58-60,
100,135,136].

4.5. Surface charge analysis

Surface charge analysis is a technique used to study the electrical
properties of material surfaces, including biochar and hydrochar. This
analysis is critical to understanding how materials interact with their
environment, particularly in aqueous solutions [113,137-139]. Surface
charge analysis is conducted using the following approaches and is
closely related to pH:

e point of zero charge (PZC): the PZC is the pH value at which the net
surface charge of a material is zero. In other words, at this pH, the
number of positive and negative charges on the surface is equal. Char
with high PZCs are often better suited for anion adsorption, while
those with lower PZCs are better for cation adsorption [137,139];

e Zeta potential ({): it measures the difference in electrical potential

between the surface of a particle and the surrounding medium. it is a

key indicator of the stability of a colloidal suspension of biochar and

hydrochar. A high absolute value of zeta potential indicates strong
repulsion between particles preventing agglomeration and sedi-
mentation. Conversely, zeta potential values close to zero can lead to
particle aggregation, reducing the effectiveness of chars efficacy as

adsorbents or soil conditioners [138];

ion exchange capacity: Cation Exchange Capacity (CEC) and Anion

Exchange Capacity (AEC) measure the amount of negative or posi-

tive charges that a material can exchange with its surroundings. Ionic

exchange capacity is related to the presence of functional groups,
acidic or basic, on the surface of the material. Char produced at low
temperatures has a higher CEC while those produced at high tem-
peratures have higher AEC, these parameters are important in
assessing the effectiveness of biochar and hydrochar in adsorbing
cations or anions in a given environment [139].

4.6. Electrical conductivity

Electrical conductivity (EC) can be used to investigate plant uptake,
phytotoxicity, adsorption behavior and electron transfer capacity (DIET)
by determining the inorganic ion concentrations in aqueous solution
[75,105,140]. It is directly related to pH and can be assessed using a
conductivity meter according to the procedure proposed by Interna-
tional Biochar Initiative (IBI-STD-2.1) [55,60,100].

4.7. Structural and morphological texture

The structural and morphological textures of biochar and hydrochar
are some of the most attractive and versatile features of these materials
[75,141].

XRD (X-ray Diffraction) pattern, obtained using powder diffractom-
eter, provides information on the crystalline/amorphous phase of chars.

SEM (Scanning Electron Microscopy) is used to determine the
morphology of the surface and is usually coupled with Energy Dispersive
X-ray analysis (EDX) in order to examine the chemical composition of
the surface, proving particularly useful in screening for the presence of
minerals, metals and other elements such as phosphorus in biochar or
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hydrochar [42,82,102,117,142].

4.7.1. Specific surface area (SSA) and pore volume

The specific surface area, total pore volume and mean pore size of
hydrochar and biochar are measured using the Brunauer-Emmett-Teller
(BET) surface area analysis via the N, adsorption/desorption isotherm at
77 K 4267.73,

These analyses make it possible to assess the conversion process
through a comprehensive comparison between char and biomass, con-
firming what was hypothesized with the Van Krevelen diagram. In
addition, they are fundamental in understanding the ways in which
hydrochar and biochar interact, directly and indirectly, with and affect
the environment, thus defining their best area of application [55,57,88,
143,144].

4.8. Heavy metals

Thermochemical processes lead to accumulation of heavy metals in
the final product. In the case of the hydrothermal carbonization process,
it has been observed that bioavailable heavy metals are transferred to
the liquid phase, together with some alkaline metals (K",Na™), while the
stable fraction accumulates in the hydrochar.

4.8.1. Inductively coupled plasma (ICP) analysis

The determination of elements of concern such as Pb, Cd, Hg, Cr, Cu,
Zn, Fe, Mn, and As, among the most important, is generally performed
by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-
OES) or Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) ac-
cording to the standard method provided by the Environmental Pro-
tection Agency (EPA), where digestion and analysis conditions are
defined (Table 2) [101,145]. Unless otherwise specified by the analyt-
ical standard procedure, ICP-OES is normally used for higher metal
concentrations. Other analytical techniques can be used, for example,
Taskin et al. performed heavy metal analysis by total reflection X-ray
fluorescence (TXRF) spectrometry [55].

In addition, the Tessier sequential extraction procedure can be car-
ried out to study the speciation of heavy metal [84,121,129,131,140,
141,146].

4.9. Concern organic molecules

During pyrolysis and hydrothermal carbonization processes, harmful
organic molecules can be produced which limit the range of application
of chars. Although complicated reaction pathways make it difficult to
predict the types of organic substances of concern the focus is on the
determination of aromatic hydrocarbons (AHs), polycyclic aromatic
hydrocarbons (PAHs) and in general on volatile organic compounds
(VOCs) by gas chromatography (GC) combined with various approaches
such as solvent extraction or pyrolysis [41,55,147-152].

Other analytical methods are reported to provide advanced charac-
terization tailored to the application area: total organic carbon, 'H and
13C nuclear magnetic resonance and solid state 1*C nuclear magnetic
resonance [61,82,117,135,140,141,153,154-157].

5. Areas of application

The superior physico-chemical properties along with their sustain-
able processes make biochar and hydrochar ideal substitutes to replace
carbon-based material derived from fossil carbon sources. Distinguish-
ing between the properties of biochar and hydrochar is a challenging
task due to their significant reliance on the biomass of origin and the
process conditions. The detailed data presented in Table 1, categorised
according to biomass type, can be succinctly summarised in a direct
comparison table (Table 3) that encompasses several of the properties
discussed in Section 4.

Discussing Table 3 row by row from top to bottom, we can say that,
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Table 3
Summary of data shown in Table 1.

Biochar Hydrochar
process energy high low
electrical conductivity high low
absorption capacity high low
porosity high low
surface area low high
acidity low high
hydrophobicity low high
grindability low high

as outlined in the preceding sections, biochar necessitates a greater
energy expenditure due to the elevated temperatures at which it is
processed in comparison to hydrochar. Graphite-like monolayers may be
more easily present in biochar, given the higher process temperatures.
Such structures lead to a higher electrical conductivity of biochar
compared to hydrochar [45]. The presence of aromatic carbon, electron
donor or p electron rich functional groups at the temperatures at which
biochar is formed has been demonstrated to facilitate its absorption
capacity in comparison to hydrochar [158,159]. The removal of volatile
matter during pyrolysis has been shown to promote higher porosity in
biochar, while the presence of water has been demonstrated to inhibit
pore collapse and enhance interconnectivity in hydrochar [160]. The
process of cleavage of H and O bonds occurs at elevated temperatures
during the pyrolysis stage of the production process. This results in the
biochar being more alkaline in nature than the hydrochar [158]. High
temperatures also remove or strongly alter hydrophobic and hydrophilic
surface functional groups, making biochar more hydrophobic than
hydrochar. This makes hydrochar more likely to be affected by hygro-
scopicity when it is stored [161,162]. The higher grindability of
hydrochar is dependant also from its lower crystallinity with respect to
biochar [163].

Aiming to compare and depict their application areas, another data
mining was conducted from bibliographic database SCOPUS and elab-
orated with the free software VOSviewer, version 1.6.20 [17]. The
keywords used are “biochar-application” (Fig. 4) and “hydro-
char-application” (Fig. 5), from the two datasets obtained the analysis
was focused on review studies: 1771 documents ranging from 2012 till
October 2024 for the former and 131 for the latter ranging from 2015 till
October 2024.

Co-occurrence networks facilitated the identification of the main
application fields and highlight that the two materials are broadly used
in: waste management, environmental remediation and soil improver
(Figs. 4-5). In both cases “waste management” refers to all applications
where char have been used to treat and purify waste (e.g. wastewater
treatment), while “environmental remediation” refers to the removal of
contaminants from soil, water and the atmosphere.

5.1. Soil improver

The beneficial effects of biochar and hydrochar on soils are well
known, as shown by the strong co-occurrence reported in Fig. 4 and
Fig. 5. The choice of one char over the other depends on the specific
requirements of the soil and crop. In addition, as the two chars have
different chemical and physical properties, they have different purposes
as well as different mechanisms that lead to soil improvement [22,104,
164-167]. The main effects of these materials are on soil structure,
nutrients, pH, cation exchange capacity (CEC), carbon sequestration,
and microbial biomass.

Both types of two char improve soil structure due to their porosity,
which can increase water retention, and lower soil density increasing
aeration [22,53,168,169]. Biochar generally has a greater surface area
and porosity than hydrochar, making this material more effective in
nutrient adsorption. Hydrochar has a higher content of functional
groups and may have a higher cation exchange capacity, and can also
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hold more nutrients and act as a slow-release fertilizer [105,164,
169-173]. Biochar is considered to be more effective for long-term
carbon sequestration due to its greater stability and resistance to mi-
crobial degradation. Hydrochar, despite its lower stability, can still
contribute to the adsorption of atmospheric CO, due to the presence of
functional groups on the surface [22,53,174,175].

In summary, the higher porosity and higher pH makes the biochar a
better candidate to reduce both bulk density and acidity in the soil, thus
improving quality and fertility. Meanwhile, hydrochar has a higher
content of macro- and micro-nutrients along with lower pH values
resulting in a better fertilizing effect, while the higher stability (lower
labile C content) along with lower DOM content of biochar provides a
better reduction of greenhouse gas emissions [55,176-180].

5.2. Removal of contaminants and pollutants

The two networks (Figs. 4 and 5) show how applications in waste
management and environmental remediation are a more closely related
to adsorption, grouped in the same cluster, outlining the main interac-
tion mechanism of biochar and hydrochar in the removal of contami-
nants or pollutants and focusing the attention on the related properties
such as surface functional groups, structure, specific surface area and
pore volume [181,182]. These properties can be improved or tailored by
activation methods (physical, chemical and biochemical), doping with
heteroatoms or oxygen-containing functional groups, or by combining
chars into composites resulting in ‘“engineered chars” [165,169,
183-190].

In addition to the influence of the properties just mentioned and
discussed in Section 3, a significant role is played by dissolved organic
matter (DOM), defined as the continuum of organic molecules of
different size and structure passing through a filter with a pore size of
0.45 um, including dissolved organic carbon (DOC), dissolved organic
nitrogen and dissolved organic phosphorus. The potential applications
of chars are also dependent on DOM as it controls the fate and transport
of organic and inorganic contaminants, microbial activity and plant
growth. The dissolved organic matter is conditioned by biomass type
and process temperature, for this reason Song et al. studied DOMs of
biochar and hydrochar obtained from the same biomass and show that
the hydrochar-DOM had a better performance than the biochar DOM for
higher content, lower aromaticity and more different type of organic
functional groups [141,167,191-193]. Dickson et al. demonstrated the
importance of DOM in enhancing the adsorption capacity of biochar
towards mercury by separately studying the material with and without
dissolved organic matter and observed an increase in adsorption ca-
pacity when it was present, confirming its importance also in environ-
mental remediation and contaminant removal applications [194].

In terms of environmental remediation and waste management ap-
plications, both chars show interesting sorption capacity, in particular
biochar is able to provide both chemisorption and physisorption thanks
to its structural properties combined with alkaline nature and high
mineral content [195]. On the other hand, hydrochar exhibits mainly
chemisorption due to the well-preserved surface functional groups and
lower porosity [173,196]. However, due to the lower process tempera-
ture, hydrochar may contain a higher number of toxic contaminants, so
its application, especially in environmental remediation, requires a
careful evaluation [197].

Handling and disposal of the two char are closely related to the
chemical and physical properties of the materials, the specific applica-
tion and the country in which they are used.

6. Conclusion

This paper aims to advance the knowledge on biochar and hydro-
char, the main conclusions are: (i) among the different thermochemical
routes for biomass reduction and valorisation, pyrolysis and hydro-
thermal carbonisation appear to be more sustainable and economical,
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resulting in high yields of biochar and hydrochar production, respec-
tively; (ii) the two chars differ significantly in their chemical composi-
tion, morphological characteristics and functionalities, making them
versatile tools not only for wastewater remediation but also for other
applications, including fertilisers and bioenergy; (iii) the multiple ap-
plications of biochar and hydrochar, due to their enhanced surface
physicochemical properties, include efficient metal biosorption, soil
fertility improvement and carbon sequestration. As a result, research
into the production and use of biochar and hydrochar from different
types of biomass has increased significantly in the last 5 years. Ac-
cording to the published data, the term "hydrochar" has been introduced
only recently, in the last 14-15 years, to describe different characteris-
tics compared to biochar. Both terms begin to individualise differences
in the preparation process as well as in the properties of the final char,
suggesting a more diffuse, conscious use of the terms “biochar” and
“hydrochar”.

In the future, the use of HTC technology will become more wide-
spread where the biomass has a fraction that is too wet or too fatty for
effective pyrolysis. At this point, it will become increasingly important
to tracking the most of the unique properties of hydrochar, while
maintaining the qualities that distinguish it from biochar.

Funding

No funding was received to assist with the preparation of this
manuscript.

CRediT authorship contribution statement

Berrettoni Mario: Writing — review & editing, Supervision. Leonelli
Cristina: Writing — review & editing, Conceptualization. Cognigni
Paolo: Writing — original draft, Methodology, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Authors are grateful to Dr. Martina Fattobene, University of
Camerino, Italy, for her tireless support in the data collection process.

Author contributions

CL had the idea for the article, PC performed the literature search,
data analysis, and drafted the manuscript, CL and MB critically revised
the work, MB supervised the bibliometric activity.

Data availability
Data will be made available on request.

References

[1] T. Jiang, X. He, B. Su, et al., COP 28: challenge of coping with climate crisis,

Innovation 5 (1) (2024), https://doi.org/10.1016/j.xinn.2023.100559.

P. Friedlingstein, M. O’Sullivan, M.W. Jones, et al., Global carbon budget 2023,

Earth Syst. Sci. Data 15 (12) (2023) 5301-5369, https://doi.org/10.5194/essd-

15-5301-2023.

[3] D. Tobelmann, T. Wendler, The impact of environmental innovation on carbon
dioxide emissions, J. Clean. Prod. 244 (2020), https://doi.org/10.1016/j.
jclepro.2019.118787.

[4] W.Meng, X. Bai, B. Wang, Z. Liu, S. Lu, B. Yang, Biomass-derived carbon dots and
their applications, Energy Environ. Mater. 2 (3) (2019) 172-192, https://doi.org/
10.1002/eem2.12038.

[5] R.K. Srivastava, N.P. Shetti, K.R. Reddy, E.E. Kwon, M.N. Nadagouda, T.

M. Aminabhavi, Biomass utilization and production of biofuels from carbon

[2


https://doi.org/10.1016/j.xinn.2023.100559
https://doi.org/10.5194/essd-15-5301-2023
https://doi.org/10.5194/essd-15-5301-2023
https://doi.org/10.1016/j.jclepro.2019.118787
https://doi.org/10.1016/j.jclepro.2019.118787
https://doi.org/10.1002/eem2.12038
https://doi.org/10.1002/eem2.12038

P. Cognigni et al.

[6

—

[71

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

neutral materials, Environ. Pollut. 276 (2021), https://doi.org/10.1016/j.
envpol.2021.116731.

L.M. Tijjani Usman, Y.C. Ho, L. Baloo, M.K. Lam, W. Sujarwo, A comprehensive
review on the advances of bioproducts from biomass towards meeting net zero
carbon emissions (NZCE), Bioresour. Technol. 366 (2022), https://doi.org/
10.1016/j.biortech.2022.128167.

S. Yu, J. He, Z. Zhang, et al., Towards negative emissions: hydrothermal
carbonization of biomass for sustainable carbon materials, Adv. Mater. 36 (18)
(2024), https://doi.org/10.1002/adma.202307412.

A.B. Kharissova, O.V. Kharissova, B.I. Kharisov, Y.P. Méndez, Carbon negative
footprint materials: a review, Nano-Struct. Nano-Objects 37 (2024), https://doi.
org/10.1016/j.nanoso.2024.101100.

A. Tursi, F. Olivito, Biomass conversion. In: Advances in Bioenergy and
Microfluidic Applications, Elsevier, 2021, pp. 3-39, https://doi.org/10.1016/
B978-0-12-821601-9.00001-7.

A. Tursi, A review on biomass: importance, chemistry, classification, and
conversion, Biofuel Res. J. 6 (2) (2019) 962-979, https://doi.org/10.18331/
BRJ2019.6.2.3.

C.D. Venkatachalam, S.R. Ravichandran, M. Sengottian, Lignocellulosic and algal
biomass for bio-crude production using hydrothermal liquefaction: conversion
techniques, mechanism and process conditions: a review, Environ. Eng. Res. 27
(1) (2022), https://doi.org/10.4491/eer.2020.555.

X. Sun, H.K. Atiyeh, M. Li, Y. Chen, Biochar facilitated bioprocessing and
biorefinery for productions of biofuel and chemicals: a review, Bioresour.
Technol. 295 (2020), https://doi.org/10.1016/j.biortech.2019.122252.

Z. Chen, X. Jiang, Y. Boyjoo, et al., Nanoporous carbon materials derived from
biomass precursors: sustainable materials for energy conversion and storage,
Electrochem. Energy Rev. 7 (1) (2024), https://doi.org/10.1007/s41918-024-
00223-y.

T. Yeamsuksawat, H.J. Kim, Y. Eom, Shape-tunable and sustainable carbon
materials derived from nanocellulose and nanochitin: carbonization, structures,
and applications, Mater. Today Energy 43 (2024), https://doi.org/10.1016/j.
mtener.2024.101604.

T. Sharma, 1.G. Hakeem, A.B. Gupta, et al., Parametric influence of process
conditions on thermochemical techniques for biochar production: a state-of-the-
art review, J. Energy Inst. 113 (2024), https://doi.org/10.1016/].
joei.2024.101559.

G. Hristea, M. Iordoc, E.M. Lungulescu, I. Bejenari, I. Volf, A sustainable bio-
based char as emerging electrode material for energy storage applications, Sci.
Rep. 14 (1) (2024), https://doi.org/10.1038/s41598-024-51350-x.

N.J. van Eck, L. Waltman, Software survey: VOSviewer, a computer program for
bibliometric mapping, Scientometrics 84 (2) (2010) 523-538, https://doi.org/
10.1007/511192-009-0146-3.

S.E. Ibitoye, C. Loha, R.M. Mahamood, et al., An overview of biochar production
techniques and application in iron and steel industries, Bioresour. Bioprocess 11
(1) (2024), https://doi.org/10.1186/s40643-024-00779-z.

J. Li, W. Sun, E. Lichtfouse, C. Maurer, H. Liu, Life cycle assessment of biochar for
sustainable agricultural application: a review, Sci. Total Environ. 951 (2024),
https://doi.org/10.1016/j.scitotenv.2024.175448.

H.M. Cui, Y. Liu, J. Bian, M.F. Li, Catalytic hydrothermal carbonization of corn
and rice straws with citric acid: Implications for charcoal production and
combustion performance, Ind. Crops Prod. 219 (2024), https://doi.org/10.1016/
j.indcrop.2024.119162.

A. Zhang, Y. Qiu, D. Chen, Y. Feng, B. Zhang, Valorization of fruit waste by
biochar production via thermochemical conversion: a mini-review, J. Anal. Appl.
Pyrolysis 182 (2024), https://doi.org/10.1016/j.jaap.2024.106688.

E. Kravchenko, T.L. Dela Cruz, X.W. Chen, M.H. Wong, Ecological consequences
of biochar and hydrochar amendments in soil: assessing environmental impacts
and influences, Environ. Sci. Pollut. Res. 31 (30) (2024) 42614-42639, https://
doi.org/10.1007/s11356-024-33807-8.

D. Busch, A. Stark, C.I. Kammann, B. Glaser, Genotoxic and phytotoxic risk
assessment of fresh and treated hydrochar from hydrothermal carbonization
compared to biochar from pyrolysis, Ecotoxicol. Environ. Saf. 97 (2013) 59-66,
https://doi.org/10.1016/j.ecoenv.2013.07.003.

Fan G., Tong F., Zhang W., et al. The effect of organic solvent washing on the
structure of hydrochar-based dissolved organic matters and its potential
environmental toxicity. doi:10.1007/s11356-021-12517-5/Published.

S. Li, B. Ji, W. Zhang, A review on the thermochemical treatments of biomass:
Implications for hydrochar production and rare earth element recovery from
hyperaccumulators, Chemosphere 342 (2023), https://doi.org/10.1016/j.
chemosphere.2023.140140.

Z. Zhang, Z. Zhu, B. Shen, L. Liu, Insights into biochar and hydrochar production
and applications: a review, Energy 171 (2019) 581-598, https://doi.org/
10.1016/j.energy.2019.01.035.

J.A. Libra, K.S. Ro, C. Kammann, et al., Hydrothermal carbonization of biomass
residuals: a comparative review of the chemistry, processes and applications of
wet and dry pyrolysis, Biofuels 2 (1) (2011) 71-106, https://doi.org/10.4155/
bfs.10.81.

G. Gasc6, J. Paz-Ferreiro, M.L. Alvarez, A. Saa, A. Méndez, Biochars and
hydrochars prepared by pyrolysis and hydrothermal carbonisation of pig manure,
Waste Manag. 79 (2018) 395-403, https://doi.org/10.1016/j.
wasman.2018.08.015.

S. Shyam, J. Arun, K.P. Gopinath, G. Ribhu, M. Ashish, S. Ajay, Biomass as source
for hydrochar and biochar production to recover phosphates from wastewater: a
review on challenges, commercialization, and future perspectives, Chemosphere
286 (2022), https://doi.org/10.1016/j.chemosphere.2021.131490.

10

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Journal of Analytical and Applied Pyrolysis 187 (2025) 106985

Y.A. Begum, S. Kumari, S.K. Jain, M.C. Garg, A review on waste biomass-to-
energy: integrated thermochemical and biochemical conversion for resource
recovery, Environ. Sci.: Adv. 3 (9) (2024) 1197-1216, https://doi.org/10.1039/
d4va00109e.

M.K. Awasthi, T. Sar, S.C. Gowd, et al., A comprehensive review on
thermochemical, and biochemical conversion methods of lignocellulosic biomass
into valuable end product, Fuel 342 (2023), https://doi.org/10.1016/j.
fuel.2023.127790.

A. Kumar, K. Saini, T. Bhaskar, Hydochar and biochar: production,
physicochemical properties and techno-economic analysis, Bioresour. Technol.
310 (2020), https://doi.org/10.1016/j.biortech.2020.123442.

World Biochar Certificate-Guidelines for a S ble Production of Biochar and Its
Certification Guidelines European Biochar Certificate for Biochar Production
Guidelines.; 2023. (http://www.european-biochar.org).

M.N. Uddin, K. Techato, J. Taweekun, et al., An overview of recent developments
in biomass pyrolysis technologies, Energies 11 (11) (2018), https://doi.org/
10.3390/en11113115.

G. Wang, Y. Dai, H. Yang, et al., A review of recent advances in biomass pyrolysis,
Energy Fuels 34 (12) (2020) 15557-15578, https://doi.org/10.1021/acs.
energyfuels.0c03107.

K.V. Supraja, T.R.K.C. Doddapaneni, P.K. Ramasamy, et al., Critical review on
production, characterization and applications of microalgal hydrochar: insights
on circular bioeconomy through hydrothermal carbonization, Chem. Eng. J. 473
(2023), https://doi.org/10.1016/j.cej.2023.145059.

Ciceri G., Hernandez Latorre M., Kumar Mediboyina M., et al. Hydrothermal
Carbonization (HTC): Valorisation of Organic Waste and Sludges for Hydrochar
Production of Biofertilizers Title of Publication Subtitle of Publication.; 2021.

F. Cheng, H. Bayat, U. Jena, C.E. Brewer, Impact of feedstock composition on
pyrolysis of low-cost, protein- and lignin-rich biomass: a review, J. Anal. Appl.
Pyrolysis 147 (2020), https://doi.org/10.1016/].jaap.2020.104780.

A. Petrovi¢, J. Stergar, L. Skodi¢, et al., Thermo-kinetic analysis of pyrolysis of
thermally pre-treated sewage sludge from the food industry, Therm. Sci. Eng.
Prog. 42 (2023), https://doi.org/10.1016/j.tsep.2023.101863.

H. Liu, L.A. Basar, A. Nzihou, C. Eskicioglu, Hydrochar derived from municipal
sludge through hydrothermal processing: a critical review on its formation,
characterization, and valorization, Water Res 199 (2021), https://doi.org/
10.1016/j.watres.2021.117186.

E. Taskin, M.T. Brana, C. Altomare, E. Loffredo, Biochar and hydrochar from
waste biomass promote the growth and enzyme activity of soil-resident
ligninolytic fungi, Heliyon 5 (7) (2019), https://doi.org/10.1016/j.heliyon.2019.
e02051.

Y. Zhang, J. Qin, Y. Yi, Biochar and hydrochar derived from freshwater sludge:
characterization and possible applications, Sci. Total Environ. 763 (2021),
https://doi.org/10.1016/j.scitotenv.2020.144550.

S. Schimmelpfennig, C. Kammann, J. Mumme, et al., Degradation of miscanthus
x giganteus biochar, hydrochar and feedstock under the influence of disturbance
events, Appl. Soil Ecol. 113 (2017) 135-150, https://doi.org/10.1016/j.
apsoil.2017.01.006.

A. Dieguez-Alonso, A. Funke, A. Anca-Couce, et al., Towards biochar and
hydrochar engineering-influence of process conditions on surface physical and
chemical properties, thermal stability, nutrient availability, toxicity and
wettability, Energies 11 (3) (2018), https://doi.org/10.3390/en11030496.

H.S. Kambo, A. Dutta, A comparative review of biochar and hydrochar in terms of
production, physico-chemical properties and applications, Renew. Sustain.
Energy Rev. 45 (2015) 359-378, https://doi.org/10.1016/j.rser.2015.01.050.

L. Dai, B. Yang, H. Li, et al., A synergistic combination of nutrient reclamation
from manure and resultant hydrochar upgradation by acid-supported
hydrothermal carbonization, Bioresour. Technol. 243 (2017) 860-866, https://
doi.org/10.1016/j.biortech.2017.07.016.

S.V. Qaramaleki, J. Cardenas, M.A. Jackson, et al., Characterization of products
from catalytic hydrothermal carbonization of animal manure, Agronomy 13 (9)
(2023), https://doi.org/10.3390/agronomy13092219.

Y. Zhang, Q. Jiang, W. Xie, Y. Wang, J. Kang, Effects of temperature, time and
acidity of hydrothermal carbonization on the hydrochar properties and nitrogen
recovery from corn stover, Biomass. Bioenergy 122 (2019) 175-182, https://doi.
org/10.1016/j.biombioe.2019.01.035.

R.S. Nunes, T.C. Tudino, L.M. Vieira, D. Mandelli, W.A. Carvalho, Rational
production of highly acidic sulfonated carbons from kraft lignins employing a
fractionation process combined with acid-assisted hydrothermal carbonization,
Bioresour. Technol. 303 (2020), https://doi.org/10.1016/j.
biortech.2020.122882.

M.T. Reza, E. Rottler, L. Herklotz, B. Wirth, Hydrothermal carbonization (HTC) of
wheat straw: influence of feedwater pH prepared by acetic acid and potassium
hydroxide, Bioresour. Technol. 182 (2015) 336-344, https://doi.org/10.1016/j.
biortech.2015.02.024.

N. Saha, A. Saba, M.T. Reza, Effect of hydrothermal carbonization temperature on
pH, dissociation constants, and acidic functional groups on hydrochar from
cellulose and wood, J. Anal. Appl. Pyrolysis 137 (2019) 138-145, https://doi.
org/10.1016/j.jaap.2018.11.018.

S. Yu, X. Yang, P. Zhao, Q. Li, H. Zhou, Y. Zhang, From biomass to hydrochar:
evolution on elemental composition, morphology, and chemical structure,

J. Energy Inst. 101 (2022) 194-200, https://doi.org/10.1016/j.joei.2022.01.013.
R. Sharma, K. Jasrotia, N. Singh, et al., A comprehensive review on hydrothermal
carbonization of biomass and its applications, Chem. Afr. 3 (1) (2020), https://
doi.org/10.1007/542250-019-00098-3.



https://doi.org/10.1016/j.envpol.2021.116731
https://doi.org/10.1016/j.envpol.2021.116731
https://doi.org/10.1016/j.biortech.2022.128167
https://doi.org/10.1016/j.biortech.2022.128167
https://doi.org/10.1002/adma.202307412
https://doi.org/10.1016/j.nanoso.2024.101100
https://doi.org/10.1016/j.nanoso.2024.101100
https://doi.org/10.1016/B978-0-12-821601-9.00001-7
https://doi.org/10.1016/B978-0-12-821601-9.00001-7
https://doi.org/10.18331/BRJ2019.6.2.3
https://doi.org/10.18331/BRJ2019.6.2.3
https://doi.org/10.4491/eer.2020.555
https://doi.org/10.1016/j.biortech.2019.122252
https://doi.org/10.1007/s41918-024-00223-y
https://doi.org/10.1007/s41918-024-00223-y
https://doi.org/10.1016/j.mtener.2024.101604
https://doi.org/10.1016/j.mtener.2024.101604
https://doi.org/10.1016/j.joei.2024.101559
https://doi.org/10.1016/j.joei.2024.101559
https://doi.org/10.1038/s41598-024-51350-x
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1186/s40643-024-00779-z
https://doi.org/10.1016/j.scitotenv.2024.175448
https://doi.org/10.1016/j.indcrop.2024.119162
https://doi.org/10.1016/j.indcrop.2024.119162
https://doi.org/10.1016/j.jaap.2024.106688
https://doi.org/10.1007/s11356-024-33807-8
https://doi.org/10.1007/s11356-024-33807-8
https://doi.org/10.1016/j.ecoenv.2013.07.003
https://doi.org/10.1016/j.chemosphere.2023.140140
https://doi.org/10.1016/j.chemosphere.2023.140140
https://doi.org/10.1016/j.energy.2019.01.035
https://doi.org/10.1016/j.energy.2019.01.035
https://doi.org/10.4155/bfs.10.81
https://doi.org/10.4155/bfs.10.81
https://doi.org/10.1016/j.wasman.2018.08.015
https://doi.org/10.1016/j.wasman.2018.08.015
https://doi.org/10.1016/j.chemosphere.2021.131490
https://doi.org/10.1039/d4va00109e
https://doi.org/10.1039/d4va00109e
https://doi.org/10.1016/j.fuel.2023.127790
https://doi.org/10.1016/j.fuel.2023.127790
https://doi.org/10.1016/j.biortech.2020.123442
http://www.european-biochar.org
https://doi.org/10.3390/en11113115
https://doi.org/10.3390/en11113115
https://doi.org/10.1021/acs.energyfuels.0c03107
https://doi.org/10.1021/acs.energyfuels.0c03107
https://doi.org/10.1016/j.cej.2023.145059
https://doi.org/10.1016/j.jaap.2020.104780
https://doi.org/10.1016/j.tsep.2023.101863
https://doi.org/10.1016/j.watres.2021.117186
https://doi.org/10.1016/j.watres.2021.117186
https://doi.org/10.1016/j.heliyon.2019.e02051
https://doi.org/10.1016/j.heliyon.2019.e02051
https://doi.org/10.1016/j.scitotenv.2020.144550
https://doi.org/10.1016/j.apsoil.2017.01.006
https://doi.org/10.1016/j.apsoil.2017.01.006
https://doi.org/10.3390/en11030496
https://doi.org/10.1016/j.rser.2015.01.050
https://doi.org/10.1016/j.biortech.2017.07.016
https://doi.org/10.1016/j.biortech.2017.07.016
https://doi.org/10.3390/agronomy13092219
https://doi.org/10.1016/j.biombioe.2019.01.035
https://doi.org/10.1016/j.biombioe.2019.01.035
https://doi.org/10.1016/j.biortech.2020.122882
https://doi.org/10.1016/j.biortech.2020.122882
https://doi.org/10.1016/j.biortech.2015.02.024
https://doi.org/10.1016/j.biortech.2015.02.024
https://doi.org/10.1016/j.jaap.2018.11.018
https://doi.org/10.1016/j.jaap.2018.11.018
https://doi.org/10.1016/j.joei.2022.01.013
https://doi.org/10.1007/s42250-019-00098-3
https://doi.org/10.1007/s42250-019-00098-3

P. Cognigni et al.

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

K. Czerwinska, M. Sliz, M. Wilk, Hydrothermal carbonization process:
fundamentals, main parameter characteristics and possible applications including
an effective method of SARS-CoV-2 mitigation in sewage sludge. A review,
Renew. Sustain. Energy Rev. 154 (2022), https://doi.org/10.1016/j.
rser.2021.111873.

E. Taskin, C. de Castro Bueno, 1. Allegretta, R. Terzano, A.H. Rosa, E. Loffredo,
Multianalytical characterization of biochar and hydrochar produced from waste
biomasses for environmental and agricultural applications, Chemosphere 233
(2019) 422-430, https://doi.org/10.1016/j.chemosphere.2019.05.204.

N. Arora, S. Tripathi, P. Bhatnagar, et al., Algal-based biochar and hydrochar: a
holistic and sustainable approach to wastewater treatment, Chem. Eng. J. 496
(2024), https://doi.org/10.1016/j.cej.2024.153953.

M.M. Fu, C.H. Mo, H. Li, Y.N. Zhang, W.X. Huang, M.H. Wong, Comparison of
physicochemical properties of biochars and hydrochars produced from food
wastes, J. Clean. Prod. 236 (2019), https://doi.org/10.1016/j.
jclepro.2019.117637.

Y. Sun, B. Gao, Y. Yao, et al., Effects of feedstock type, production method, and
pyrolysis temperature on biochar and hydrochar properties, Chem. Eng. J. 240
(2014) 574-578, https://doi.org/10.1016/j.cej.2013.10.081.

V. Benavente, S. Lage, F.G. Gentili, S. Jansson, Influence of lipid extraction and
processing conditions on hydrothermal conversion of microalgae feedstocks —
effect on hydrochar composition, secondary char formation and phytotoxicity,
Chem. Eng. J. 428 (2022), https://doi.org/10.1016/j.cej.2021.129559.

J. Sun, V. Benavente, S. Jansson, O. Masek, Comparative characterisation and
phytotoxicity assessment of biochar and hydrochar derived from municipal
wastewater microalgae biomass, Bioresour. Technol. 386 (2023), https://doi.org/
10.1016/j.biortech.2023.129567.

S. Schimmelpfennig, C. Kammann, J. Mumme, et al., Degradation of Miscanthus
x giganteus biochar, hydrochar and feedstock under the influence of disturbance
events, Appl. Soil Ecol. 113 (2017) 135-150, https://doi.org/10.1016/j.
aps0il.2017.01.006.

C. Park, E.J. Kim, Comparison of microalgal hydrochar and pyrochar: production,
physicochemical properties, and environmental application, Environ. Sci. Pollut.
Res Int. 31 (2) (2024) 2521-2532, https://doi.org/10.1007/s11356-023-31317-
7.

A. Cervera-Mata, G. Delgado, A. Fernandez-Arteaga, F. Fornasier, C. Mondini,
Spent coffee grounds by-products and their influence on soil C-N dynamics,

J. Environ. Manag. 302 (2022), https://doi.org/10.1016/j.
jenvman.2021.114075.

S. Xu, J. Chen, H. Peng, et al., Effect of biomass type and pyrolysis temperature on
nitrogen in biochar, and the comparison with hydrochar, Fuel 291 (2021),
https://doi.org/10.1016/j.fuel.2021.120128.

E.N. Yargicoglu, B.Y. Sadasivam, K.R. Reddy, K. Spokas, Physical and chemical
characterization of waste wood derived biochars, Waste Manag. 36 (2015)
256-268, https://doi.org/10.1016/j.wasman.2014.10.029.

Y. Yang, K. Sun, L. Han, et al., Effect of minerals on the stability of biochar,
Chemosphere 204 (2018) 310-317, https://doi.org/10.1016/j.
chemosphere.2018.04.057.

J. Du, L. Zhang, A. Ali, et al., Research on thermal disposal of phytoremediation
plant waste: stability of potentially toxic metals (PTMs) and oxidation resistance
of biochars, Process Saf. Environ. Prot. 125 (2019) 260-268, https://doi.org/
10.1016/j.psep.2019.03.035.

L. Han, K.S. Ro, Y. Wang, et al., Oxidation resistance of biochars as a function of
feedstock and pyrolysis condition, Sci. Total Environ. 616-617 (2018) 335-344,
https://doi.org/10.1016/j.scitotenv.2017.11.014.

L. Leng, H. Huang, H. Li, J. Li, W. Zhou, Biochar stability assessment methods: a
review, Sci. Total Environ. 647 (2019) 210-222, https://doi.org/10.1016/j.
scitotenv.2018.07.402.

Z. Xu, M. He, X. Xu, X. Cao, D.C.W. Tsang, Impacts of different activation
processes on the carbon stability of biochar for oxidation resistance, Bioresour.
Technol. 338 (2021), https://doi.org/10.1016/j.biortech.2021.125555.

G. Liu, X. Pan, X. Ma, S. Xin, Y. Xin, Effects of feedstock and inherent mineral
components on oxidation resistance of biochars, Sci. Total Environ. 726 (2020),
https://doi.org/10.1016/j.scitotenv.2020.138672.

P.R. Yaashikaa, P.S. Kumar, S. Varjani, A. Saravanan, A critical review on the
biochar production techniques, characterization, stability and applications for
circular bioeconomy, Biotechnol. Rep. 28 (2020), https://doi.org/10.1016/j.
btre.2020.e00570.

X. Jian, X. Zhuang, B. Li, et al., Comparison of characterization and adsorption of
biochars produced from hydrothermal carbonization and pyrolysis, Environ.
Technol. Innov. 10 (2018) 27-35, https://doi.org/10.1016/].¢ti.2018.01.004.
H. Liu, LA. Basar, A. Nzihou, C. Eskicioglu, Hydrochar derived from municipal
sludge through hydrothermal processing: a critical review on its formation,
characterization, and valorization, Water Res 199 (2021), https://doi.org/
10.1016/j.watres.2021.117186.

M. Jayakumar, A.S. Hamda, L.D. Abo, et al., Comprehensive review on
lignocellulosic biomass derived biochar production, characterization, utilization
and applications, Chemosphere 345 (2023), https://doi.org/10.1016/].
chemosphere.2023.140515.

A.A. Azzaz, M. Jeguirim, V. Kinigopoulou, et al., Olive mill wastewater: from a
pollutant to green fuels, agricultural and water source and bio-fertilizer —
hydrothermal carbonization, Sci. Total Environ. 733 (2020), https://doi.org/
10.1016/j.scitotenv.2020.139314.

L.J. Hansen, S. Fendt, H. Spliethoff, Comparison of fuels and effluents originating
from washing and hydrothermal carbonisation of residual biomass, Waste

11

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]
[94]

[95]
[96]

[97]
[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Journal of Analytical and Applied Pyrolysis 187 (2025) 106985

Biomass. Valoriz. 13 (4) (2022) 2321-2333, https://doi.org/10.1007/s12649-
021-01613-9.

P.S. Bandgar, S. Jain, N.L. Panwar, A comprehensive review on optimization of
anaerobic digestion technologies for lignocellulosic biomass available in India,
Biomass. Bioenergy 161 (2022), https://doi.org/10.1016/j.
biombioe.2022.106479.

S.T. Kumaravel, A. Murugesan, A. Kumaravel, Tyre pyrolysis oil as an alternative
fuel for diesel engines - a review, Renew. Sustain. Energy Rev. 60 (2016)
1678-1685, https://doi.org/10.1016/j.rser.2016.03.035.

D.R. Nhuchhen, P. Abdul Salam, Estimation of higher heating value of biomass
from proximate analysis: a new approach, Fuel 99 (2012) 55-63, https://doi.org/
10.1016/j.fuel.2012.04.015.

K. Weber, P. Quicker, Properties of biochar, Fuel 217 (2018) 240-261, https://
doi.org/10.1016/j.fuel.2017.12.054.

T.M. Sabry, S.A.E.H. El-Korashy, H.E.S. Jahin, G.M. Khairy, N.F.A. Aal,
Hydrothermal carbonization of calotropis procera leaves as a biomass:
preparation and characterization, J. Mol. Struct. 1302 (2024), https://doi.org/
10.1016/j.molstruc.2023.137397.

R. Ji, Y. Zhou, J. Cai, K. Chu, Y. Zeng, H. Cheng, Release characteristics of
hydrochar-derived dissolved organic matter: effects of hydrothermal temperature
and environmental conditions, Chemosphere 321 (2023), https://doi.org/
10.1016/j.chemosphere.2023.138138.

X. Cui, J. Wang, X. Wang, et al., Pyrolysis of exhausted hydrochar sorbent for
cadmium separation and biochar regeneration, Chemosphere 306 (2022),
https://doi.org/10.1016/j.chemosphere.2022.135546.

P. Phuthongkhao, K. Phasin, P. Boonma, et al., Preparation and characterization
of hydrothermally processed carbonaceous hydrochar from pulp and paper sludge
waste, Biomass. Convers. Biorefin. 14 (14) (2024) 15493-15510, https://doi.org/
10.1007/513399-023-03761-5.

C.W. Purnomo, D. Castello, L. Fiori, Granular activated carbon from grape seeds
hydrothermal char, Appl. Sci. 8 (3) (2018), https://doi.org/10.3390/
app8030331.

C. Wang, B. Gui, C. Wu, et al., Hydrothermal carbonization coupling with liquid
dimethyl ether extraction pretreatment of sewage sludge: hydrochar performance
improvement and low-nitrogen biocrude production, Chemosphere 313 (2023),
https://doi.org/10.1016/j.chemosphere.2022.137581.

T.M. Ali Babeker, S. Lv, J. Wu, J. Zhou, Q. Chen, Insight into Cu (II) adsorption on
pyrochar and hydrochar resultant from Acacia senegal waste for wastewater
decontamination, Chemosphere 356 (2024), https://doi.org/10.1016/j.
chemosphere.2024.141881.

S. Seraj, R. Azargohar, V.B. Borugadda, A K. Dalai, Energy recovery from agro-
forest wastes through hydrothermal carbonization coupled with hydrothermal co-
gasification: effects of succinic acid on hydrochars and H2 production,
Chemosphere 337 (2023), https://doi.org/10.1016/j.chemosphere.2023.139390.
Y. Budyk, A. Fullana, Hydrothermal carbonization of disposable diapers,

J. Environ. Chem. Eng. 7 (5) (2019), https://doi.org/10.1016/j.
jece.2019.103341.

E. Mosaffa, A. Banerjee, H. Ghafuri, Sustainable high-efficiency removal of
cationic and anionic dyes using new super adsorbent biochar: performance,
isotherm, kinetic and thermodynamic evaluation, Environ. Sci. (Camb. 9 (10)
(2023) 2643-2663, https://doi.org/10.1039/d3ew00464c.

Coal and Coke-Determination of Ash(En) COPYRIGHT PROTECTED DOCUMENT;
2024. (https://standards.iteh.ai/catalog/standards/iso/ff755059-e89e-4{8e-b0e9
-dbee036048ff/is0-1171-2024).

Hard Coal and Coke-Determination of Volatile Matter COPYRIGHT PROTECTED
DOCUMENT.; 2024.

Coke-Determination of Moisture in the General Analysis Test Sample COPYRIGHT
PROTECTED DOCUMENT.; 2024.

Standard Test Method for Volatile Matter in the Analysis Sample of Coal and Coke 1.
Standard Test Method for Moisture in the Analysis Sample of Coal and Coke 1.
astm.org).

Standard Test Method for Ash in the Analysis Sample of Coal and Coke from Coal
1.

Standard Test Methods for Proximate Analysis of the Analysis Sample of Coal and
Coke by Instrumental Procedures 1 .

ASTM D5373-02-Standard Test Methods for Instrumental Determination of
Carbon, Hydrogen, and Nitrogen in Laboratory Samples of Coal and Coke 1, Last
Updated: Aug 16, 2017.

Ibi. Standardized Product Definition and Product Testing Guidelines for Biochar That
Is Used in Soil (Aka IBI Biochar Standards). (http://www.biochar-international.or
g/characterizationstandard).

EPA U, of Resource Conservation O. Method 6020B Update V Final 11-07-14.
Docx.; 2014.

Y. Liu, S. Yao, Y. Wang, H. Lu, S.K. Brar, S. Yang, Bio- and hydrochars from rice
straw and pig manure: inter-comparison, Bioresour. Technol. 235 (2017)
332-337, https://doi.org/10.1016/j.biortech.2017.03.103.

K. Kang, S. Nanda, S.S. Lam, T. Zhang, L. Huo, L. Zhao, Enhanced fuel
characteristics and physical chemistry of microwave hydrochar for sustainable
fuel pellet production via co-densification, Environ. Res. 186 (2020), https://doi.
org/10.1016/j.envres.2020.109480.

A. Khosravi, H. Zheng, Q. Liu, M. Hashemi, Y. Tang, B. Xing, Production and
characterization of hydrochars and their application in soil improvement and
environmental remediation, Chem. Eng. J. 430 (2022), https://doi.org/10.1016/
j.cej.2021.133142.

M. Cavali, N. Libardi Junior, J.D. de Sena, et al., A review on hydrothermal
carbonization of potential biomass wastes, characterization and environmental

WWWw,


https://doi.org/10.1016/j.rser.2021.111873
https://doi.org/10.1016/j.rser.2021.111873
https://doi.org/10.1016/j.chemosphere.2019.05.204
https://doi.org/10.1016/j.cej.2024.153953
https://doi.org/10.1016/j.jclepro.2019.117637
https://doi.org/10.1016/j.jclepro.2019.117637
https://doi.org/10.1016/j.cej.2013.10.081
https://doi.org/10.1016/j.cej.2021.129559
https://doi.org/10.1016/j.biortech.2023.129567
https://doi.org/10.1016/j.biortech.2023.129567
https://doi.org/10.1016/j.apsoil.2017.01.006
https://doi.org/10.1016/j.apsoil.2017.01.006
https://doi.org/10.1007/s11356-023-31317-7
https://doi.org/10.1007/s11356-023-31317-7
https://doi.org/10.1016/j.jenvman.2021.114075
https://doi.org/10.1016/j.jenvman.2021.114075
https://doi.org/10.1016/j.fuel.2021.120128
https://doi.org/10.1016/j.wasman.2014.10.029
https://doi.org/10.1016/j.chemosphere.2018.04.057
https://doi.org/10.1016/j.chemosphere.2018.04.057
https://doi.org/10.1016/j.psep.2019.03.035
https://doi.org/10.1016/j.psep.2019.03.035
https://doi.org/10.1016/j.scitotenv.2017.11.014
https://doi.org/10.1016/j.scitotenv.2018.07.402
https://doi.org/10.1016/j.scitotenv.2018.07.402
https://doi.org/10.1016/j.biortech.2021.125555
https://doi.org/10.1016/j.scitotenv.2020.138672
https://doi.org/10.1016/j.btre.2020.e00570
https://doi.org/10.1016/j.btre.2020.e00570
https://doi.org/10.1016/j.eti.2018.01.004
https://doi.org/10.1016/j.watres.2021.117186
https://doi.org/10.1016/j.watres.2021.117186
https://doi.org/10.1016/j.chemosphere.2023.140515
https://doi.org/10.1016/j.chemosphere.2023.140515
https://doi.org/10.1016/j.scitotenv.2020.139314
https://doi.org/10.1016/j.scitotenv.2020.139314
https://doi.org/10.1007/s12649-021-01613-9
https://doi.org/10.1007/s12649-021-01613-9
https://doi.org/10.1016/j.biombioe.2022.106479
https://doi.org/10.1016/j.biombioe.2022.106479
https://doi.org/10.1016/j.rser.2016.03.035
https://doi.org/10.1016/j.fuel.2012.04.015
https://doi.org/10.1016/j.fuel.2012.04.015
https://doi.org/10.1016/j.fuel.2017.12.054
https://doi.org/10.1016/j.fuel.2017.12.054
https://doi.org/10.1016/j.molstruc.2023.137397
https://doi.org/10.1016/j.molstruc.2023.137397
https://doi.org/10.1016/j.chemosphere.2023.138138
https://doi.org/10.1016/j.chemosphere.2023.138138
https://doi.org/10.1016/j.chemosphere.2022.135546
https://doi.org/10.1007/s13399-023-03761-5
https://doi.org/10.1007/s13399-023-03761-5
https://doi.org/10.3390/app8030331
https://doi.org/10.3390/app8030331
https://doi.org/10.1016/j.chemosphere.2022.137581
https://doi.org/10.1016/j.chemosphere.2024.141881
https://doi.org/10.1016/j.chemosphere.2024.141881
https://doi.org/10.1016/j.chemosphere.2023.139390
https://doi.org/10.1016/j.jece.2019.103341
https://doi.org/10.1016/j.jece.2019.103341
https://doi.org/10.1039/d3ew00464c
https://standards.iteh.ai/catalog/standards/iso/ff755059-e89e-4f8e-b0e9-dbee036048ff/iso-1171-2024
https://standards.iteh.ai/catalog/standards/iso/ff755059-e89e-4f8e-b0e9-dbee036048ff/iso-1171-2024
http://www.astm.org
http://www.astm.org
http://www.biochar-international.org/characterizationstandard
http://www.biochar-international.org/characterizationstandard
https://doi.org/10.1016/j.biortech.2017.03.103
https://doi.org/10.1016/j.envres.2020.109480
https://doi.org/10.1016/j.envres.2020.109480
https://doi.org/10.1016/j.cej.2021.133142
https://doi.org/10.1016/j.cej.2021.133142

P. Cognigni et al.

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

applications of hydrochar, and biorefinery perspectives of the process, Sci. Total
Environ. 857 (2023), https://doi.org/10.1016/j.scitotenv.2022.159627.

G. Ischia, L. Fiori, L. Gao, J.L. Goldfarb, Valorizing municipal solid waste via
integrating hydrothermal carbonization and downstream extraction for biofuel
production, J. Clean. Prod. 289 (2021), https://doi.org/10.1016/j.
jclepro.2021.125781.

J.C. Lin, D. Mariuzza, M. Volpe, L. Fiori, S. Ceylan, J.L. Goldfarb, Integrated
thermochemical conversion process for valorizing mixed agricultural and dairy
waste to nutrient-enriched biochars and biofuels, Bioresour. Technol. 328 (2021),
https://doi.org/10.1016/j.biortech.2021.124765.

L. Huezo, J. Vasco-Correa, A. Shah, Hydrothermal carbonization of anaerobically
digested sewage sludge for hydrochar production, Bioresour. Technol. Rep. 15
(2021), https://doi.org/10.1016/j.biteb.2021.100795.

E.S. Jang, D.Y. Ryu, D. Kim, Hydrothermal carbonization improves the quality of
biochar derived from livestock manure by removing inorganic matter,
Chemosphere 305 (2022), https://doi.org/10.1016/j.chemosphere.2022.135391.
J. Paini, V. Benedetti, L. Menin, M. Baratieri, F. Patuzzi, Subcritical water
hydrolysis coupled with hydrothermal carbonization for apple pomace integrated
cascade valorization, Bioresour. Technol. 342 (2021), https://doi.org/10.1016/j.
biortech.2021.125956.

M. de Jager, L. Giani, An investigation of the effects of hydrochar application rate
on soil amelioration and plant growth in three diverse soils, Biochar 3 (3) (2021)
349-365, https://doi.org/10.1007/s42773-021-00089-z.

C. Nzediegwu, M.A. Naeth, S.X. Chang, Elemental composition of biochars is
affected by methods used for its determination, J. Anal. Appl. Pyrolysis 156
(2021), https://doi.org/10.1016/j.jaap.2021.105174,

E. Mosaffa, N.A. Ramsheh, D. Patel, M. Oroujzadeh, A. Banerjee, Textile industrial
wastewater treatment using eco-friendly Kigelia fibrous biochar: column and
batch approaches, Process Saf. Environ. Prot. 194 (2025) 555-571, https://doi.
0rg/10.1016/j.psep.2024.12.019.

V. Mau, A. Gross, Energy conversion and gas emissions from production and
combustion of poultry-litter-derived hydrochar and biochar, Appl. Energy 213
(2018) 510-519, https://doi.org/10.1016/j.apenergy.2017.11.033.

X. Zhang, Y. Li, X. Zhang, P. Ma, X. Xing, Co-combustion of municipal solid waste
and hydrochars under non-isothermal conditions: thermal behaviors, gaseous
emissions and kinetic analyses by TGA-FTIR, Energy 265 (2023), https://doi.org/
10.1016/j.energy.2022.126373.

M.A.O. Lourenco, T. Frade, M. Bordonhos, M. Castellino, M.L. Pinto, S. Bocchini,
N-doped sponge-like biochar: a promising CO, sorbent for CO2/CHa and CO3/N2
gas separation, Chem. Eng. J. 470 (2023), https://doi.org/10.1016/j.
cej.2023.144005.

G.S. Ghodake, S.K. Shinde, A.A. Kadam, et al., Review on biomass feedstocks,
pyrolysis mechanism and physicochemical properties of biochar: state-of-the-art
framework to speed up vision of circular bioeconomy, J. Clean. Prod. 297 (2021),
https://doi.org/10.1016/j.jclepro.2021.126645.

J. Grams, Surface analysis of solid products of thermal treatment of
lignocellulosic biomass, J. Anal. Appl. Pyrolysis 161 (2022), https://doi.org/
10.1016/j.jaap.2021.105429.

N. Saha, K. McGaughy, M.T. Reza, Elucidating hydrochar morphology and oxygen
functionality change with hydrothermal treatment temperature ranging from
subcritical to supercritical conditions, J. Anal. Appl. Pyrolysis 152 (2020),
https://doi.org/10.1016/j.jaap.2020.104965.

M.T. Islam, C. Chambers, M. Toufiq Reza, Effects of process liquid recirculation on
material properties of hydrochar and corresponding adsorption of cationic dye,
J. Anal. Appl. Pyrolysis 161 (2022), https://doi.org/10.1016/j.
jaap.2021.105418.

Y. Xia, H. Liu, Y. Guo, Z. Liu, W. Jiao, Immobilization of heavy metals in
contaminated soils by modified hydrochar: efficiency, risk assessment and
potential mechanisms, Sci. Total Environ. 685 (2019) 1201-1208, https://doi.
org/10.1016/j.scitotenv.2019.06.288.

C. Lin, B. Dong, Z. Xu, Competitive adsorption of heavy metals onto xanthate-
modified sludge hydrochar and its solidification as secondary minerals,
Chemosphere 356 (2024), https://doi.org/10.1016/j.chemosphere.2024.141878.
A.J. Ramiro de Castro, G.D. Saraiva, A.C. Oliveira, et al., Ordered porous carbons
from hydrothermally treated biomass: effects of the thermal treatments on the
structure and porosity, Vib. Spectrosc. 111 (2020), https://doi.org/10.1016/j.
vibspec.2020.103175.

H.M. Cui, Y. Liu, J. Bian, M.F. Li, Catalytic hydrothermal carbonization of corn
and rice straws with citric acid: implications for charcoal production and
combustion performance, Ind. Crops Prod. 219 (2024), https://doi.org/10.1016/
j.indcrop.2024.119162.

Y. Zhang, J. Qu, Y. Yuan, et al., Simultaneous scavenging of Cd(II) and Pb(II) from
water by sulfide-modified magnetic pinecone-derived hydrochar, J. Clean. Prod.
341 (2022), https://doi.org/10.1016/j.jclepro.2022.130758.

W. Tu, Y. Liu, Z. Xie, et al., A novel activation-hydrochar via hydrothermal
carbonization and KOH activation of sewage sludge and coconut shell for biomass
wastes: preparation, characterization and adsorption properties, J. Colloid
Interface Sci. 593 (2021) 390-407, https://doi.org/10.1016/].jcis.2021.02.133.
F. Liu, R. Yu, X. Ji, M. Guo, Hydrothermal carbonization of holocellulose into
hydrochar: structural, chemical characteristics, and combustion behavior,
Bioresour. Technol. 263 (2018) 508-516, https://doi.org/10.1016/j.
biortech.2018.05.019.

E. Kravchenko, T.L. Dela Cruz, S. Sushkova, V.D. Rajput, Effect of wood and
peanut shell hydrochars on the desiccation cracking characteristics of clayey soils,
Chemosphere 358 (2024), https://doi.org/10.1016/j.chemosphere.2024.142134.

12

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Journal of Analytical and Applied Pyrolysis 187 (2025) 106985

F. Li, AR. Zimmerman, Y. Zheng, et al., P-enriched hydrochar for soil
remediation: synthesis, characterization, and lead stabilization, Sci. Total
Environ. 783 (2021), https://doi.org/10.1016/j.scitotenv.2021.146983.

Q. Chu, S. Xu, L. Xue, et al., Bentonite hydrochar composites mitigate ammonia
volatilization from paddy soil and improve nitrogen use efficiency, Sci. Total
Environ. 718 (2020), https://doi.org/10.1016/j.scitotenv.2020.137301.

L. Wang, Y. Chang, Q. Liu, Fate and distribution of nutrients and heavy metals
during hydrothermal carbonization of sewage sludge with implication to land
application, J. Clean. Prod. 225 (2019) 972-983, https://doi.org/10.1016/j.
jclepro.2019.03.347.

T.P. Krishna Murthy, B.S. Gowrishankar, R.H. Krishna, M.N. Chandraprabha, B.
B. Mathew, Magnetic modification of coffee husk hydrochar for adsorptive
removal of methylene blue: isotherms, kinetics and thermodynamic studies,
Environ. Chem. Ecotoxicol. 2 (2020) 205-212, https://doi.org/10.1016/j.
enceco.2020.10.002.

P. Godlewska, H.P. Schmidt, Y.S. Ok, P. Oleszczuk, Biochar for composting
improvement and contaminants reduction. a review, Bioresour. Technol. 246
(2017) 193-202, https://doi.org/10.1016/j.biortech.2017.07.095.

N. Eibisch, R. Schroll, R. FuB, R. Mikutta, M. Helfrich, H. Flessa, Pyrochars and
hydrochars differently alter the sorption of the herbicide isoproturon in an
agricultural soil, Chemosphere 119 (2015) 155-162, https://doi.org/10.1016/j.
chemosphere.2014.05.059.

C.A. Takaya, L.A. Fletcher, S. Singh, K.U. Anyikude, A.B. Ross, Phosphate and
ammonium sorption capacity of biochar and hydrochar from different wastes,
Chemosphere 145 (2016) 518-527, https://doi.org/10.1016/j.
chemosphere.2015.11.052.

M. Gronwald, C. Vos, M. Helfrich, A. Don, Stability of pyrochar and hydrochar in
agricultural soil - a new field incubation method, Geoderma 284 (2016) 85-92,
https://doi.org/10.1016/j.geoderma.2016.08.019.

N. Bombuwala Dewage, A.S. Liyanage, Q. Smith, et al., Fast aniline and
nitrobenzene remediation from water on magnetized and nonmagnetized Douglas
fir biochar, Chemosphere 225 (2019) 943-953, https://doi.org/10.1016/j.
chemosphere.2019.03.050.

Z. Tan, S. Yuan, M. Hong, L. Zhang, Q. Huang, Mechanism of negative surface
charge formation on biochar and its effect on the fixation of soil Cd, J. Hazard
Mater. 384 (2020), https://doi.org/10.1016/j.jhazmat.2019.121370.

C. Banik, M. Lawrinenko, S. Bakshi, D.A. Laird, Impact of pyrolysis temperature
and feedstock on surface charge and functional group chemistry of biochars,

J. Environ. Qual. 47 (3) (2018) 452-461, https://doi.org/10.2134/
jeq2017.11.0432.

D. Bona, M. Lucian, D. Feretti, et al., Phytotoxicity and genotoxicity of agro-
industrial digested sludge hydrochar: the role of heavy metals, Sci. Total Environ.
871 (2023), https://doi.org/10.1016/j.scitotenv.2023.162138.

Q. Zhuy, Y. Liang, Q. Zhang, et al., Biochar derived from hydrolysis of sewage
sludge influences soil properties and heavy metals distributed in the soil,

J. Hazard Mater. 442 (2023), https://doi.org/10.1016/j.jhazmat.2022.130053.
M.T. Reza, E. Rottler, R. Tolle, M. Werner, P. Ramm, J. Mumme, Production,
characterization, and biogas application of magnetic hydrochar from cellulose,
Bioresour. Technol. 186 (2015) 34-43, https://doi.org/10.1016/].
biortech.2015.03.044.

Y. Li, H. Xu, Y. Zhao, et al., The integrated production of hydrochar and methane
from lignocellulosic fermentative residue coupling hydrothermal carbonization
with anaerobic digestion, Chemosphere 340 (2023), https://doi.org/10.1016/j.
chemosphere.2023.139929.

N.U. Saqib, S. Baroutian, A.K. Sarmah, Physicochemical, structural and
combustion characterization of food waste hydrochar obtained by hydrothermal
carbonization, Bioresour. Technol. 266 (2018) 357-363, https://doi.org/
10.1016/j.biortech.2018.06.112.

METHOD 3051A -microwave assisted acid digestion of sediments, sludges, soils,
and oils, 2007.

A.L. Tasca, S. Vitolo, R. Gori, G. Mannarino, A.M. Raspolli Galletti, M. Puccini,
Hydrothermal carbonization of digested sewage sludge: the fate of heavy metals,
PAHSs, PCBs, dioxins and pesticides, Chemosphere 307 (2022), https://doi.org/
10.1016/j.chemosphere.2022.135997.

R. Becker, U. Dorgerloh, M. Helmis, J. Mumme, M. Diakité, I. Nehls,
Hydrothermally carbonized plant materials: patterns of volatile organic
compounds detected by gas chromatography, Bioresour. Technol. 130 (2013)
621-628, https://doi.org/10.1016/j.biortech.2012.12.102.

S. Baronti, G. Alberti, F. Camin, et al., Hydrochar enhances growth of poplar for
bioenergy while marginally contributing to direct soil carbon sequestration, GCB
Bioenergy 9 (11) (2017) 1618-1626, https://doi.org/10.1111/gcbb.12450.

M. Hitzl, A. Mendez, M. Owsianiak, M. Renz, Making hydrochar suitable for
agricultural soil: a thermal treatment to remove organic phytotoxic compounds,
J. Environ. Chem. Eng. 6 (6) (2018) 7029-7034, https://doi.org/10.1016/j.
jece.2018.10.064.

T.M. Melo, M. Bottlinger, E. Schulz, et al., Management of biosolids-derived
hydrochar (Sewchar): effect on plant germination, and farmers’ acceptance,

J. Environ. Manag. 237 (2019) 200-214, https://doi.org/10.1016/j.
jenvman.2019.02.042.

Q. Lang, B. Zhang, Y. Li, Z. Liu, W. Jiao, Formation and toxicity of polycyclic
aromatic hydrocarbons during CaO assisted hydrothermal carbonization of swine
manure, Waste Manag. 100 (2019) 84-90, https://doi.org/10.1016/j.
wasman.2019.09.010.

K. Wu, Y. Gao, G. Zhu, et al., Characterization of dairy manure hydrochar and
aqueous phase products generated by hydrothermal carbonization at different


https://doi.org/10.1016/j.scitotenv.2022.159627
https://doi.org/10.1016/j.jclepro.2021.125781
https://doi.org/10.1016/j.jclepro.2021.125781
https://doi.org/10.1016/j.biortech.2021.124765
https://doi.org/10.1016/j.biteb.2021.100795
https://doi.org/10.1016/j.chemosphere.2022.135391
https://doi.org/10.1016/j.biortech.2021.125956
https://doi.org/10.1016/j.biortech.2021.125956
https://doi.org/10.1007/s42773-021-00089-z
https://doi.org/10.1016/j.jaap.2021.105174
https://doi.org/10.1016/j.psep.2024.12.019
https://doi.org/10.1016/j.psep.2024.12.019
https://doi.org/10.1016/j.apenergy.2017.11.033
https://doi.org/10.1016/j.energy.2022.126373
https://doi.org/10.1016/j.energy.2022.126373
https://doi.org/10.1016/j.cej.2023.144005
https://doi.org/10.1016/j.cej.2023.144005
https://doi.org/10.1016/j.jclepro.2021.126645
https://doi.org/10.1016/j.jaap.2021.105429
https://doi.org/10.1016/j.jaap.2021.105429
https://doi.org/10.1016/j.jaap.2020.104965
https://doi.org/10.1016/j.jaap.2021.105418
https://doi.org/10.1016/j.jaap.2021.105418
https://doi.org/10.1016/j.scitotenv.2019.06.288
https://doi.org/10.1016/j.scitotenv.2019.06.288
https://doi.org/10.1016/j.chemosphere.2024.141878
https://doi.org/10.1016/j.vibspec.2020.103175
https://doi.org/10.1016/j.vibspec.2020.103175
https://doi.org/10.1016/j.indcrop.2024.119162
https://doi.org/10.1016/j.indcrop.2024.119162
https://doi.org/10.1016/j.jclepro.2022.130758
https://doi.org/10.1016/j.jcis.2021.02.133
https://doi.org/10.1016/j.biortech.2018.05.019
https://doi.org/10.1016/j.biortech.2018.05.019
https://doi.org/10.1016/j.chemosphere.2024.142134
https://doi.org/10.1016/j.scitotenv.2021.146983
https://doi.org/10.1016/j.scitotenv.2020.137301
https://doi.org/10.1016/j.jclepro.2019.03.347
https://doi.org/10.1016/j.jclepro.2019.03.347
https://doi.org/10.1016/j.enceco.2020.10.002
https://doi.org/10.1016/j.enceco.2020.10.002
https://doi.org/10.1016/j.biortech.2017.07.095
https://doi.org/10.1016/j.chemosphere.2014.05.059
https://doi.org/10.1016/j.chemosphere.2014.05.059
https://doi.org/10.1016/j.chemosphere.2015.11.052
https://doi.org/10.1016/j.chemosphere.2015.11.052
https://doi.org/10.1016/j.geoderma.2016.08.019
https://doi.org/10.1016/j.chemosphere.2019.03.050
https://doi.org/10.1016/j.chemosphere.2019.03.050
https://doi.org/10.1016/j.jhazmat.2019.121370
https://doi.org/10.2134/jeq2017.11.0432
https://doi.org/10.2134/jeq2017.11.0432
https://doi.org/10.1016/j.scitotenv.2023.162138
https://doi.org/10.1016/j.jhazmat.2022.130053
https://doi.org/10.1016/j.biortech.2015.03.044
https://doi.org/10.1016/j.biortech.2015.03.044
https://doi.org/10.1016/j.chemosphere.2023.139929
https://doi.org/10.1016/j.chemosphere.2023.139929
https://doi.org/10.1016/j.biortech.2018.06.112
https://doi.org/10.1016/j.biortech.2018.06.112
https://doi.org/10.1016/j.chemosphere.2022.135997
https://doi.org/10.1016/j.chemosphere.2022.135997
https://doi.org/10.1016/j.biortech.2012.12.102
https://doi.org/10.1111/gcbb.12450
https://doi.org/10.1016/j.jece.2018.10.064
https://doi.org/10.1016/j.jece.2018.10.064
https://doi.org/10.1016/j.jenvman.2019.02.042
https://doi.org/10.1016/j.jenvman.2019.02.042
https://doi.org/10.1016/j.wasman.2019.09.010
https://doi.org/10.1016/j.wasman.2019.09.010

P. Cognigni et al.

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

temperatures, J. Anal. Appl. Pyrolysis 127 (2017) 335-342, https://doi.org/
10.1016/j.jaap.2017.07.017.

B.Y. Wang, B. Li, H.Y. Xu, Machine learning screening of biomass precursors to
prepare biomass carbon for organic wastewater purification: a review,
Chemosphere 362 (2024), https://doi.org/10.1016/j.chemosphere.2024.142597.
K.V. Supraja, T.R.K.C. Doddapaneni, P.K. Ramasamy, et al., Critical review on
production, characterization and applications of microalgal hydrochar: insights
on circular bioeconomy through hydrothermal carbonization, Chem. Eng. J. 473
(2023), https://doi.org/10.1016/j.cej.2023.145059.

C. Wang, X. Zhang, R. Sun, Y. Cao, Neutralization of red mud using bio-acid
generated by hydrothermal carbonization of waste biomass for potential soil
application, J. Clean. Prod. 271 (2020), https://doi.org/10.1016/j.
jclepro.2020.122525.

S.R. Periyavaram, L. Uppala, P.H.P. Reddy, Hydrothermal carbonization of food
waste: effect of leachate on physicochemical and energetic properties of
hydrochar, Bioresour. Technol. Rep. 20 (2022), https://doi.org/10.1016/j.
biteb.2022.101276.

Y. Feng, H. He, D. Li, et al., Biowaste hydrothermal carbonization aqueous
product application in rice paddy: focus on rice growth and ammonia
volatilization, Chemosphere 277 (2021), https://doi.org/10.1016/j.
chemosphere.2021.130233.

F.R. Oliveira, A.K. Patel, D.P. Jaisi, S. Adhikari, H. Lu, S.K. Khanal, Environmental
application of biochar: current status and perspectives, Bioresour. Technol. 246
(2017) 110-122, https://doi.org/10.1016/j.biortech.2017.08.122.

K. Wiedner, C. Naisse, C. Rumpel, A. Pozzi, P. Wieczorek, B. Glaser, Chemical
modification of biomass residues during hydrothermal carbonization - what
makes the difference, temperature or feedstock? Org. Geochem 54 (2013)
91-100, https://doi.org/10.1016/j.orggeochem.2012.10.006.

N.A. Qambrani, M.M. Rahman, S. Won, S. Shim, C. Ra, Biochar properties and
eco-friendly applications for climate change mitigation, waste management, and
wastewater treatment: a review, Renew. Sustain. Energy Rev. 79 (2017) 255-273,
https://doi.org/10.1016/j.rser.2017.05.057.

T. Wang, Y. Zhai, Y. Zhu, C. Li, G. Zeng, A review of the hydrothermal
carbonization of biomass waste for hydrochar formation: process conditions,
fundamentals, and physicochemical properties, Renew. Sustain. Energy Rev. 90
(2018) 223-247, https://doi.org/10.1016/j.rser.2018.03.071.

M. Gray, M.G. Johnson, M.I. Dragila, M. Kleber, Water uptake in biochars: the
roles of porosity and hydrophobicity, Biomass. Bioenergy 61 (2014) 196-205,
https://doi.org/10.1016/j.biombioe.2013.12.010.

H.B. Sharma, S. Panigrahi, B.K. Dubey, Hydrothermal carbonization of yard waste
for solid bio-fuel production: study on combustion kinetic, energy properties,
grindability and flowability of hydrochar, Waste Manag. 91 (2019) 108-119,
https://doi.org/10.1016/j.wasman.2019.04.056.

J. Yang, Z. Zhang, J. Wang, et al., Pyrolysis and hydrothermal carbonization of
biowaste: a comparative review on the conversion pathways and potential
applications of char product, Sustain Chem. Pharm. 33 (2023), https://doi.org/
10.1016/j.5¢p.2023.101106.

A.A. Gebretsadkan, Y.Z. Belete, L. Krounbi, I. Gelfand, R. Bernstein, A. Gross, Soil
application of activated hydrochar derived from sewage sludge enhances plant
growth and reduces nitrogen loss, Sci. Total Environ. 949 (2024), https://doi.org/
10.1016/j.scitotenv.2024.174965.

S. Daneshvar, M.R. Mosaddeghi, M. Afyuni, Effect of biochar and hydrochar of
pistachio residues on physical quality indicators of a sandy loam soil, Geoderma
Reg. 36 (2024), https://doi.org/10.1016/j.geodrs.2023.e00740.

C.H. Liu, W. Chu, H. Li, et al., Quantification and characterization of dissolved
organic carbon from biochars, Geoderma 335 (2019) 161-169, https://doi.org/
10.1016/j.geoderma.2018.08.019.

K. Nadarajah, T. Asharp, Y. Jeganathan, Biochar from waste biomass, its
fundamentals, engineering aspects, and potential applications: an overview,
Water Sci. Technol. 89 (5) (2024) 1211-1239, https://doi.org/10.2166/
wst.2024.051.

H.B. Sharma, K.R. Vanapalli, D. Bhatia, et al., Engineered biochar/hydrochar
derived from organic wastes for energy, environmental, and agricultural
applications (Published online), Clean. Technol. Environ. Policy (2024), https://
doi.org/10.1007/s10098-024-02863-6 (Published online).

A.H. Lahori, S.R. Ahmed, M. Mierzwa-Hersztek, et al., Comparative role of
charcoal, biochar, hydrochar and modified biochar on bioavailability of heavy
metal(loid)s and machine learning regression analysis in alkaline polluted soil,
Sci. Total Environ. 930 (2024), https://doi.org/10.1016/j.
scitotenv.2024.172810.

A.K. Sakhiya, A. Anand, P. Kaushal, Production, activation, and applications of
biochar in recent times, Biochar 2 (3) (2020) 253-285, https://doi.org/10.1007/
s42773-020-00047-1.

R. Sivaranjanee, P.S. Kumar, G. Rangasamy, A critical review on biochar for
environmental applications, Carbon Lett. 33 (5) (2023) 1407-1432, https://doi.
org/10.1007/542823-023-00527-x.

A K. Vuppaladadiyam, M.K. Jena, I.G. Hakeem, et al., A critical review of biochar
versus hydrochar and their application for H2S removal from biogas, Rev.
Environ. Sci. Biotechnol. 23 (3) (2024) 699-737, https://doi.org/10.1007/
$11157-024-09700-8.

M. Gronwald, M. Helfrich, A. Don, R. FuB, R. Well, H. Flessa, Application of
hydrochar and pyrochar to manure is not effective for mitigation of ammonia
emissions from cattle slurry and poultry manure, Biol. Fertil. Soils 54 (4) (2018)
451-465, https://doi.org/10.1007/s00374-018-1273-x.

13

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

Journal of Analytical and Applied Pyrolysis 187 (2025) 106985

1. Bargmann, M.C. Rillig, A. Kruse, J.M. Greef, M. Kiicke, Effects of hydrochar
application on the dynamics of soluble nitrogen in soils and on plant availability,
J. Plant Nutr. Soil Sci. 177 (1) (2014) 48-58, https://doi.org/10.1002/
jpIn.201300069.

X. Li, R. Wang, C. Shao, et al., Biochar and hydrochar from agricultural residues
for soil conditioning: life cycle assessment and microbially mediated C and N
cycles, ACS Sustain Chem. Eng. 10 (11) (2022) 3574-3583, https://doi.org/
10.1021/acssuschemeng.1c08074.

M. de Jager, M. Rohrdanz, L. Giani, The influence of hydrochar from biogas
digestate on soil improvement and plant growth aspects, Biochar 2 (2) (2020)
177-194, https://doi.org/10.1007/s42773-020-00054-2.

E. Suarez, M. Tobajas, A.F. Mohedano, M. Reguera, E. Esteban, A. de la Rubia,
Effect of garden and park waste hydrochar and biochar in soil application: a
comparative study, Biomass. Convers. Biorefin 13 (18) (2023) 16479-16493,
https://doi.org/10.1007/s13399-023-04015-0.

L. Wang, J. Deng, X. Yang, R. Hou, D. Hou, Role of biochar toward carbon
neutrality, Carbon Res. 2 (1) (2023), https://doi.org/10.1007/s44246-023-
00035-7.

D. He, Z. Dong, B. Zhu, An optimal global biochar application strategy based on
matching biochar and soil properties to reduce global cropland greenhouse gas
emissions: findings from a global meta-analysis and density functional theory
calculation, Biochar 6 (1) (2024) 92, https://doi.org/10.1007/s42773-024-
00383-6.

T.A. Kurniawan, S. Ali, A. Mohyuddin, et al., Cultivating sustainability:
harnessing biochar-derived composites for carbon-neutral wastewater treatment,
Process Saf. Environ. Prot. 187 (2024) 665-697, https://doi.org/10.1016/j.
psep.2024.04.040.

A. Adamovié, M. Petronijevi¢, S. Pani¢, et al., Biochar and hydrochar as
adsorbents for the removal of contaminants of emerging concern from
wastewater, Adv. Technol. 12 (1) (2023) 57-74, https://doi.org/10.5937/
savteh2301057a.

H. Zhong, G. Zhu, Z. Wang, et al., Efficient adsorption removal of carbamazepine
from water by dual-activator modified hydrochar, Sep Purif. Technol. 353 (2025),
https://doi.org/10.1016/j.seppur.2024.128287.

F. Wang, X. Liu, C. Guo, et al., A novel cobalt-iron bimetallic hydrochar for the
degradation of triclosan in the aqueous solution: performance, reusability, and
synergistic degradation mechanism, Environ. Pollut. 358 (2024), https://doi.org/
10.1016/j.envpol.2024.124487.

R. Huang, A. Zhong, K. Huang, Y. Yu, Y. Tang, P. Xia, Fabrication of N, O dual-
doped ultra-microporous carbon from microalgae for efficient CO2 capture via
deep eutectic solvent-assisted hydrothermal carbonization, J. Environ. Chem.
Eng. 11 (6) (2023), https://doi.org/10.1016/].jece.2023.111474.

E. Stefanelli, S. Vitolo, N. Di Fidio, M. Puccini, Tailoring the porosity of
chemically activated carbons derived from the HTC treatment of sewage sludge
for the removal of pollutants from gaseous and aqueous phases, J. Environ.
Manag. 345 (2023), https://doi.org/10.1016/j.jenvman.2023.118887.

Q. Wang, H. Sun, S. Wu, et al., Production of biomass-based carbon materials in
hydrothermal media: a review of process parameters, activation treatments and
practical applications, J. Energy Inst. 110 (2023), https://doi.org/10.1016/j.
joei.2023.101357.

D. Licursi, C. Antonetti, N. Di Fidio, et al., Conversion of the hydrochar recovered
after levulinic acid production into activated carbon adsorbents, Waste Manag.
168 (2023) 235-245, https://doi.org/10.1016/j.wasman.2023.06.012.

L. Xu, Y. Qi, S. He, et al., Facile synthesis of boron-doped porous biochar as a
metal-free adsorbent for efficient removal of aqueous tetracycline antibiotics,

J. Environ. Sci. 152 (2025) 235-247, https://doi.org/10.1016/].jes.2024.04.044.
E. Moreno, A. Gualle, K. Vizuete, A. Debut, L. Orejuela, S. Ponce, Engineered
biochar: novel silver loading onto biochar using agri-waste extract assisted by
LED light for catalyst and antibacterial capabilities, Waste Biomass. Valoriz.
(2024), https://doi.org/10.1007/s12649-024-02617-x.

C. Song, S. Shan, C. Yang, et al., The comparison of dissolved organic matter in
hydrochars and biochars from pig manure, Sci. Total Environ. 720 (2020),
https://doi.org/10.1016/j.scitotenv.2020.137423.

L. Ji, Z. Yu, Q. Cao, et al., Effect of hydrothermal temperature on the optical
properties of hydrochar-derived dissolved organic matter and their interactions
with copper (II), Biochar 6 (1) (2024), https://doi.org/10.1007/s42773-024-
00353-y.

S. Hao, X. Zhu, Y. Liu, et al., Production temperature effects on the structure of
hydrochar-derived dissolved organic matter and associated toxicity, Environ. Sci.
Technol. 52 (13) (2018) 7486-7495, https://doi.org/10.1021/acs.est.7b04983.
J. Dickson, C. Estrada, Y. Katsenovich, L. Lagos, A. Johs, E. Pierce, Sorption
kinetics and stability of conventional adsorbents for mercury remediation,

J. Environ. Chem. Eng. 12 (5) (2024), https://doi.org/10.1016/j.
jece.2024.113664.

S. Bolognesi, G. Bernardi, A. Callegari, D. Dondi, A.G. Capodaglio, Biochar
production from sewage sludge and microalgae mixtures: properties,
sustainability and possible role in circular economy, Biomass. Convers. Biorefin
11 (2) (2021) 289-299, https://doi.org/10.1007/513399-019-00572-5.

R. Sivaranjanee, P. Senthil Kumar, B. Chitra, G. Rangasamy, A critical review on
biochar for the removal of toxic pollutants from water environment,
Chemosphere 360 (2024), https://doi.org/10.1016/j.chemosphere.2024.142382.
B. Yang, J. Dai, Y. Zhao, J. Wu, C. Ji, Y. Zhang, Advances in preparation,
application in contaminant removal, and environmental risks of biochar-based
catalysts: a review, Biochar 4 (1) (2022), https://doi.org/10.1007/s42773-022-
00169-8.


https://doi.org/10.1016/j.jaap.2017.07.017
https://doi.org/10.1016/j.jaap.2017.07.017
https://doi.org/10.1016/j.chemosphere.2024.142597
https://doi.org/10.1016/j.cej.2023.145059
https://doi.org/10.1016/j.jclepro.2020.122525
https://doi.org/10.1016/j.jclepro.2020.122525
https://doi.org/10.1016/j.biteb.2022.101276
https://doi.org/10.1016/j.biteb.2022.101276
https://doi.org/10.1016/j.chemosphere.2021.130233
https://doi.org/10.1016/j.chemosphere.2021.130233
https://doi.org/10.1016/j.biortech.2017.08.122
https://doi.org/10.1016/j.orggeochem.2012.10.006
https://doi.org/10.1016/j.rser.2017.05.057
https://doi.org/10.1016/j.rser.2018.03.071
https://doi.org/10.1016/j.biombioe.2013.12.010
https://doi.org/10.1016/j.wasman.2019.04.056
https://doi.org/10.1016/j.scp.2023.101106
https://doi.org/10.1016/j.scp.2023.101106
https://doi.org/10.1016/j.scitotenv.2024.174965
https://doi.org/10.1016/j.scitotenv.2024.174965
https://doi.org/10.1016/j.geodrs.2023.e00740
https://doi.org/10.1016/j.geoderma.2018.08.019
https://doi.org/10.1016/j.geoderma.2018.08.019
https://doi.org/10.2166/wst.2024.051
https://doi.org/10.2166/wst.2024.051
https://doi.org/10.1007/s10098-024-02863-6
https://doi.org/10.1007/s10098-024-02863-6
https://doi.org/10.1016/j.scitotenv.2024.172810
https://doi.org/10.1016/j.scitotenv.2024.172810
https://doi.org/10.1007/s42773-020-00047-1
https://doi.org/10.1007/s42773-020-00047-1
https://doi.org/10.1007/s42823-023-00527-x
https://doi.org/10.1007/s42823-023-00527-x
https://doi.org/10.1007/s11157-024-09700-8
https://doi.org/10.1007/s11157-024-09700-8
https://doi.org/10.1007/s00374-018-1273-x
https://doi.org/10.1002/jpln.201300069
https://doi.org/10.1002/jpln.201300069
https://doi.org/10.1021/acssuschemeng.1c08074
https://doi.org/10.1021/acssuschemeng.1c08074
https://doi.org/10.1007/s42773-020-00054-2
https://doi.org/10.1007/s13399-023-04015-0
https://doi.org/10.1007/s44246-023-00035-7
https://doi.org/10.1007/s44246-023-00035-7
https://doi.org/10.1007/s42773-024-00383-6
https://doi.org/10.1007/s42773-024-00383-6
https://doi.org/10.1016/j.psep.2024.04.040
https://doi.org/10.1016/j.psep.2024.04.040
https://doi.org/10.5937/savteh2301057a
https://doi.org/10.5937/savteh2301057a
https://doi.org/10.1016/j.seppur.2024.128287
https://doi.org/10.1016/j.envpol.2024.124487
https://doi.org/10.1016/j.envpol.2024.124487
https://doi.org/10.1016/j.jece.2023.111474
https://doi.org/10.1016/j.jenvman.2023.118887
https://doi.org/10.1016/j.joei.2023.101357
https://doi.org/10.1016/j.joei.2023.101357
https://doi.org/10.1016/j.wasman.2023.06.012
https://doi.org/10.1016/j.jes.2024.04.044
https://doi.org/10.1007/s12649-024-02617-x
https://doi.org/10.1016/j.scitotenv.2020.137423
https://doi.org/10.1007/s42773-024-00353-y
https://doi.org/10.1007/s42773-024-00353-y
https://doi.org/10.1021/acs.est.7b04983
https://doi.org/10.1016/j.jece.2024.113664
https://doi.org/10.1016/j.jece.2024.113664
https://doi.org/10.1007/s13399-019-00572-5
https://doi.org/10.1016/j.chemosphere.2024.142382
https://doi.org/10.1007/s42773-022-00169-8
https://doi.org/10.1007/s42773-022-00169-8

	A bibliographic study of biochar and hydrochar: Differences and similarities
	1 Introduction
	2 Process and definition of biochar and hydrochar
	3 Physicochemical properties
	4 Characterization techniques
	4.1 Proximate and ultimate composition
	4.1.1 Proximate analysis
	4.1.2 Elemental analysis

	4.2 Thermogravimetric analysis (TGA)
	4.3 Surface functional groups
	4.3.1 Boehm titration
	4.3.2 Fourier transform infrared spectroscopy (FT-IR)

	4.4 pH
	4.5 Surface charge analysis
	4.6 Electrical conductivity
	4.7 Structural and morphological texture
	4.7.1 Specific surface area (SSA) and pore volume

	4.8 Heavy metals
	4.8.1 Inductively coupled plasma (ICP) analysis

	4.9 Concern organic molecules

	5 Areas of application
	5.1 Soil improver
	5.2 Removal of contaminants and pollutants

	6 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Author contributions
	Data availability
	References


