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ABSTRACT

Environmental pollution control in the growing world is a challenging task for all the countries in order to keep the environmental sustain-

ability. Biochar, a processed carbon material, draws a significant attention in the field of environmental remediation, as of its active functional

groups that help remove environmental pollutants to a level insignificant to cause hazardous effects. As such, there is an increasing interest

developed to promote highly productive biochar for exploring environmental engineering aspects. There is limited comprehensive literature

available for understanding biochar science and its potential applications under an umbrella. This review was set to fill this knowledge gap by

discussing key points related to biochar, its novel engineering aspects and potential environmental applications. Therefore, this overview

tends to summarize and discuss biochar, its fundamentals, engineering aspects commonly used modifications and the potential applications

of biochar in water treatment with an intention of addressing the importance of biochar for environmental remediation process. This over-

view will be useful for researchers, policy-makers and stakeholders to plan and review relevant scientific works in order to produce

customized biochar for future environmental applications.
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GRAPHICAL ABSTRACT

1. INTRODUCTION

World population is growing at a faster rate, which creates a significant demand for existing natural resources. Furthermore,

many environmental problems are created by such growth and industrial revolution. It was reported that the population in
2022 had been around 7.9 billion, and it is predicted to reach 9.6 billion by the year 2050. The process of environmental reme-
diation has benefited greatly from the science of biochar. Many research activities are being undertaken to increase the

potential use of biochar for the removal of contaminants. The biochar was originated in the Amazon region where the
carbon-rich earth was created through char techniques (Zech et al. 2015). This attempt was made because char was con-
sidered to be an excellent source of soil amendment for soil fertility and sustainability.

Furthermore, its potential has been recognized as an efficient tool for environmental management (Liu et al. 2015). Biochar
science is a newly constructed science and grows faster as of its potential benefits. Many researchers have developed various
definitions for biochar. However, the core concept in each definition reflects the same meaning. According to Lehmann and

Joseph, it is defined as a carbon-rich product when biomass is heated in a closed system under little or unavailable oxygen
(Lehmann & Joseph 2009). It has got another definition: biomass that has been pyrolyzed in a zero or low oxygen environ-
ment applied to soil at a specific site that is expected to sequester carbon so as to improve soil functions under current and
future management while avoiding short-term and long-term detrimental effects to the wider environment, human and animal

health (Verheijen et al. 2009).
According to the International Biochar Initiative’s (IBI) standard definition, biochar is a solid substance created when bio-

mass is thermochemically converted in a close environment with limited oxygen. It is vital to understand the differences

between charcoal and biochar. The primary difference between these two terms is determined in how they are ultimately
used. In contrast to biochar, which is primarily used for carbon sequestration and environmental management, charcoal is
a carbon material used to produce fuel and energy (Kołodyńska et al. 2012). It has wide range of applications in environ-

mental management. Biochar is produced by number of distinct methods. The term ‘hydrochar’ is very closely related to
biochar, but it defers from biochar as of its specific production configurations. Biochar is produced by dry carbonization,
whereas hydrochar is produced by hydrothermal carbonization (HTC) in the presence of hot compressed water.

These two chars differ from each other because of their specific functional groups (Libra et al. 2011; Wiedner et al. 2013).
Biochar consists of wide range of surface functional groups that are responsible for the removal of pollutants present in soil
and water. Biochar is used mainly in areas such as soil management, waste management, climate science and energy sector
(Kambo & Dutta 2015). The chemical and physical properties of biochar are mainly determined by the nature of the
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feedstock, condition of the thermal processing, reaction time, vapor pressure, arrangement of vessel and reaction temperature

(Demirbas ̧ 2001). The pH of biochar is normally neutral to alkaline; however, acid biochar has also been reported (Mojiri
et al. 2020). In general, alkaline biochars are used for the reclamation of acid soils towards positive fertility range (Yu
et al. 2013).

Furthermore, its application to soil considerably enhances seed germination, plant growth and development, and crop yield
(Beesley et al. 2010). Biochar can be applied together with organic and inorganic fertilizers to the soil to increase the crop
yield since it drastically improves symbiotic organisms in the soil (Verheijen et al. 2009). However, biochar application to soil
stimulates decomposition of soil native carbon by inducing soil microbes (Ahmad et al. 2014) and chemical hydrolysis. Bio-

char is widely used in the management of waste materials that are originated from plant and animal residues. The production
of biochar from such waste materials are cost-effective and beneficial as far as the energy sector and climate mitigation targets
are concerned (Brick et al. 2010). Many residues such as municipal solid wastes, food processing waste, animal residue, paper

mill waste and forestry waste, are used to produce biochar under oxygen limited conditions (Mosier et al. 2005). Moreover, a
study employing sugarcane bagasse (SB) has emphasized important discoveries, such as the exceptional adsorption capabili-
ties of activated carbon, which is generated at 400 °C for carbonization and 900 °C for activation, and it had an amazing

surface area of 589.73 m2/g. These findings advance knowledge in using agricultural waste, like SB, to produce efficient
adsorbents in a sustainable manner (Somyanonthanakun et al. 2016).

However, it is vital to handle the biochar with care in situations in which char is processed from sources of heavy metals,

sludge and municipal solid waste (Lu et al. 2012). Converting biomass into biochar is the best way to sequester carbon so as to
mitigate climate change impacts (Lehmann et al. 2011). Biochar can lower nitrous oxide emissions from soil through both
biotic and abiotic processes (Choppala et al. 2012). In addition, production of biochar from waste biomass by the pyrolysis
process leads to bioenergy production, which can be used to substitute fossil fuel energy with low CO2 emissions into environ-

ment (Chatterjee et al. 2020). The process of bioenergy production is influenced by pyrolysis conditions in which fast
pyrolysis yields more liquid fuels compared to slow pyrolysis that yields greater char yield in the total end product mass
(Demirbas ̧ 2001). Moreover, discharge of industrial pollutants into water bodies creates significant environmental impact.

Anthropogenic activities are primarily responsible for the accumulation of organic and inorganic contaminants.
Hence, vast attention is being paid by researchers to remediate contaminated water by reducing the bioavailability of con-

taminants and decrease the accumulation of heavy metals along food chain. Biochar is emerging as an aid in reducing the

bioavailability of pollutants. It is therefore important to explore the research in the field of biochar science for the future
world applications (Libra et al. 2011). Many modification techniques are incorporated in the research wing of biochar science
to improve the functional properties of biochar. These processes lead to produce biochar with complex and heterogeneous
physical and chemical composition that is responsible for an ideal platform for contaminant removal via sorption (Zheng

et al. 2010). However, very limited pieces of information are available for understanding technical aspects of biochar
under one umbrella.

Therefore, this review paper tends to give an overview of currently available biochar production methods, recently focused

biochar modification strategies to enhance sorptive capacities for better remediation and the potential applications of biochar
for pollution control based on recent literature available. Moreover, efforts have been made to address proper comparisons in
the production process, modification techniques and application methods. Hence, this timely needed review would help to

facilitate researchers to go for better research implementations in customized biochar production for future applications.
1.1. Feedstock for biochar production

There are various feed stocks used to produce biochar by different methods. However, the end product quality is totally
dependent on the conditions of processing method and the nature of feedstock. The term biomass plays a key role in the pro-
duction process of biochar. It is a lignocellulosic material obtained from wood and other organic residuals. However, other

waste materials such as organic solid wastes and animal excreta, are also put under the concept ‘biomass’ in the field of bio-
char science (Akdeniz 2019). Biomass usually consists of hemicellulose, cellulose and lignin in various proportions
depending on the nature of feedstock. It is, at present, considered widely as one of the emerging renewable energy sources

to recover energy by the systematic thermochemical induction in an arranged vessel. This conversion yields fuel oil, solid
material (char) and gases. The production of different feedstock for the accumulation of good quality biochar for distinct
applications in energy sector and environmental remediation is becoming popular (Wang & Wang 2019). Figure 1 illustrates
://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.051/1381218/wst2024051.pdf



Figure 1 | Biomass structure.
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the scientific display of plant biomass material. It is obvious from the Figure 1 that biomass materials have various structural

elements, which have specific degrees of thermal stabilities.
The structure of the biomass is very complicated, and the compounds, cellulose, hemicellulose and lignin, are meshed

strongly with each other by chemically enhanced bonding forces that make its structure rigid to be deformed. Therefore, selec-

tion of appropriate biomass is very important to have high biochar yield at the end of the production process. The efficiency of
biomass, on this conversion into biochar, is strongly influenced by its heating value, fibrous nature, bulk density, moisture
content, earth metallic content and alkali content (Kambo & Dutta 2015). Hence, care must be taken while selecting the bio-

mass for production of biochar. Table 1 describes the properties of lignocellulosic composition of biochar. The composition of
lignocellulosic components in the biomass plays a crucial role in determining the ultimate characteristics of biochar. Biomass
is usually divided into two broad groups: wet biomass and dry biomass, depending on their initial moisture content. Biomass

that is available in freshly harvested materials has high moisture content of greater than 30% (wet basis), while agricultural
residues and few woody spices typically have low moisture content of lower than 30% (wet basis) at their harvesting time
(Suliman et al. 2016).

This initial moisture content is crucial as far as biochar production is concerned. It is not economical to use wet biomass for

the biochar production as it requires energy intensive steps to reduce its initial moisture content to a level suitable for reason-
able char yield (Kołodyńska et al. 2012). Biomass species are now being grown deliberately with an intention of making
feedstock available for bioenergy production (McKendry 2002). These purposely grown tree species have low moisture con-

tent (10% wet basis) at the time of harvesting compared to other woody species. The ash content of biomass species grown is
significantly affected by harvesting time. That may impart combustion behaviors as well (Senelwa & Sims 1999).

Furthermore, the synthesis of biochar from waste biomass materials, namely forest residue, animal excreta, treated sludge

and municipal solid waste, are practically viable since such feedstock concerned have no economic value with no compe-
tition for land space for their growth and development. However, it is important to pay attention on the use of waste
biomass for biochar production. For example, waste biomass left on the soil surface has a potential to improve the soil
om http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.051/1381218/wst2024051.pdf
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Table 1 | Properties of lignocellulosic composition of biochar (Kambo & Dutta 2015)

Characteristics/
Application

Compound

Cellulose Hemicellulose Lignin

Molecular formula (C6H10O5)n C5H10O5 C9H10O2

C10H12O3

C11H14O4

Hydrophobicity Medium Low High

Thermal stability It can be hydrolysed in sub-critical water at
around 180 °C, and standard condition is between
300 and 400 °C

Under standard conditions, it may
be pyrolyzed in water at around
160 °C.

Thermally more stable

Solubility in water Non-soluble Partially soluble Hydrolysis starts at 600 °C

Application Paper, biofuel and textile Animal feed and food packaging Adhesive manufacturing
and bioenergy
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properties for better crop yield. Overuse of these materials, may end up with harmful effects as far as soil fertility is concerned.

Therefore, producers, policy-makers and researchers connected to this broad area of biochar science should have clear vision
on the feedstock production, selection, harvesting and the use prior to make the final arrangement for keeping natural eco-
logical balance with expected product yield.

2. CRITICAL COMPARISON OF TECHNOLOGIES USED TO CONVERT BIOMASS INTO BIOCHAR

A range of conversion techniques have been developed to efficiently convert biomass into biochar. Thermal methods are in
use commonly in the conversion process of biomass into biochar, although biological treatments such as anaerobic digestion,

hydrolysis and fermentation, are available to carry out the same task. Combustion, pyrolysis, HTC, torrefaction and gasifica-
tion are thermal treatments used to convert biomass into biochar and fuel. A comprehensive summary of thermal treatments
for biochar production is depicted in Table 2 for better understanding. Broad attention is given in this chapter on thermo-

chemical conversion technologies used to produce biochar and biofuel with possible comparisons. The yield of each
thermal process defers as of the differences in pre-treatments and post-processing requirements, like sizing, drying, cooling
and condensation (Mosier et al. 2005). The products obtained from the treatments like gasification and dry torrefaction
are similar to biochar; however, they are not regarded as biochar because of their poor functional properties compared to

biochar (Kambo & Dutta 2015).

2.1. Biomass pyrolysis

Biomass pyrolysis results in the thermochemical decomposition of biomass at temperatures ranging from 300 to 900 °C in the
presence of limited or no oxygen (Kazemi Shariat Panahi et al. 2020; Yaashikaa et al. 2020). Moreover, to produce a very high
carbon content of more than 95%, treatment temperatures above-average 700 °C might be required. However, this is possible

with woody feedstock, but it is difficult with agricultural waste and other materials that produce ash at low temperatures. As a
result, they are usually not handled above 700 °C (Weber & Quicker 2018). The pyrolysis process is effective as it converts
waste biomass into valuable products like biochar, bio-oil and syngas (Yaashikaa et al. 2020). It is usually divided into three
Table 2 | Comparison of biochar produced via various thermal conversion technologies (Kambo & Dutta 2015)

Pre-treatment method Operating temperature (°C) Residence time Heating rate

Typical product yield (%)

Solid Liquid Gas

Fast pyrolysis 400–500 1–5 s 1,000 °C/s 10–15 60–70 15–20

Slow pyrolysis 300–650 5 min–12 h 10–30 °C/min 25–35 20–30 25–35

Gasification 600–1,200 10–20 s 50–100 °C/s ,10 ,5 .85

Dry torrefaction 200–300 30 min–4 h 10–15 °C/min 60–80 – 20–40

HTC 180–260 5 min–12 h 5–10 °C/min 45–70 5–25 2–5
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groups: fast pyrolysis, intermediate pyrolysis and slow pyrolysis, depending on the residence time, heating rate and reaction

temperature.
Fast pyrolysis is used to produce bio-oil as of its short residence time of less than 2 s and high bio-oil yield of 75% (Mohan

et al. 2006). Intermediate and slow pyrolysis processes are set with long residence time to yield biochar from biomass. Pyrol-

ysis covers a range of thermal decomposition processes, and it is difficult to define preciously. In the absence of air, biomass is
slowly heated to around 500 °C. Vapor residence periods range between 5 and 30 min. Slow pyrolysis produces less vapor
than fast pyrolysis. When compared to other procedures, slow pyrolysis typically generates 25–35% char (Brownsort
2009). Low operating temperatures and slow heating rates favor high solid yield in the slow pyrolysis process (Karaosmanoglu

et al. 1999). Figure 2 shows the fundamental concept behind pyrolysis process. It is clear from the Figure 2 that the pyrolysis
process of biomass at the end of the process yields biochar and bio-oil.

2.2. Gasification

Gasification is totally different from the pyrolysis process because of its high reaction temperature compared to pyrolysis
temperature. It is the process of partial decomposition of biomass at high temperatures (600–1,200 °C) for short residence
time of 10–20 s (Tomczyk et al. 2020). A gas-fuel that is produced from the gasification process can be used to produce
heat or electricity. The final composition of the end product is controlled by reaction temperature, residence time, particle

size and gas composition. This process technically yields no biochar since most of the materials are converted into gas
and ash during this process. However, it may yield less than 10% biochar at the end depending on the process conditions
(Xie et al. 2015). The presence of toxic compounds such as alkali and alkaline earth metals and polyaromatic hydrocarbons

are common as of its higher reaction temperature (Guan et al. 2016). Hence, it is not at all possible to use such solid material
for environmental remediation (Sivula et al. 2012). Furthermore, the biochar from the gasification process does not meet the
IBI guidelines. Hence, no attempt has been taken in this overview to compare the char produced from gasification with chars

produced by pyrolysis and HTC.

2.3. Torrefaction

Torrefaction reaction is just the beginning of the pyrolysis process. It occurs between 250 and 280 °C at low heating rates. It
yields a brown or black product with low mechanical strength. However, the torrefaction process generates wood yields up to

84% with the maximum energy yield of 90% (Antal & Grønli 2003; Kambo & Dutta 2015). Torrefaction increases biomass
energy density; decreases weight; improves hydrophobicity; promotes commercial usage of wood by minimizing transpor-
tation problems. This process has received great interest in the world of bioenergy since it is a critical pre-processing step
Figure 2 | Process of pyrolysis.
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for increasing the physiochemical characteristics of biomass (Bergman et al. 2005). However, the solid product produced

from this process cannot be treated as biochar since such end product still contains some original compounds of biomass.
Its properties lie between the properties of biomass and biochar. Hence, this end product cannot be used for energy recovery
upon requirements.
2.4. Hydrothermal carbonization

This process is used to produce char–water–slurry at high temperature and pressure in the presence hot, compressed water
(Lynam et al. 2011). This process is also known as wet torrefaction as of the low reaction temperature and presence of water.

HTC is performed at temperatures ranging from 180 to 260 °C with an elevated pressure of 2–5 MPa. This process has been
drawing vast attention from bioenergy sector and the window of environmental remediation since it produces important
chemicals together with production of liquid and gaseous fuel (Mumme et al. 2011). The temperature profile of the reactor

in which this reaction is carried out is responsible for phase differentiation of reactions. HTC occurs at the end point temp-
erature below 260 °C, while hydrothermal liquefaction (HTL) and hydrothermal vaporization (HTV) do happen above 260 °C.
The main objective of HTL and HTV is to produce liquid and gaseous fuel; however, it is not to produce biochar from bio-

mass residues.
In addition, HTC has a number of benefits over pyrolysis of biomass, which is significantly impacted by the initial moisture

content of the biomass. As HTC is performed in the presence of water, no attention is needed to reduce the initial moisture
content of biomass to levels required to increase the efficiency of pyrolysis. This makes the HTC process effective in terms of

economic concerns (Mani et al. 2006). The processing configurations and arrangements of vessels do crucially influence its
end products such as solid, liquid, and gas. However, much emphasize is given to its reaction temperature, which is the con-
trolling key of the entire process. The HTC process produces solid end product called ‘hydrochar’ with the production yield of

around 40–70% (Kambo & Dutta 2014). However, the intensification of pressure and temperature regimes can be regulated
by addition of some catalysts (Gao et al. 2020).

Hydrochar produced by HTC needs serious mechanical treatments to reduce its moisture content and improve its func-

tional properties. The moisture content of hydrochar can be reduced to 70–75% by mechanical processing soon after
production. It is further important to incorporate appropriate thermal techniques if further moisture reduction is expected.
Disintegration of hydrochar is less energy intensive compared to biochar as of its high moisture content (He et al. 2013).
The strong water affinity of these pulverized hydrochars is due to the high degree of aromatization and the high number
of oxygen containing functional groups (Libra et al. 2011). Furthermore, hydrochar has good properties and production
merit compared to biochar because of its economical pathway and reliable mechanical configurations. However, there is a
debate about hydrochar production to replace for environmental remediation. Therefore, final selection of hydrochar pro-

duction for environmental remediation must be made with care. Hence, a brief comparison has been made in Table 3 for
better understanding of both HTC and pyrolysis, which can be used for various environmental applications.
Table 3 | Comparison of HTC and pyrolysis process

Parameter

Surface area and porosity Mass yield
Degree of de-hydration and de-
carbonization

Pyrolysis HTC Pyrolysis HTC Pyrolysis HTC

High reaction
temperature

Increasing the temperature
beyond 500 °C has a negative
impact on the properties

Typically increase up to
230 °C and further increase
shows negative results

Decrease Decrease Increase Increase

Reaction
residence time

Increase Decrease Decrease Decrease Increase Increase

Moisture content
of feedstock

Supply of energy is required for
drying

Not affected Decrease Not
affected

– Initial reaction is
initiated by
hydrolysis

Pre-processing Increase with reduction in time Effect is much less Decrease Decrease Increase –

Pressure Decrease Decrease Increase Increase – –
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2.5. Comparisons of biochar produced by various processes

It is important to develop an overall comparison for different processing methods used to produce biochar from biomass.
Different technologies, as discussed in Section 2, do influence functional properties of end products derived from various

thermochemical treatments. Pyrolysis, gasification, torrefaction and HTC are the thermochemical treatments used to produce
solid products together with other solid constituents from biomass. However, pyrolysis is the most acceptable processing
method to convert biomass into biochar since it matches IBI guidelines. Solid products produced from both gasification
and torrefaction are not regarded as biochar since the end product of these processes does not match the properties of bio-

char. However, hydrochar, a group of biochar, matches with the functional properties of biochar, especially from slow
pyrolysis.

Table 4 shows possible comparison among chars derived from various biomass via different thermal treatments in terms of

operating condition and product yield. Conventional low efficiency pyrolysis can result in loss of roughly around 80–90% of
biomass weight (wet basis) and the majority of the original biomass’s energy content (McHenry 2009). Hence, it is important
to make suitable system-configuration for eliminating such loss to a level that is insignificant. Generally, the lower tempera-

ture, at which pyrolysis occurs, can yield higher carbon recovery of original biomass (Lehmann et al. 2006) and lower ash
Table 4 | Comparison of biochar derived from various biomass via different thermal conversion technologies

Feedstock Process
Temperature
(°C)

Heating rate
(°C/min) Time

Ash
(%)

Fixed carbon
(%)

Solid yield
(%) Reference

Fruit cuttings Slow
pyrolysis

600 10 1 h 4.6 21.1 37.5 Agirre et al. (2013)

600 10 2 h 9.3 76.5 37.0

600 10 3 h 10.9 73.9 38.0

750 10 1 h 15.6 76.6 32.5

750 10 2 h 11.15 79.4 31.0

900 10 2 h 17.59 79.9 29.0

Switchgrass Slow
pyrolysis

300 5 2.5 min 6.7 20.5 70.9 Pilon & Lavoie
(2011)

300 5 5 min 5.3 24.7 65.6
400 5 2.5 min 11.8 53.9 27.3
400 5 5 min 14.6 52.2 25.3
500 5 2.5 min 26.6 52.6 12.4
500 5 5 min 23.8 54.6 12.3

Safflowers
seeds

Slow
pyrolysis

400 10 30 min 7.5 67.3 34 Angın (2013)

400 30 30 min 8.5 70.2 30

400 50 30 min 8.5 71.7 28.5

450 10 30 min 8.2 71.8 31

450 30 30 min 8.5 72.8 29

450 50 30 min 8.6 74 28

500 10 30 min 8.5 74 29

500 50 30 min 8.7 77.0 26.6

Spruce HTC 175 12 30 min 0.11 14.7 88 Bach et al. (2013)

200 12 30 min 0.12 15.92 80

225 12 30 min 0.14 25.12 70

Coconut fiber HTC 220 5 30 min 6.2 24 76.6 Liu et al. (2013)

250 5 30 min 5 27.1 65.7

300 5 30 min 4.3 42.1 65

350 5 30 min 4.9 38.5 55.7
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yield. When compared to raw biomass feedstock, the hydrochar samples, produced by the HTC process, had a significant

reduction in ash content, whereas slow-pyrolysis biochar, when compared to raw biomass, had a higher proportion of ash.
Dry feedstock has given higher biochar yield. The heat generated can adequately warm the entering feedstock to initiate
pyrolysis reactions, allowing the process to continue. Furthermore, char formation is favoured when temperatures and

oxygen levels inside the pyrolyzing chamber are low (Banik et al. 2018).
Pyrolysis at high pressure increases biochar output by converting pyrolytic vapors to secondary biochar (Tomczyk et al.

2020). However, production of biochar at higher temperature condition and pressure incur higher production costs.
Hence, low-temperature pyrolysis may be suitable for small land holders and entrepreneurs dealing with biochar production.

The ideal temperature for biochar formation in terms of carbon recovery, CEC, and surface area is 500 °C (Tomczyk et al.
2020). High temperature and low heating rates with long gas residence time maximize gas-fuel yield. Biochar production
is optimized at low temperature and low heating rates set inside the pyrolyzing chamber (Banik et al. 2018).

The chemical composition, aromaticity, and pore structure of biochar were significantly affected by particle size, heating
rate, and residence time (Xie et al. 2015). In fast pyrolysis, the shorter vapor residence time is important for the secondary
reactions. In slow pyrolysis, the vapor is confined and reacted extensively with the solid phase. Hence, more mass ends

up as char. The percentage of carbon can be increased by increasing pyrolysis temperature and time together with reduction
in percentage oxygen and surface hydrophobicity (Yu et al. 2009). Temperature increase led to a decrease in char production.
The significant drop in yield between 400 and 500 °C was brought on by the partial gasification of lignin and hemicellulose.

Furthermore, progressive aromatization occurred at higher pyrolysis temperatures with an increase in its surface area.
Char yield, percentage hydrogen and percentage oxygen dropped in materials set with longer pyrolysis period (Burhenne &

Aicher 2014). Table 5 describes the surface area and pore volume of biochar produced at different pyrolysis temperatures.
Generally, surface area increases as pyrolysis temperature increases. However, at 700 °C, a reduction in surface area has

been seen. At higher pyrolysis temperatures, the aliphatic, alkyl, and ester groups may be destroyed, and the aromatic
lignin core is exposed, thereby increasing the surface area. A significant relationship between micropore volume and surface
area indicates that pore size distribution plays a significant role in the expansion of biochar’s surface area. Biochar made from

animal waste and solid waste feedstock have lower surface areas than biochar made from agricultural waste and wood bio-
mass, even at higher pyrolysis temperatures. It has been reported that biochar samples made between 500 and 700 °C had
been well carbonized with high surface area (.300 m2/g), little organic matter (,3%) and low oxygen content (,10%).

Additionally, chars produced between 300 and 400 °C were partly carbonized and had the surface area of 200 m2/g;
40–50% organic carbon; and more than 20% oxygen (Chun et al. 2004).

In contrast to low-temperature chars, which reacted through surface adsorption and some concurrent partitioning into the
residual organic matter, high temperature chars were active through adsorption onto their carbonized surfaces. At 600 °C, the

most surface area was produced, and as the pyrolysis temperature increased, the overall acidity reduced (Sun et al. 2014). Due
to stronger carbonization of cellulose and hemicellulose at 700 °C, a higher char output was produced at 400 °C. Due to pore
blockage by organic compounds with a high ash content, surface area, and pore size reduced for temperature values between

400 and 700 °C. Pyrolysis temperature is the key factor which determines biochar yield significantly. A study conducted on
the conversion of cotton seed hulls into biochar at pyrolyzing temperature ranging from 200 to 800 °C. It showed that a rapid
decrease in biochar yield had been recorded at the temperature greater than 400 °C due to the loss of volatile matter and gas,

whereas at temperature less than 400 °C, a steady biochar yield was observed (Tran et al. 2016).
Another research was conducted to determine how pyrolysis temperature (200–400 °C) affected the production of the bio-

char. This study involved in a systematic comparison of several biochar made from grass and wood biomass. A rapid decrease

in biochar yield was reported at temperature lesser than 300 °C due to initial dehydration reactions. Additionally, it has been
demonstrated by X-ray diffraction (XRD) analysis that biochar made from grass and wood exhibited turbostratic crystallites at
temperatures higher than 400 °C. In addition, a significant deviation in aromatic carbon was evidenced by X-ray diffraction
(Keiluweit et al. 2010). However, it has been reported that, when the pyrolysis temperature rises, the plant-based biomass

dehydrates and depolymerizes into smaller dissolved products of lignin and cellulose (Keiluweit et al. 2010). The pyrolysis
temperature affects the morphology and structural changes of biochar. In general, surface area increases as pyrolysis temp-
erature rises. However, it has also been noted that the surface area decreases at temperatures higher than 700 °C (Chatterjee

et al. 2020).
An increase in surface area results from the destruction of aliphatic, alkyl and ester groups and the exposure of the aromatic

lignin core at higher pyrolysis temperatures (Lewis & Fletcher 2013). In general, at temperatures greater than 500 °C, biochar
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Table 5 | Surface area and pore volume of biochar produced at different pyrolysis temperature

Feedstock Pyrolysis temperature (°C) Yield (%) Surface area (m2/g) Pore volume (cm3/g) Reference

Buffalo weed 300 50.0 1.4 0.005 Yakkala et al. (2013)

Buffalo weed 700 29.0 280 0.157

Fescue straw 300 75.8 4.5 – Keiluweit et al. (2010)

Fescue straw 500 31.4 50.0 – –

Fescue straw 700 28.8 139.0 – –

Orange peel 150 82.4 22.8 0.023 Chen & Chen (2009)

Orange peel 300 37.2 32.3 0.031

Orange peel 600 26.7 7.8 0.008

Peanut shell 300 36.9 3.1 – Ahmad et al. (2012a)

Peanut shell 700 21.9 448.2 0.200

Pine shaving 200 95.9 2.3 – Keiluweit et al. (2010)

Pine shaving 400 35.3 28.7 –

Pine shaving 700 22.0 347.0 –

Poplar wood 400 32.0 3.0 – Kloss et al. (2012)

Poplar wood 460 – 8.2 –

Poplar wood 525 – 35.7 –

Poultry manure 300 65.7 4.3 0.012

Poultry manure 600 47.0 3.7 0.019

Poultry manure 700 47.0 6.6 0.02

Rapeseed plant 400 39.4 16.0 1.244 Karaosmanoǧlu et al. (2000)

Rapeseed plant 600 32.2 17.6 1.263

Rapeseed plant 800 28.2 19.0 1.155

Swine solid 350 62.3 3.54 0.9 Cantrell et al. (2012)

Swine solid 620 49.0 – –

Tire rubber 200 93.5 – – Lian et al. (2011)

Tire rubber 600 54.5 51.5 0.120

Tire rubber 800 43.0 50.0 0.110

Wheat straw 400 34.0 4.8 – Kloss et al. (2012)

Wheat straw 460 – 2.8 –

Wheat straw 525 – 14.2 –
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surface becomes less polar. Biochar produced at 400 °C was with high polarity and more effective for remediation purpose
(Ahmad et al. 2014). Biomass undergoes series of reactions in the conversion process into biochar. Understanding the mech-
anisms of such reactions in various thermal treatments would help to select an appropriate production method to produce

biochar from biomass materials. However, these mechanisms are very complicated and partially understood. Hence,
proper comparison of various thermal treatments in terms of biochar yield and functional groups is highly essential for
future works.

This part of the overview tends to compare and summarize two major processes: HTC and slow pyrolysis, used commonly

to produce solid materials such as hydrochar and biochar for environmental remediation. The polymeric component of bio-
mass degrades and depolymerizes during thermochemical conversion, producing solid, liquid, and gaseous by-products. The
temperature profile maintained in the reaction chamber determines the process scenario. The highest reaction temperature is

the key factor that controls the reaction mechanism and character of biochar yielded. There are some chemical reactions such
as decarboxylation, dehydration, decarbonylation, de-methoxylation, intermolecular derangement, aromatization and con-
densation commonly occurred during the thermochemical conversion process of biomass materials (Kambo & Dutta 2014).
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Reaction mechanism and temperature significantly influence the thermal stability of the structural compounds of biomass.

The decomposition of hemicellulose takes place between 200 and 300 °C. It is followed by cellulose that decomposes between
300 and 400 °C. However, lignin is decomposed at 600 °C since it is stable to heat (Yang et al. 2004). However, in HTC,
decomposition of hemicellulose and cellulose starts between 160 and 180 °C in the of lignin (Kumar et al. 2020). The degra-

dation of such compounds in HTC is controlled by similar mechanisms available in pyrolysis. However, the presence of hot
compressed water causes hydrolysis, which causes the breakage of ether and ester bonds between monomeric sugars. This
process starts the destruction of biomass, and the addition of one water molecule enables the process to begin (Kambo &
Dutta 2014). HTC yields char with high lignin contents as of the wash off of hemicellulose and cellulose by hydrolysis.

The degradation of hemicellulose during HTC results in the formation of 2,5-hydroxyl-methyl-furfural (HMF) (Kambo &
Dutta 2015). Its concentration increases with increasing temperature. Additionally, the hydrochar particles created by the
HTC process frequently have a slightly porous surface with increased adsorption capability (Jang et al. 2018). The formation

of 2,5-HMF in the aqueous phase is dependent on the operational conditions, temperature, and other parameters (Kambo &
Dutta 2015; Kumar et al. 2020).

2.6. Comparison of biochar and hydrochar

Production of both biochar and hydrochar is an emerging sector in the field of environmental engineering. As discussed
above, there are various methods used to produce solid matter from the biomass. However, each process is defined by its

own boundary. Gasification and torrefaction have been eliminated from the discussion as they yield solid materials that
do not match the typical properties of biochar. Hence, two processes, pyrolysis and HTC, are considered suitable for produ-
cing char from biomass residues. Anyhow, the validation of these two processes require significant scientific work. This part,
therefore, tends to deeply discuss the properties of biochar and hydrochar based on literature. HTC and pyrolysis have distinct

reaction phases in the total reaction cycle. Therefore, the end product characteristics vary significantly from one another.
The presence of undesirable alkali and alkaline metallic compounds in biomass is a huge challenge for their application in

energy sector. These compounds may lead to undesirable behaviors like slagging, fouling and corrosion during combustion

(Kambo & Dutta 2014). The percentage of these compounds is directly related to percentage of ash. Hence, if either biochar
or hydrochar is used for power generation, their ash content has to be reduced. HTC reduces the ash content by demoralizing
these organic constituents in the liquid product stream since the HTC process is carried out in the hot water. In contrast to

raw biomass, the ash content of biochar samples, produced during pyrolysis, showed an upward trend. The processing temp-
erature and the hemicellulose to lignin ratio have an impact on the amount of volatile solids and carbon yield in char samples.

High mass yield and low carbon conversion efficiency are produced by low-temperature processes, whereas the process
completed at high temperatures is completely opposite. As HTC is carried out in hot water, the heated compressed water

in the container heats up, partially transforming the hemicellulose and cellulose into an aqueous phase and causing a sub-
stantial mass loss of the solid yield. As the yield density rises with an increase in reaction time and temperature in both
methods, the solid yield and H/C-O/C ratio decrease. According to the results of the Van-Krevelen analysis performed on

the char samples, both chars had lower H/C-O/C ratio than the raw feedstock. The H/C-O/C ratio for the hydrochar samples,
on the other hand, was reported to be greater and more similar to those of natural coal than for biochar produced by slow
pyrolysis. This shows that, as compared to the slow pyrolysis process, HTC has a larger ratio of decarboxylation to dehy-

dration reaction rates (Kambo & Dutta 2015).
The reaction temperature of the processing reactor of both chars do influence physiochemical properties of biochar promi-

nently. At temperatures exceeding 160 °C, the polymeric component of biomass goes through a sequence of chemically aided

reactions that form char with conditioned surface structures (Pavlovič et al. 2013). The surface structural configuration and
functional properties of both chars are significantly different from each other, though improved aromatic features, surface
area and porosity are seen in both processes. Turbo-strategically arranged graphite links are formed in chars produced via
slow pyrolysis and the spacing between these layers increase with an increase in the reaction temperature (Lehmann &

Joseph 2015). Amyl carbon compounds dominate biochar samples produced at around 350 °C with little proportions of
alkyl-O and alkyl-C.

As the temperature goes further to above 500 °C, these alkyl O and alkyl C are completely converted to aryl-C that leads to

low H/C ratio (Kambo & Dutta 2015). Furthermore, well organized and spherical shape carbonaceous nanoparticles are gen-
erally formed at the surface of the hydrochar obtained from HTC as of its reduced thermal reaction in the presence of
compressed hot water. A study conducted with biochar prepared with swine manure at 650 °C via pyrolysis with 2 h residence
://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.051/1381218/wst2024051.pdf
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time. The char samples from pyrolysis contained aromatic groups on its surface, whereas the hydrochar samples from the

HTC were dominated by alkyl moieties (Akdeniz 2019). Hence, it has been concluded that the process temperature is a cru-
cial factor which determines functional properties of biochar and hydrochar produced via pyrolysis and HTC, respectively.

Furthermore, physical constituents and physiochemical properties of both chars are also influenced by reaction pathways

of both chars. Free radical process is the reaction pathway of slow pyrolysis, whereas HTC reaction pathway is set with strong
hydrolysis due to the presence hot water in the reaction phase. In pyrolysis, free radical pathway is induced by homolytic
cleavage of bonds, which takes place at 300 °C (Shafizadeh 1982). The tar compounds produced by the breakdown and degra-
dation of cellulose are mainly made of anhydrosugars, which are less reactive than the free radicals created during bond

breakage when temperature is raised to about 500 °C. The inorganic chemicals and tar vapors in the biomass feedstock vola-
tilize and later condense in the porous structure of the biochar, which is responsible for the cross-linked crystal layer structure
(Wornat et al. 1995; Kambo & Dutta 2015).

However, in the HTC process, the presence of hot compressed water causes the first reaction phase to be initiated by the
hydrolysis of biological macromolecules, resulting in the formation of oligosaccharides, including xylose, glucose, and fruc-
tose. This is followed by a dehydration reaction, in which hexose and pentose are transformed into furfural compounds. These

substances, then, go through a number of further processes such as dehydration, condensation and polymerization. Spheri-
cally shaped carbonaceous nanoparticles with size distributions ranging from 0.5 to 5 m are produced as a result (Tomczyk
et al. 2020). Many operating parameters are controlling the end product quality of both chars. However, since degradation,

melting of biomass, release of volatiles, synthesis of intermediate compounds, and their further forms are all temperature
dependent, temperature, among other factors, is the most essential element, governing the total reaction process.

High heating rate (HHR) is also another factor that controls heat and mass transfer along with the rate of the formation
intermediates. Furthermore, the mass yield of char is significantly reduced when produced under thermochemical process

at very high high retention time (HRT) and HHR. For example, char yield of less than 10–30% can be obtained from gasifica-
tion and pyrolysis at high temperature. The char yield is, therefore, highly reduced as temperature goes up. It has been
reported that, during pyrolysis of safflower seeds with reaction temperature in the range of 400–600 °C, the surface area of

the biochar reduced with an increase in heating rates (Angın 2013). Moreover, very high reaction temperature and heating
rates can destroy the fine porous structure and cause devolatilization of volatile organic matter in the pore structure of the
biochar, resulting in the clogging of pores and reduction in the overall surface area (Kloss et al. 2012; Kambo & Dutta 2015).

Additionally, rapid heating can cause the porous structure of char’s alkali and alkaline earth metallic compositions to melt.
As a result, it might have a negative effect on surface area and porosity. In contrast, the surface area of char produced via HTC
is poor together with deformed porous space. Results of an experiment revealed that the surface area of biochar and hydro-
char obtained via pyrolysis at 550 °C for 15 min and HTC at 250 °C for 4 h of corn stover were 12 and 4 m2/g, respectively

(Fuertes et al. 2010). Another study, with pine wood, reported a surface area of 21 m2/g for samples obtained from HTC at
300 °C for 20 min with the heating rate of 10 °C/min, and the surface area of 29 m2/g was obtained for the same feedstock
processed using pyrolysis at 700 °C for 2 h at the heating rate of 10 °C/min (Liu et al. 2010). It has been reported that, with an

increase in reaction temperature from 150 to 250 °C, the surface area of hydrochar produced from palm empty fruit bunches
increased from 6.08 to 8.03 m2/g. However, with the further increase in temperature to 350 °C, the surface area of the hydro-
char reduced to 2.04 m2/g. Furthermore, scanning electron macroscopic images of hydrochar samples showed the loss of

fibrous structures with an increase in reaction temperature, resulting in the formation of a smooth surface. This evidence
can be taken to explain the reason behind the reduction in the surface area with an increase in reaction temperature
(Parshetti et al. 2013). It is, therefore, important to select appropriate production technique to produce both biochar and

hydrochar according to the need.
3. OUTLINE OF TECHNIQUES USED FOR BIOCHAR MODIFICATION FOR BETTER FUNCTIONALITIES

Biochar science is a growing field nowadays as of its significant importance in environmental remediation and management.
As discussed above in Section 2, biochar is produced by different ways. However, its yield and functional properties are influ-
enced by processing conditions and raw material characteristics. Therefore, processes, like pyrolysis, are to be activated by

some modifications that enhance their functional properties important for reasonable remediation targets. Therefore, this
part of the review tends to summarize the techniques used to modify biochar produced with some potential research evi-
dence. There are many modification methods available to modify biochar for induced functional groups. These additional
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modification steps are to increase surface area, porosity and functional groups of biochar samples produced via thermal pre-

treatments. Modification by chemical agents, physical agents, treatments with mineral sorbents and magnetic modifications
are commonly used to activate biochar for enhanced performance. Hence, a brief summary is made in Figure 3 for the better
undestanding of diffferent modification methods and their effect on biochar properties. The properties such as pore volume,

surface area and functional groups are increased by different modifications methods.
3.1. Modification by chemical agents

Various chemicals are used to treat biochar chemically to enhance their functional groups. This activation can be done in two
ways: impregnation of raw biomass with the chemical argent and the thermal treatment after impregnation. This process will

prevent the tar formation (El-Hendawy 2009). An activating chemical agent can be used for carbonization and activation at a
temperature. In a two-step chemical activation process, raw feedstock is first carbonized, then the carbonized product is acti-
vated by mixing with a chemical agent or being pre-treated before the carbonization process (Sajjadi et al. 2019).

Chemical treatments of biochar after production by various chemical agents have induced the performance of the biochar

as an amendment or sorbent (Ahmed et al. 2016). Chemical treatment usually involves with an addition of acid or base. Fur-
thermore, intentional oxidation using hydrogen peroxide (H2O2), potassium permanganate (KMnO4), ammonium
persulphate [(NH4)2S2O8] and ozone (O3) have also been used for surface modification of functional groups (Wang &

Wang 2019). The use of strong acids like phosphoric acid (H3PO4), sulphuric acid (H2SO4), nitric acid (HNO3) and hydro-
chloric acid (HCl) have also been investigated for the surface oxidation purposes that can improve surface acidity and porous
structure of biochar (Rajapaksha et al. 2016). The use of H3PO4 is very common and reliable for chemical modification, and it

is more efficient than other hazardous chemicals (Budinova et al. 2006). In order to prevent shrinkage or contraction during
Figure 3 | Types of modification of biochar.
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the formation of porosity, the H3PO4 is used to decompose lignocellulosic, aliphatic, and aromatic components while creat-

ing phosphate and polyphosphate cross bridges (Zuo et al. 2009).
Furthermore, some mineral acids such as HNO3, H2SO4 and HCl, have also been used for the modification of biochar. It

has been reported that the use of HNO3 as oxidizing agent caused micropore destruction due to its erosive nature, resulting in

a decrease in total surface area (Ania et al. 2004). The reduction of biochar porosity from 10 to 40% has also been reported in
biochar sample treated with concentrated H2SO4 (Guo & Lua 2000). Excess water vapor movement toward the surface of the
biochar with concentrated H2SO4 could impart surface area development (Guo et al. 2005). A surface area increase of 250
fold has been observed in biochar samples treated with 30% H2SO4 and oxalic acid compared to unmodified biochar samples

(Vithanage et al. 2015). Acidic functional groups on the carbonized surface, like amine and carboxylic groups, can be stimu-
lated by the application of acidic chemicals, which will increase the surface’s ability to bind metals and create new active sites.
In order to effectively pyrolyze biochar, it is necessary to thoroughly investigate the effectiveness of different chemicals.

Some base materials are also used to modify biochar for better improvements. Potassium hydroxide activation (KOH) is a
common application in biochar modification. This activation can be performed at room temperature or an elevated tempera-
ture. Potassium, from a precursor chemical, during this activation, separates the lamellae of crystallites that form the carbon

structure. Rinsing the sample with potassium is necessary to have improved surface area and porosity (Joseph & Lehmann
2009). It has been reported that a two-stage KOH activation process of pre-carbonized precursors has produced larger surface
area in biochar samples together with additional surface hydroxyl groups (El-Hendawy 2009). The use of NaOH in the chemi-

cal modification of biochar is economical compared to KOH. However, such modification at lower temperature is inefficient
for the development of very poor surface area and micropores (Lillo-Ródenas et al. 2003). Therefore, further studies are
required to understand the science behind this action.

The creation of additional sorption surfaces increases surface area; increase the electrostatic attraction; promote functional

groups; and increase surface groups of chemically modified biochar, which is important for better sorption affinities. A scien-
tific investigation revealed that H2O2 treatment of biochar had increased the amount of carboxyl groups on biochar surface
and provided additional cation exchange site for surface complexion of Pb2þ, Zn2þ, Cu 2þ and Cd2þ (Wang & Liu 2018). It

has been reported that modified biochar by KOH significantly improved its sorption capacity to As5þ due to increased surface
area, pore volume and alteration of functional groups on the surface (Jin et al. 2014). Surface area and pore volume of differ-
ent modified biochar are listed in Table 6. Overall, surface area and pore volume of all the biochar increase with modification

and pyrolysis temperature.

3.2. Surface modification for functional groups

Chemical modification is done sometimes for the surface functional groups to suit for particular environmental remediation

process (Islam et al. 2015). Acidic functional groups such as carboxylic, lactonic and phenolic groups can be modified using
chemical oxidation with HNO3, KMnO4 and H3PO4 at relatively low temperature (Li et al. 2014b). An increase in carboxylic
content from 2.1 to 8.2% has been reported in an experiment conducted by H2O2 modification (Tan et al. 2011). Single stage

modification is commonly used for carboxyl group modification. Furthermore, treatments with acids like H3PO4 or H2SO4

also partially oxidize carbon surface and enrich carboxylic groups on the surface (Qian et al. 2015; Rajapaksha et al. 2016).
The science behind this process is still unknown. It needs to be studied using scientific concepts.

Base metal cations, like Cu, Zn and Cd, can be attracted by N-containing functional groups in environmental remediation
applications. These N-containing functional groups can be attained by nitration followed by reduction in carbon surface (Wan
& Li 2018). Nitronium ions are formed as HNO3 dissociation occurs in biochar modification with HNO3, which then react

with aromatic rings of biochar-nitrate products on the active surface of biochar (Yang & Jiang 2014). The nitration process
occurs via electrophilic aromatic substitution that introduces nitrogen groups onto aromatic rings in biochar (Godwin et al.
2019). This surface amination usually stimulates the introduction of amino-groups that are responsible for the strong affinity
to pollutants. Amine functional groups on the biochar surfaces can be conducted by chitosan modification that promotes the

adsorptive capacity of chars to heavy metal pollutants such as Pb2þ, Cu2þ and Cd2þ (Zhou et al. 2013). This modification
draws vast attention in the heavy metal remediation process.

The amine groups of chitosan enable high metal uptake due to the formation of strong chemical bonds with metal ions

(Zhou et al. 2013). Furthermore, application of H2O2 as a modifying agent of peanut hull biochar has increased functional
groups, like carboxylic groups, that enhanced heavy metal adsorption (Xue et al. 2012). In addition, KOH modification also
improved O-containing functional groups and improved tetracycline sorption capacity (Liu et al. 2012). Some organic
om http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.051/1381218/wst2024051.pdf

024



Table 6 | Modification and characterization of different biochar

Modification Raw material Temperature (°C)
Surface area
(m2/g)

Pore volume
(cm3/g) Reference

Magnetic biochar Paper mill
sludge

700 – Unmodified 67.0 0.083 Devi & Saroha (2014)

700 – Modified 101.2 0.079

Magnetic biochar Orange peel 400 – Unmodified 28.1 0.041 Chen et al. (2011)

400 – Modified 23.4 0.042

Metal-impregnated activated
carbon

Pulverized coal 600 and 1,000 –

Unmodified
190.0 0.079 Dastgheib et al. (2014)

600 – Unmodified 245.0 0.126

600 – Modified 463.1 0.022

Clay biochar composites Bagasse 600 – Unmodified 388.3 – Yao et al. (2014)

600 – Modified 407.0 –

Steam-activated biochar Tea waste 300 – Unmodified 2.3 0.006 Rajapaksha et al.
(2014)

300 – Modified 1.5 0.004

Steam-activated biochar Tea waste 700 – Unmodified 342.2 0.22 Rajapaksha et al.
(2014)

700 – Modified 576.1 0.109

H2O2 modification Peanut 300 – Unmodified 96.9 – Xue et al. (2012)

300 – Modified 114.4 –

KOH modification Rice husk 450 to 500 – Unmodified 34.4 0.028 Liu et al. (2012)

450 to 500 – Modified 117.8 0.073

Methyl modification Rice husk 450 – Unmodified 51.9 0.031 Jing et al. (2014)

450 – Modified 66.0 0.051
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solvents are also used to modify biochar for their better functional groups, especially carboxylic group. However, the use of
acidic methanol for modification is expensive, though it improves surface functional groups (Jing et al. 2014). Electron
donor–acceptor formation between the surface of biochar and organic pollutants were promoted by the biochar with high

ester content and hydroxyl groups modified by methanol (Jing et al. 2014).
Surfactants are widely used to modify the surface properties of different solid materials such as zeolite and bentonite, in

recent years. In addition to this, it is used as an additive in industrial production. They are grouped into different categories:

cationic group, anionic group and non-ionic group and gemini surfactant, according to their hydrophilic groups (Paria 2008).
Cationic surfactants can easily be captured by biochar surface of negative charge via electrostatic attraction and exchange
with exchangeable cations such as Mg2þ, Naþ and Kþ (Erdinç et al. 2010). It has been reported that non-ionic exchange

played a major role in the cationic surfactant cetylpyridinium chloride’s sorption on granular charcoal at low concentration
levels (Saleh 2006). Non-ionic surfactant can also be attracted by charcoal via physisorption at low free energy levels of sorp-
tion (Dey 2012). However, both monomolecular and micellar-anionic surfactants are not easily attracted due to electrostatic
repulsion on the surface of the biochar (Fujita et al. 1991).

Increased concentrations of cetyltrimethyl ammonium bromide decreased biochar sorption capacity (Han et al. 2013). Cer-
tain selected metal oxides are used to improve the surface properties of biochar, which enhance sorption capacity of chars.
For example, biochar coated with metal oxides can show promising potential if it is used to adsorb anionic dyes. Sorption

capacity of biochar to anionic dyes is weak as of the electrostatic repulsion between negatively charged biochar surface
and dye molecule (Rajapaksha et al. 2016). In addition, due to the production of iron oxides on the biochar surface, the per-
formance of the iron oxide-coated biochar was greatly improved when compared to unmodified biochar
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Water Science & Technology Vol 89 No 5, 1226

Downloaded fr
by guest
on 19 March 2
(Tchomgui-Kamga et al. 2010). Furthermore, coating of biochar with Fe3þ greatly increased As3þ and As5þ sorption

capacities (Samsuri et al. 2013). The scientific concepts of these processes are still limited and need further expansion.
It has been identified that the sorption capacity of MgO coated biochar for anions was significantly higher than the

uncoated biochar by about five times because of the improvement in the surface properties with active functional groups

(Zhang et al. 2012). An experimental study revealed that the coating of biochar with cobalt had significantly increased the
sorption of Cr6þ (Wang et al. 2012). Furthermore, biochar coated with carbon nanotubes that are very efficient for pollutant
removal because of their high surface area and nanostructure. However, its high cost makes this application very limited.
Hybrid multi-walled carbon nanotube coated biochar exhibited higher surface area, porosity and thermal stability compared

to uncoated biochar (Miao et al. 2010). Table 7 describes the sorption capacity of different biochar modified by different
chemical agents. Generally, biochar surface properties, especially surface area and porosity, are enhanced by chemical modi-
fication. Therefore, the adsorptive performance is also increased.

Biochar is coated with graphene that has two dimensional structure and unique properties, mechanical strength, surface
area, thermal conductivity and electrical conductivity (Fang et al. 2020). Its application has also been limited because of com-
plex separation procedures for reuse and recovery. Increased sorption of phenol and methylene blue by graphene coated

biochar has been reported in an experiment (Li et al. 2020). This increased sorption is due to increased surface area and
pore volume after such coating. Physical activation is also done to increase the adsorptive capacity of biochar to contami-
nants in environmental remediation processes.

In physical activation, high porous structure is formed by the cavitation process with CO2 as CO2-C interaction removes the
C atoms from the solid material by burning, resulting such closed porous structure. Physical modification methods are simple
and economically feasible. Furthermore, this process uses no chemicals except some oxidizing agents, like carbon dioxide,
steam and air. Activated biochar with enhanced carbonaceous structures and high surface area is developed by steam acti-

vation of conventional biochar. Steam activation may alter the characteristics of biochar by releasing the confined
products of incomplete combustion during thermal treatment (Manyà 2012).

Moreover, steam activation process is known to create new porosities and enlarged diameters of smaller pores created

during pyrolysis (Lima et al. 2010). It has been reported that conventional biochar’s inorganic and organic sorption capacities
were increased when it was activated by an oxidizing agent like steam. An experimental investigation revealed that biochar
made from invasive plant species and steam activated tea waste had a potential ability to remove veterinary medicines from

water (Vithanage et al. 2015). Modification of biochar with high temperature CO2 ammonia mixture treatment has been
investigated to adsorb gases. Introduction of N-containing groups onto the biochar can increase N content up to 3.91%
(wet basis) due to ammonification.

It has been reported that biochar modified using CO2 showed improved surface area and pore volume compared to unmo-

dified biochar (Xiong et al. 2013). Impregnation with mineral oxidize is an emerging concept to improve the functional
properties of biochar. Usually clay minerals have the potential to remove contaminants because of their composition, surface
charge, cation exchange capacity and mineralogical structure. Montmorillonite, gibbsite and kaolinite are among the most

commonly used clay minerals as low-cost sorbents (Rajapaksha et al. 2016). Pre-soaking of pine wood biomass in MnCl2.4H2O
solution and subsequent pyrolysis yielded MnO-modified biochar (Wang et al. 2015b). The KMnO4 addition to biochar sig-
nificantly changed the surface area and pore volume of biochar (Zheng et al. 2021). There is a need to understand the

scientific mechanism behind the impregnation needs to be explained.
Table 7 | Comparison of adsorption capacity of biochar modified via chemical argents

Method of modification Sorbate Sorption capacity Enhancement Reference

H2SO4þOxalic acid Sulfamethazine 155.1 mg/kg Increased porosity Vithanage et al. (2015)

H2SO4 KOH Tetracycline 23.26 mg/g and 58.82 mg/g Increased porosity, C and O contentment Liu et al. (2012)

KOH Cu2þ and Cd2þ 31 mg/g and 34 mg/g Increased sorption by 20 times Regmi et al. (2012)

KOH As5þ 30.98 mg/g Increased sorption Jin et al. (2014)

H2O2 Hg 1,470.5–1,347.9 μg/g Increased sorption Tan et al. (2011)

H2O2 oxidation Pb2þ 28.82 mg/g Increased sorption by 20 times Inyang et al. (2012)
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The benefits of MnOx and biochar have been combined in an attempt to produce new, modified biochar composites with

improved functional properties. It has been reported that the Mg-biochar nanocomposites, produced from Mg-enriched plant
tissues, showed an effective adsorption for P in aqueous phase (Yao et al. 2013). Magnetic modification is done to biochar to
facilitate their separation after preparation. Sorption capacity of biochar for anionic ions is low because of its negative charge

on the surface. Therefore, magnetic modification is used to promote the sorption capacity of biochar to anionic ions (Tan
et al. 2020). A magnetic biochar was created by chemically precipitating Fe3þ and Fe2þ onto orange peel powder, followed
by pyrolyzing the mixture at various temperatures to create iron oxide magnetic formation. This magnetic biochar’s hybrid
sorption property facilitates the remove phosphate and organic contaminants efficiently (Chen et al. 2011). The overall sum-

mary of biochar modification is summarized in Table 8.
4. POTENTIAL APPLICATIONS OF BIOCHAR IN ENVIRONMENTAL REMEDIATION PROCESS

Biochar has wide range of potential applications in environmental remediation and sustainability because of its multifunc-

tional capacity. Biochar has been produced by number of distinct processing methods. However, each processing method
produces biochar with specific properties that are affected by many factors as described in Section 2. Furthermore, various
modification methods are being practiced to improve the capacity of biochar for better future applications as discussed in
Section 3 of this overview. This part, hence, summarizes the potential applications of biochar in the environmental remedia-

tion process with some prominent research highlights in order to give an overview for those who involve in biochar science
that is becoming popular nowadays as of its promising functionalities. Figure 4 outlines the possible applications of biochar
with respective functional features.

4.1. Biochar for energy production

Biochar is used effectively for long-term storage of carbon molecules that play a crucial role in the climate change and in
greenhouse gas emission. The application of biochar into soil is a popular strategy for the CO2 mitigation in the environment

(Qambrani et al. 2017). However, the stability of biochar in the soil is influenced by number of factors, out of which pro-
duction method is most significant to consider (Ameloot et al. 2013).

The production method, such as slow pyrolysis, releases many harmful gases into environment. Therefore, controlling this

gas emission is complex and expensive. Moreover, self-heating of biochar may lead to burning of stockpiles. It is also difficult
to produce biochar from wet feedstock (Arriola et al. 2020). However, the HTC process can convert biomass of various feed-
stock into hydrochar without requiring any pre-heating arrangements, yielding low emissions of harmful gases into

environment compared to slow pyrolysis (Di Blasi et al. 1999). At the presence of highly concentrated surface oxygen
groups in hydrochar, autoignition of piles has been restricted. Anyhow, the use of hydrochar to sequester carbon is still ques-
tionable because of its less stability to microbial decomposition. Furthermore, in-depth research work is needed to promote its
potential applications in soil for the long-term storage of carbon (Kambo & Dutta 2015).

4.2. Biochar for improving agricultural productivity

Application of biochar to soil helps in improved population of soil beneficial organisms together with an increased soil aera-

tion, resulting in the improvement of crop yield because of the development of structured rhizosphere (Hussain et al. 2018).
Freshly produced biochar is hydrophobic in nature with very low amount of functional groups on its surface. However, it
becomes hydrophilic with large functional groups as it is exposed to soil due to the oxidation by soil oxygen. These functional
groups can exchange cation exchange capacity, nutrient retention capacity and water holding capacity that are important for

better crop yield (Bolan et al. 2022). Moreover, very little information on the application of chars produced via HTC to the
soil improvement is available. It has been reported that the negative effect of adding hydrochar into soil on crop yield had
been observed in an experiment conducted with Lolium perenne. Anyhow, great attention has to be given when applying bio-

char/hydrochar to the soil in the presence of heavy metals because these applications may interrupt the existing food chains.
Hence, further research is needed to investigate the real effect of biochar or hydrochar applied on soil properties and
microbial dynamics in order to validate its use as a soil amendment for better crop yield.

4.3. Biochar for the sorption of contaminants in the environmental remediation process

Carbonaceous materials have been used to remove contaminants present in the various sources of environment. Activated
carbon with increased surface area and porosity is a commonly used carbonaceous sorbent for environmental pollutants.
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Table 8 | Summary of biochar modification methods, contaminant removal, and production temperature

Modification method Biochar feedstock
Temperature (°
C) Target group Enhancement Reference

Chemical modification
(KMnO4/HNO3/
NaOH)

Bamboo 550 Furfural Inhibited sorption of furfural Li et al. (2014b)

H2O2 modification Peanut hull 300 Pb2þ, Cu2þ, Ni2þ

and Cd2þ
Increased Pb2þ sorption from
0.88 to 22.82 mg/g and
increased O-containing
functional groups

Xue et al. (2012)

Chemical modification
(10% H2SO4 and
3M KOH)

Rice husk 450–500 Tetracycline Exhibited better sorption and
larger surface area

Liu et al. (2012)

NaOH activation Pine chip 300 Diclofenac
Naproxen

Increased sorption Jung et al. (2015)

HCl activation and
coating with iron

Wheat straw 450 NO3� and PO3�
4

Increased sorption Li et al. (2016)

H3PO4 activation Pine tree
sawdust

550 Fluoride Increased sorption and surface
area

Guan et al. (2015)

Chemical modification
(Mg(OH)2)

Conocarpus 400 Fe2þ Increased sorption Usman et al. (2013)

Modification by
ethanol

Rice husk 400–500 Tetracycline 45.6% sorption increased in 12 h
and increased O-containing
groups

Liu et al. (2012)

Amino modification Saw dust 500 Cu2þ Enhanced sorption Yang & Jiang
(2014)

Steam activation Maize stover 350 Emission of N2O
and CH4

Reduced CH4 and N2O emissions Fang et al. (2014)

Steam activation Tea waste 300 and 700 Sulfamethazine Increased sorption and surface
area

Rajapaksha et al.
(2014)

Integration with
mineral sorbents

Corn straw 600 Cd2þ Increased sorption Song et al. (2014)

Clay biochar
composites

Bamboo and
bagasse

600 Methylene blue Increased sorption Yao et al. (2014)

Chitosan-modified
biochar

Bamboo and
sugarcane
bagasse

600 Cu2þ and Cd2þ Increased removal Yong et al. (2013)

Mineral addition
(Kaolin and Calcite)

Rice straw 200, 300, 400
and 500

C retention Increased C retention and C
stability

Li et al. (2014a)

Manganese oxide
modification

Pine wood 600 As3þ and Pb2þ Increased sorption by 4.7 and
20.1 times, respectively

Wang et al. (2015a)

Fe impregnated
biochar

Hickory chips 600 Arsenic Increased sorption upto
2.16 mg/g

Hu et al. (2015)

Magnetic modification Orange peel 250, 400 and
700

Phosphate – Chen et al. (2011)
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Biochar, therefore, does match with the functional properties of activated carbon because of the structured thermal pre-treat-
ments in the production process (Guo & Lua 2000). The presence of O-containing carbonyl, hydroxyl and phenolic

functional groups could be useful to remove environmental contaminants. The multifunctional effects of biochar show its
potential as an effective environmental sorbent to contaminants present in soil and water. As properties of biochar are influ-
enced by number of processing conditions, critical selection must be made to produce biochar with enhanced functional
groups.
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Figure 4 | Applications of biochar in environmental remediation.
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4.3.1. Water treatment

The characteristics of biochar similar to activated carbon have attracted researchers for contaminant removal from water
(Cheng et al. 2021). Its applications have been classified into organics (dyes, phenolics, polynuclear aromatics and antibiotics)
and inorganics (cations and anions) remediation. The disposal of industrial dyes into water bodies causes severe environ-

mental problems. Many textile dyes are difficult to destroy by conventional waste treatment methods since such
compounds resist decomposition by light, oxidizing agents and aerobic digestion. A study dealt with the development of bio-
char with bamboo biomass to remove dyes from water and wastewater (Mui et al. 2010). Furthermore, pyrolysis rice husk
biochar was applied to Malachite Green (MG) adsorption (Leng et al. 2015). Rice straw biochar was made in a vertical tub-

ular reactor for 2 h from 200 to 700 °C under nitrogen. About 95% of MG was removed within 40 min from the solution with
25 mg/L of initial MG concentration (Hameed & El-Khaiary 2008).

Biochar at pH 6.5 adsorbed more Rhodamine B (RB) than commercially activated carbon at pH 3 because the dye mol-

ecules are more easily accessed by the larger micropores of biochar than fine pores of activated carbon (Mohan et al.
2014). Biochar from canola straw, peanut straw, soybean straw and rice hulls were used to remove Methyl Violet (MV)
from water (Xu et al. 2011). Moreover, bamboo char was used to remove Acid Blue 25 (AB 25), Acid Yellow 117 (AY

117), Methyl Blue (MB) and Acid Black 172 (AB 172) effectively (Lyu et al. 2016). Hornbeam sawdust biochar was used
to adsorb Orange 30, and the optimum adsorption occurred at pH 2. The adsorption capacity was highest on the char
made at 800 °C (Ates & Tezcan Un 2013). Another potential adsorption process involves in the electrostatic attraction/repul-

sion of biochar and organic pollutants. Solution chemistry, such as pH and ionic strength, may also affect the sorption of
organics onto biochar.

The sorption capacity of biochar, derived from crop residue at 350 °C, for MV increased from pH 7.7 to 8.7 (Xu et al. 2011).
Industries dealing with plastics, dyes and drugs, antioxidants and pesticides handle phenolic compounds for their manufac-

turing process. These are highly toxic as far as the food chain and food web are concerned. However, nitrophenols and
chlorophenols are common pollutants that pollute drinking water. An experiment has been conducted to investigate the
effect of the biochar prepared at fixed temperatures and different residence times from rice husk and corn cob on phenol

adsorption. Biochar prepared using 1.6 s exhibited a higher phenol adsorption capacity (589 mg/L) (Mohan et al. 2014).
Many pesticides such as organophosphates, organochlorins, carbamate, triazin and chlorophenoxy acid compounds are
used in agriculture to improve crop yield.

However, these chemicals do cause severe problems to the environment. Hence, significant attention is drawn to the
remediation of these chemicals by the application of biochar. Dibromochloropropane, a soil fumigant, used to control nema-
todes, was adsorbed from well water onto almond shell activated biochar (Klasson et al. 2013). Orange peel biochar from

slow pyrolysis, ranging from 150 to 700 °C, was used for naphthalene and 1-napththol adsorption. Maximum adsorption
capacities for 1-napththol and naphthalene were achieved by orange peel biochar obtained at 200 and 700 °C, respectively
(Chen et al. 2011). In some studies, biochar has been used to remove benzene and nitrobenzene from water (Chun et al.
://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.051/1381218/wst2024051.pdf
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2004). Furthermore, trichloroethylene has been successfully removed from the water by chars, produced from soybean stover

and peanut shells, pyrolyzed at 300 and 700 °C, respectively. Chars produced at 700 °C had higher surface area than those at
300 °C.

Heavy metals present in the drinking water pose serious health hazards as they go into the living tissues. These cause

serious health threats even at very low concentrations. Some are capable of assimilation along the food chain. The organisms
at higher levels of food chain will be affected physiologically. The discharge of heavy metals into water bodies is to be pro-
hibited in order to avoid ill health conditions. Biochar has been successfully used to adsorb Cr, Cu, Pb, Cd, Hg, Fe, Zn and As
ions. Biochar, a by-product of bio-oil production, can be used to remove heavy metal ions from water. This is the cost-effective

method compared to activated carbons. Biochar, from slow pyrolysis and hydrothermal treating of rice husk, olive pomace,
orange waste and compost, was used for Cu2þ remediation (Mohan et al. 2014). Slow pyrolysis char at 600 °C was less effi-
cient for Cu2þ removal than those produced at 300 °C, but slow pyrolysis chars removed more Cu2þ than hydrothermal chars.

Table 9 describes the potential application of biochar for the remediation of organic and inorganic pollutants. Herbicides,
antibiotics, pesticides, polycyclic aromatic hydrocarbons and dyes are among the most well-known organic pollutants. Parti-
tioning, sorption of organic pollutants and electrostatic interactions between organic contaminants and biochar play a major

role in the remediation applications, whereas mobilization, complexation, precipitation and reduction are the mechanisms
involved between inorganic contaminant and biochar.

Heavy metals were removed from water using biochar generated from pig and cow dung at 400 and 600 °C under ambient

pressure and nitrogen, followed by chemical and mechanical treatment. The highest surface area was found in the chemically
treated pig manure char at 600 °C for the removal of Cu2þ, Zn2þ, Cd2þ, and Pb2þ from water (Kołodyńska et al. 2012). In
addition, switch grass biochar was almost created using HTC at 300 °C in a high pressure reactor. KOH was used to activate
this biochar, increasing porosity and unclogging some of its partly blocked pores. These chars removed Cu2þand Cd2þ from

aqueous solutions effectively (Regmi et al. 2012). Buffalo weed chars were prepared via slow pyrolysis for Cd2þ and Pb2þ

removal (Yakkala et al. 2013).
Sugarcane pulp residue biochar via slow pyrolysis at 500 °C gave maximum Cr3þ uptake at pH 5.1 (Yang et al. 2013). Some

biochar is used to remove anions for water. Slow pyrolysis chars prepared from orange peels and water treatment sludge of
400, 600 and 700 °C were also used for fluoride uptake (Oh et al. 2012). Orange peel biochar made at 400 and 700 °C
adsorbed more fluoride than chars from water treatment sludge made at 400 °C. Bench scale slow pyrolysis of anaerobically

digested sugar beet tailings gave good removal efficiency for PO3�
4 ions from aqueous solution (Yao et al. 2011). Biochar

research in anionic removal from water is limited because biochar surfaces have negatively charged particles that repulse
anions falling off the surfaces. However, more energy has to be invested to increase the sportive capacity of biochar over
anions by modifying their surfaces.

4.4. Soil applications

Compared to water remediation, there are limited researches available on applying biochar to soils polluted with organic con-

taminants. In an experimental investigation, the long-term impact of biochar on simazine-contaminated soil was evaluated
(Ahmed et al. 2016). Atrazine sorption to the organic carbon content of biochar produced from dairy manure at 450 °C
shows that larger dissolved organic carbon contents in soil may inhibit atrazine sorption by clogging the pores of the biochar

(Cao & Harris 2010). This is because of the high surface area and micro porosity of biochar. Therefore, the pyrolysis con-
ditions with which the biochar is formed should be well defined. Before being used for the remediation of certain organic
pollutants in soil, the characteristics of biochar should be thoroughly improved.

Most of the inorganic contaminants originate from a range of anthropogenic sources such asmining, melting, metal finishing,
fertilizers, wastewater and sewage sludge. Inorganic pollutants, especially heavy metals, do resist decomposition. Biochar has
recently been applied as a novel carbonaceousmaterial to absorbmetals in soil. Biochar has distinct effect onmobility of metals
in soils. Application of hard wood derived biochar to multi-element (Pb, Cu, Cd and Zn) contaminated soil mobilized Cu, while

Cd andZnwere immobilized in soils amended (Lu et al. 2014). Furthermore, another research study reportedCumobility in soil
due to increased dissolved organic carbon with the addition of chicken manure derived biochar (Zhang et al. 2013).

The electrostatic repulsion between anionic Sb and negatively charged biochar surface could have resulted in desorption of

Sb. Conversely, the electrostatic attraction between positively charged Cu and negatively charged biochar surface is the pre-
vailing mechanism of Cu immobilization in soil (Uchimiya et al. 2011b). However, the biochar, produced at high temperature
(.600 °C), is generally deficient in dissolved organic carbon, which could affect Cu immobility in soil (Tomczyk et al. 2019).
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Table 9 | Application of biochar for pollutant removal

Biochar type Contaminant Effect Reference

Dairy manure (450 °C) Atrazine Sorption Cao et al. (2011)

Woodchips (450 and 850 °C) Carbofuran Adsorption due to higher surface area Yu et al. (2009)

Bamboo (600 °C) Pentachlorophenol Reduced leaching due to diffusion Xu et al. (2012)

Hard wood (450 and 600 °C) Simazine Sorption due to micropores Jones et al. (2011)

Pine wood (350 and 700 °C) Phenanthrene Entrapment in micro and mesopores Zhang et al. (2010)

Sewage (500 °C) Poly aromatic
hydrocarbons

Partitioning Khan et al. (2013)

Hard wood (400 °C) Arsenic Mobilization due to enhanced pH Hartley et al. (2009)

Hard wood Arsenic and copper Mobilization due to enhanced pH Beesley et al. (2010)

Chicken manure (550 °C) Cadmium, copper and
lead

Immobilization due to portioning of
metals from exchangeable phase

Park et al. (2011)

Oak wood Copper and lead Complexion with phosphorous and
organic matter

Uchimiya et al. (2012)

Dairy manure (450 °C) Lead Immobilization Cao et al. (2009)

Oak wood (400 °C Lead Immobilization Ahmad et al. (2012b)

Rice straw Lead Non-electrostatic adsorption Nadarajah et al. (2021)

Cottonseed hulls (200–800 °C) Nickel, copper, lead and
cadmium

Controlled metal sequestration of surface
functional groups

Uchimiya et al.
(2011a)

Dairy manure (200 °C) Atrazine Sorption Cao & Harris (2010)

Cotton straw (450 and 850 °C) Chloropyrifos Adsorption Yu et al. (2009)

Red gum wood chips (450 and 850 °C) Pyrimethanil Adsorption Yu et al. (2010)

Grass and wood (200 and 600 °C) Norflurazon Sorption Sun et al. (2011)

Rice husk (450–500 °C) Tetracycline Interaction Liu et al. (2012)

Rice and wheat straw Brilliant blue Electrostatic attraction Qiu et al. (2009)

Crop residue (350 °C) Methyl violet Electrostatic attraction Xu et al. (2011)

Orange peel (150–700 °C) Naphthalene Adsorption Chen & Chen (2009)

Corn stover (600 °C) Pyrene Adsorption Hale et al. (2012)

Oak wood (400–450 °C) Chromium Sorption Mohan et al. (2011)

Pecan shell (800 °C) Copper Sorption on humic acid Ippolito et al. (2012)

Soybean straw (500 °C) Copper, cadmium and
zinc

Adsorption Lima et al. (2010)

Sewage sludge (550 °C) Lead Adsorption Khan et al. (2013)

Soybean stalk (300–700 °C) Mercury Precipitation and reduction Kong et al. (2011)
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Moreover, pyrolysis temperature of biochar production has a strong effect on the mobility of heavy metals in the soil. The

biochar produced at low temperature is favourable for immobilizing Pb (Igalavithana et al. 2017). In addition, soil pH is con-
sidered to greatly influence mobility of metals. Biochar shows the potential to mitigate Cr contaminated soils as they are
highly reactive with many functional groups, and are able to donor electrons (Choppala et al. 2012).

The effect of biochar on remediation of soil contaminated with organic and inorganic contaminants has received little

attention. Many factors influence the mechanisms of such remediation. Functional properties of biochar are strongly affected
by pyrolysis temperature that impacts on the sorption efficiencies for both organic and inorganic contaminants. Chars pro-
duced at higher temperature have greater surface area and developed pore structures, whereas biomass pyrolyzed at low

temperatures is efficient for inorganic contaminants due to the presence of O-containing functional groups and greater release
of cations. In addition, many factors such as type of contaminant, type of biochar, production condition and functional prop-
erties of biochar do influence sorption capacities. Hence, care must be taken before applying biochar to remediate
://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.051/1381218/wst2024051.pdf



Water Science & Technology Vol 89 No 5, 1232

Downloaded fr
by guest
on 19 March 2
contaminated soil at a larger scale. More importantly, research on biochar is contemporary and still needs in-depth investi-

gation to determine long-term effects of biochar applied to contaminated areas.
5. CONCLUSIONS

Biochar applications in environmental remediation have the potential to control and manage environmental pollutants that
come out of various industrial processes and chemical sources. The research in this area is developing at a faster rate because
of positive research outcomes from biochar experiments conducted to solve various environmental problems. However, the

quality of biochar and their sorptive capacities are influenced by processing methods. Therefore, the produced biochar has to
be modified by different means to enhance their functional properties for better adsorption of environmental pollutants, and it
has to be suitable for vast environmental remediation processes. This article hence tends to give an overview of various bio-

char processing methods, modification methods and environmental applications of biochar based on some structured
literature under an umbrella.

The following are the major inferences that have been drawn from this review article: biochar could be produced by the

commonly used methods such as pyrolysis, gasification, dry torrefaction and HTC. Pyrolysis is the thermal decomposition
of biomass in the temperature range of 350–600 °C. It is categorized to be either fast or slow based on its residence time.
Slow pyrolysis produces high char yield (35% wet basis) compared to fast pyrolysis (10% wet basis). Dry torrefaction is set

in the temperature range of 200–300 °C, and it is just the beginning of the pyrolysis. Hence, the end product from this
cannot be considered as char. Moreover, gasification is the partial burning of biomass in the temperature range 600–
1,200 °C with the major yield of syngas mixture. However, HTC draws great attention in the char science because it yields
high percentage of solid matter with enhanced surface properties.

HTC is performed in the temperature range of 180–260 °C at an elevated pressure of 2–5 MPa for 5–240 min. The end pro-
duct of this process is called hydrochar, which is comparable to biochar from slow pyrolysis. This article, hence, has given
some considerations for the comparison of hydrochar and biochar. Many research works have been done in the slow pyrol-

ysis and summarized that the process of char production is critically controlled by reaction temperature compared to other
factors. Hence, great attention has to be given to the control of temperature in the conversion of biomass by thermal treat-
ments. However, HTC of biomass residuals for the production of hydrochar is still in its early stage of development, and

therefore there are many aspects that require additional research. Moreover, based on the literature summary made in this
paper, it is clearly explained that the hydrochar from HTC has improved physiochemical properties that are useful for various
environmental applications.

However, being a process with high conversion efficiency when compared to other pre-treatments, its applicability at an

industrial scale is not favourable. Hence, further investigations are needed to make the HTC process simple for commercial
application with declined reaction pressure. Moisture content of feedstock used to produce chars has the great influence on
char recovery from pyrolysis process. The main advantage of the HTC process is the elimination of pre-drying requirement of

a feedstock. Therefore, non-conventional biomasses, like animal waste, food wastes, green vegetable waste and other higher
moisture content feedstock, should be prioritized because of their utilization and economical inapplicability to conventional
dry-thermal pre-treatments. Biochar modification is done for improving functional properties of biochar in order to improve

the sorptive capacities.
Based on the literature summarized in this paper, modification of chars by various means changes its surface properties, func-

tional groups, pore volume and distribution. Among the modification methods discussed, chemical activation process is an

appealing strategy to improve the sorption capacity of biochar for both organic and inorganic contaminants. However, special
attention needs to be given to the modification process so as to minimize the effect of modification on the stability of biochar in
order to avoid environmental contamination. Furthermore, magnetic modification has to be promoted for better separation and
recovery problems of non-magnetic sorbents. Biochar has various applications in the field of environmental remediation. Based

on this overview, it has the potential to remediate soil andwater contaminatedwithnumberof organic and inorganic contaminants.
However, a particular type of biochar may not be applicable for many contaminants since the removal process is influenced

by the number of variables. The complex nature of soil systems, compared to aquatic systems, has limited biochar applications

to soil. Pyrolysis condition and feedstock type are two major factors that determine sorptive capacity of biochar. However, it
is obvious that the use of biochar, as an environmental sorbent, can have strong implications. Converting waste biomass into
biochar will also promise an effective solution for the safe and beneficial disposal of number of waste materials. In particular,
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materials such as animal litter and sewage sludge that have pathogens will be sterilized through thermal conversion. Further-

more, applying biochar to remediate contaminated soil will additionally provide means of carbon sequestration leading to
climate change mitigation.

6. DIRECTIONS TO FUTURE WORKS

Biochar science is popular in the environmental remediation process nowadays. Hence, in-depth scientific investigations
must be carried out for making its application viable for a wide range of environmental problems. Therefore, this part of
the overview suggests some areas for researchers to look into the research gaps identified for better knowledge dissemination.
Biochar is now being produced by various feedstock under different production conditions. Therefore, comparison of their

efficiencies is very difficult. Furthermore, studies of biochar preparation by several methods from the same feedstock, fol-
lowed by the adsorption of same adsorbents, are rare. Hence, it is needed to produce particular biochar from the same
feedstock, followed by adsorption studies of the same adsorbents that are needed to access the reproducibility.

Biochar, produced from feedstock via either slow pyrolysis or fast pyrolysis, has varying contents of percentage oxygen and
percentage carbon. Moreover, some chars will be useful for a small number of uses, while some may have wide range of use.
Each of these should be studied in detail to compare the results. The information on HTC is very limited. The HTC process is

influenced not only by temperature but also by elemental properties of feedstock and processing conditions such as reaction
pressure, residence time, solid-loading ratio and particle size distribution. These are also important parameters for designing
industrial HTC plants to produce hydrochar at a larger scale. However, limited information is available on such parameters
that influence HTC. Hence, incorporation of this valuable information by structured scientific work is highly required to

establish an appropriate HTC processing protocol to produce hydrochar with enhanced characteristics.
Moreover, HTC process optimization is needed under unique production conditions to optimize properties of hydrochar

for better environmental applications. Functions of biochar in dynamic soil systems are influenced by complex variables. Lim-

ited studies have been focused on this investigation. Each variable that influences the functions of biochar in any systems
should be studied scientifically. Moreover, long-term field experiments on biochar applications to contaminated soils are
needed in order to understand its long-term functions in soil. Many methods are used to modify the surface functional prop-

erties of biochar to enhance their sportive capacities. However, the information, presented in this review is from laboratory
experiments. A very limited scientific information is available on large scale production of engineered biochar. Hence, an
attempt is needed to scale up existing biochar modification methods and to test its performance in the field.
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Karaosmanoǧlu, F., Isi̧gigür-Ergüdenler, A. & Sever, A. 2000 Biochar from the straw-stalk of rapeseed plant. Energy and Fuels 14,
336–339.

Kazemi Shariat Panahi, H., Dehhaghi, M., Ok, Y. S., Nizami, A. S., Khoshnevisan, B., Mussatto, S. I., Aghbashlo, M., Tabatabaei, M. & Lam,
S. S. 2020 A comprehensive review of engineered biochar: Production, characteristics, and environmental applications. J. Cleaner Prod.
270, 122462.

Keiluweit, M., Nico, P. S., Johnson, M. & Kleber, M. 2010 Dynamic molecular structure of plant biomass-derived black carbon (biochar).
Environ. Sci. Technol. 44, 1247–1253.

Khan, S., Wang, N., Reid, B. J., Freddo, A. & Cai, C. 2013 Reduced bioaccumulation of PAHs by Lactuca satuva L. grown in contaminated
soil amended with sewage sludge and sewage sludge derived biochar. Environ. Pollut. 175, 64–68.

Klasson, K. T., Ledbetter, C. A., Uchimiya, M. & Lima, I. M. 2013 Activated biochar removes 100% dibromochloropropane from field well
water. Environ. Chem. Lett. 11, 271–275.

Kloss, S., Zehetner, F., Dellantonio, A., Hamid, R., Ottner, F., Liedtke, V., Schwanninger, M., Gerzabek, M. H. & Soja, G. 2012
Characterization of slow pyrolysis biochars: effects of feedstocks and pyrolysis temperature on biochar properties. J. Environ. Qual. 41,
990–1000.
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