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Abstract: In the current world, the increasingly developed industries of mankind have caused huge
pollution to the earth on which we live. And the water resources, which are the source of human
life, are also being seriously polluted and destroyed. Water pollution has become an urgent need
to deal with in today’s world. In order to achieve sustainable development, people are constantly
using new materials in the process of water treatment. Biochar material is one of them. In the
thermochemical process, biomass produces a common by-product coke, which is also called biochar
as a result of biomass decomposition. Due to the low price and large specific surface area which can
reach over 1000 m2·g−1, it has many applications and advantages in catalysis, adsorption, fuel cell,
soil improvement, etc., and has a wide range of application prospects. Therefore, effectively prepared
and used biochar in water treatment has become a method to improve the efficiency and economic
benefits of thermochemical processes. In this overview, we first introduced the preparation methods
of different new types of biomass materials, we then classified and discussed the various modification
strategies, and finally discussed the application potential of biochar material for wastewater treatment.

Keywords: water treatment; biomass; modification; biochar material; adsorption; catalysis

1. Introduction

Nowadays, the increasingly developed industries of mankind have caused huge pollu-
tion to the earth in which we live. And the water resources are also being seriously polluted
and destroyed. Water pollution has become an urgent need to deal with in today’s world.
As a part of sustainable development, people also put forward higher demands and require-
ments for the material in water treatment in order to reduce carbon emissions, secondary
contamination, and consumption. Under such a circumstance, biochar material, as a new
type of low-cost and low-pollution material, has been valued by numerous scientists.

The main source of biochar material is biomass, which can be transferred into biofuels
and bioproducts through thermochemical processes like pyrolysis and gasification. The
net CO2 emissions from the use of biofuels are generally considered to be zero or nega-
tive, which we call Negative Emission Technologies (NET), because the released CO2 is
recovered from the atmosphere captured in photosynthesis [1]. Besides, the combustion
of biofuels reduces the emission of hazardous gases like nitrous oxide (NOx) and sulfur
dioxide (SO2) compared to most fossil fuels due to the low sulfur and nitrogen content in
biomass [2]. Because of these advantages, biomass has become a potential renewable energy
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source. Syngas, bio-oil, biochar, and tar are the primary byproducts of the thermochemi-
cal processes of biomass; their yields depend on the parameters of the process. The two
primary intermediate products that can be used to create alternative fuels to conventional
fuels are syngas and bio-oil. Numerous studies have been done on improving and using
syngas and bio-oil for different applications [3–6].

Biochar, as mentioned in this review, is a byproduct resulting from the thermochemical
conversion of biomass that is receiving increasing attention in a variety of applications. As
an environmentally friendly material, biochar has many advantages compared to other
materials like MOFs, such as low-cost, easy-to-obtain, stable, etc. Common applications
of biochar in the ecosphere include soil amelioration to reduce greenhouse gas emissions,
reduce soil pollution [7], improve soil fertility [8], wastewater treatment [9], etc. Because of
the NET concept, biochar has become a promising sustainable material for the ecosystem.
The use of biochar as a precursor for the creation of catalysts and pollutant adsorbents is one
of its further uses. These novel high-value applications are still in their infancy and need
to be developed and researched before they can be commercialized. Although charcoal
has been used as a biochar-like carbon material for many centuries, research on the use of
biochar as a material for these aspects of catalysts, precursors for pollutant sorbents, and
soil amendments has only made some progress in the last few years [10]. The properties
of biochar determine its potential for use in various applications. For example, the high
electrical conductivity, porosity, and stability at lower temperatures of biochar materials are
naturally preferred as electrode materials in microbial fuel cells [11]. In the development of
supercapacitors, biochar with high porosity and structural nitrogen groups is preferred [12].
Furthermore, the high surface area of biochar with low ash content may be more suitable
as a soil supplement [13]. There are many reviews in the literature on the properties of
biochar and its specific applications as a soil amendment, such as biochar effects on water
holding capacity [14], soil hydrological indices, and growth characteristics of corn [15], but
the review of biochar as an application in water treatment is relatively limited, especially
studies contrasted the different feedstocks-based biochar in wastewater treatment. In recent
years, due to the pursuit of sustainable development, biochar materials with stable and
inexpensive sources, large specific surface area, and various treatment capabilities have
been favored as a new star in water treatment, therefore, this paper outlines the recent
progress in the application of biochar materials in water treatment and contrasted the
different feedstocks-based biochar for wastewater treatment.

2. Preparation of Biochar Materials

Biochar is a charred organic material. The International Biochar Initiative defines
biochar as “a solid material obtained from the thermochemical transformation of biomass
under oxygen-limited conditions” [16]. Biochar is produced in solid form by dry carboniza-
tion, pyrolysis, or gasification of biomass, and in slurry form.

Biomass is formed by hydrothermal carbonization under pressure [17]. Typical oper-
ations of different thermochemical processes are listed in Table 1 and Figure 1. It shows
that the yield of biochar is relatively temperature dependent. The higher the processing
temperature, the lower the yield of biochar [18].

Table 1. Different thermochemical processes for biomass treatment [19].

Slow Pyrolysis Fast Pyrolysis Flush Pyrolysis Pyrolytic Gasification

Heating rate (◦C·min−1) 5–7 300–800 ~1000 -
Temperature (◦C) 300–800 400–600 400–1000 750–1000

Vapor residence time >1 h 0.5–10 s <2 s 10–20 s
Typical reactor Fixed Bed Fluidized Bed Fluidized Bed Fluidized Bed
Main Product Biochar Bio-oil Biogas Biogas

Biochar yield (wt%) 35–50 15–35 10–20 10–20
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2.1. Pyrolysis

Pyrolysis is the most common and easy way to obtain biochar. Depending on the
heating rate and residence time, pyrolysis can be classified as slow pyrolysis, fast pyrolysis,
and flush pyrolysis. By heating biomass at a lower heating rate for a longer residence time,
a process known as slow pyrolysis, often referred to as traditional carbonization, creates
biochar (up to several days). For ages, this process has been used to make charcoal. On
the other hand, rapid pyrolysis creates biochar in a short amount of time (less than 10 s)
and at high heating rates (over 200 ◦C·min−1). On top of this, there is a flush pyrolysis
method with a particularly high heating rate and a residence time of fewer than 2 s. The
main difference between the three pyrolysis methods is the yield of biochar, bio-oil, and
biogas: fast pyrolysis favors a high yield of bio-oil, while slow pyrolysis favors a high yield
of biochar. Although slow pyrolysis remains the traditional way of biochar production
and is widely used for biochar production, it might be impossible to be the future choice
for biochar production due to its inefficient and time-consuming use of energy, so a more
cost-effective and environmentally sustainable method is clearly more in line with the
expectations of future choices [19].

2.2. Gasification

By adding a tiny quantity of oxidant at high temperatures (>750 ◦C), gasification
transforms biomass mostly into gaseous mixtures (syngas including CO, H2, CO2, CH4, and
trace amounts of higher hydrocarbons). Typical biochar yields from gasification average
about 10% of the total biomass mass fraction [20,21]. Gasification can use oxygen, air, steam,
or a combination of these gases as an oxidant. Syngas produced by air gasification has a
calorific value of 4–7 MJ·N−1·m−3, while steam gasification produces syngas with a high
calorific value of 10–14 MJ·N−1·m−3 [5].

2.3. Hydrothermal Carbonization

At high temperatures (160–800 ◦C), biomass undergoes hydrothermal carbonation
(HTC). Since the water temperature is higher than 100 ◦C, a larger reaction pressure (more
than 1 atm) is also necessary to maintain the liquid condition of the water. Hydrothermal
carbonation can be classified as high-temperature HTC (between 300 and 800 ◦C) or low-
temperature HTC (below 300 ◦C) depending on the reaction temperature [22]. The primary
reaction of high-temperature HTC is hydrothermal gasification, and the main products are
gases like methane and hydrogen since the reaction conditions of high-temperature HTC
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(over 300 ◦C) surpass the stability conditions of most organic molecules [23]. Gasification is
limited and biomass carbonization to char is more common below 300 ◦C. Low-temperature
HTC can imitate the gradual, centuries-long natural coalescence of biomass, but it can do it
with faster reaction times and higher reaction rates. Depending on the characteristics of the
feedstock, reaction temperature, and pressure, coke outputs from low-temperature biomass
HTC range from 30% to 60%. Given that HTC requires water, it might be an affordable way
to produce biochar from feedstocks with a high moisture content [12].

Because of the oxidation of carbon and other functional groups with increasing tem-
perature, the production of biochar often declines. On the other hand, biochar’s fixed
carbon content often rises with temperature. The primary cause of this phenomenon is the
sporadic emission of volatiles (such as H2O, CO2, CO, NH3, HCN, and CxHyOz) during
the pyrolysis stage, which leads to a minor reduction in the concentration of biochar [24].
As the temperature rises further, less carbon-rich compounds, such as CxHyOz, are released
from the biochar, while lower carbon-content molecules, such as CO, CO2, and NOx, are
constantly released. The fixed carbon content of the residual biochar rises as a result. The
pyrolysis temperature has a significant impact on the biochar features, such as surface
area and pore size distribution, in addition to the yield and fixed carbon content. The
surface area of the biochar increases dramatically as a result of the increased volatiles
that are released from the biomass surface as the temperature rises, creating more porous
char. Regarding the composition of the biomass feedstock, it has been noted that biochar
synthesis at high pressures is increased by biomass with high moisture content (between
42% and 62%) [13]. According to this research, some biomasses with a greater moisture
content may be especially suitable for the formation of biochar. In addition to moisture
content, the inherent composition of the biomass, which includes cellulose, hemicellulose,
lignin, and inorganic materials, should be given consideration. For example, substantial
yields of biochar with a fixed carbon content can be produced by pyrolyzing high-lignin
biomass (such as pine and spruce wood) [25]. On the other hand, inorganic substances
(e.g., alkali metal or alkaline earth metal compounds) have inherent catalytic effects [26].

3. Modification of Biochar Materials

Since biochar materials obtained directly from biomass pyrolysis generally have
poor surface functionality, limited active groups, and low porosity (within the range of
0.016–0.083 cm3·g−1) and surface area (usually <150 m2·g−1) [27], these drawbacks limit
their wide application as functional materials. However, these surface functions and
properties such as porosity can be easily adjusted by modification, which provides a large
scope for synthesizing biochar into various functional materials, such as adsorbent materials
or catalysts. For example, when it is needed to be used as an adsorbent or catalyst, we can
enrich the type and number of surface groups and increase the porosity and surface area
through different processes to improve the adsorption capacity or provide more catalytic
sites [19]. Research showed that the most efficient method was acidic oxidation, which
can increase biochar’s capacity for cation exchange, micro-pores, specific surface area, and
oxygen-content functional groups [28]. Some methods can achieve 1000 m2·g−1 specific
surface area or higher [29]. Therefore, the modification of biochar materials is essential for
enhancing their functionality. There are two main types of modifications, one is a surface
modification, and the other is a pore structure change. For reasons of cost and process
complexity, surface modification is a very good method because of its efficiency and lower
cost. The mainstream surface modification methods for biochar are surface oxidation,
surface amination, surface sulfonation, metal nanoparticle loading, and surface binding of
nanostructures. Table 2 shows some common modification methods and their features.
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Table 2. Different modification processes of biochar.

Type Surface Oxidation Surface
Amination

Surface
Sulfonation

Metal
Nanoparticle

Loading

Surface Binding
of Nanostructures

Target functional
groups

Carbonyl,
hydroxyl, carboxyl Nitro Sulfonic acid

group - -

Reagents used H2O2, O3, KMnO4,
HNO3

NH3

Fuming sulfuric
acid or

Chlorosulfonic
acid

Metal solutions CNT

Features Adsorption
capacity

Hydrophilic or
Hydrophobic

Efficiency and
stability Catalytically active Rich surface

functional groups

3.1. Surface Oxidation

Oxidation functional groups (e.g., C=O, OH, and COOH) are important for improving
the performance of biochar in various applications. For example, when biochar is used
as an adsorbent for the removal of heavy metals, surface hydroxyl (OH) and carboxyl
(COOH) groups can greatly increase the adsorption capacity. This is due to the fact that
these groups have hydrogen bonds and thus have a different electronegativity from other
groups, which allows them to complex better with metal ions and thus increases their
adsorption capacity [30,31]. Additionally, biochar’s hydrophilicity can be significantly
increased by the addition of oxidation functional groups to the surface [32], improving its
functionality in aqueous systems. The most popular technique for producing oxidation
functional groups on the surface of biochar is surface oxidation. The most often utilized
surface oxidation reagents are hydrogen peroxide (H2O2), ozone (O3), potassium perman-
ganate (KMnO4), and nitric acid (HNO3) [33–36]. Surface oxidation processes can produce
oxidation functional groups such as carboxyl groups, phenolic hydroxyl groups, lactones,
and peroxides. Additionally, oxidizing KMnO4 or HNO3 and treating biochar with an
alkali such as NaOH might make it more hydrophilic. Furthermore, HNO3 has been shown
to be more efficient than KMnO4 in producing acidic oxidation functional groups, such as
COOH and phenolic hydroxyl groups, which can be introduced through surface oxidation
onto the surface of biochar [19].

3.2. Surface Amination

Besides surface oxidation to introduce oxidation functional groups, basic amines on
the surface of biochar can significantly enhance its performance in applications like CO2
uptake and pollutant adsorption [37,38]. one of the most popular techniques for adding
amino groups to organic carbon is surface amination, as shown in Figure 2. ammonia
(NH3) treatment at high temperatures is a conventional surface amination technique that
has been widely used for decades [39–41]. This method is usually combined with a pre-
oxidation process because the surface of biochar is structurally graphite-like in structure
and its reactivity is not high. Although NH3 treatment can effectively introduce amino
groups to the carbon surface, it still does not avoid consuming large amounts of energy
and releasing NH3 into the environment, thus causing serious air pollution; therefore, the
process is not in line with green chemistry as well as sustainability principles. Therefore,
chemical modification with certain amine-containing reagents is often used in experiments,
which is considered an environmentally friendly modification method and is therefore
commonly used for the surface amination of biochar. Through some experiments and
studies [42–44], it was discovered that biochar materials with a lot of surface amines func-
tion well when it comes to removing heavy metals from wastewater. Organic monomers
with various hydrophilic or hydrophobic properties can be added to the surface in addition
to amino groups. To accomplish this, amination reagents with organic monomers that
have hydrophilic or hydrophobic properties are used. Zhou Y’s team [45] used sodium
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hydroxide and nitric acid to modify the surface of sludge biochar materials to achieve a
better adsorption capacity for tetracycline.
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3.3. Surface Sulfonation

The most prevalent functional groups in solid acidic materials are sulfonic acid groups
(SO3H). These are frequently employed to catalyze various chemical reactions and serve as
replacements for liquid acids [46]. A typical type of solid Bronsted acids is composed of
amorphous carbon-containing SO3H groups; these acids typically have a high density of
SO3H groups that are easily separable from the reaction [47]. Most of the organic matter that
hasn’t fully carbonized is directly sulfonated to produce amorphous carbon compounds
with SO3H groups. Biochar is a viable feedstock for the synthesis of amorphous carbon-
based solid Bronsted acids since it is a byproduct of incomplete carbonization (pyrolysis)
of biomass. The most popular technique for creating biochar-based solid acids is surface
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sulfonation of biochar using concentrated sulfuric acid or its derivatives (for example,
fuming sulfuric acid and chlorosulfonic acid) [19,48–53]. Since the strong oxidizing power
of concentrated sulfuric acid, surface oxidation is usually always accompanied by sulfona-
tion. This produces oxidized functional groups such as COOH, C=O and OH [54], which
can promote further functionalization of biochar-based solid acids with other properties,
resulting in synthesized materials with high catalytic efficiency and excellent stability [55].

3.4. Metal Nanoparticle Loading

As was already mentioned above, the pyrolysis reaction typically takes place in
an anaerobic environment where the biomass is broken down into charcoal and a few
volatile low-molecular-weight chemicals, both of which have significant reducing abilities.
Therefore, if certain loaded high-valent metal compounds are pyrolyzed alongside biomass,
the reducing capabilities of the low-molecular-weight compounds can convert the high-
valent metal compounds to zero-valent metal nanoparticles. In this way, biochar materials
loaded with metal nanoparticles can be synthesized by in situ loading on biochar materials.
The synthesis of biochar nanocomposites has several advantages: (1) the formation of
biochar and the growth of metal nanoparticles occur simultaneously, thus avoiding the
introduction of redundant reactions and impurities by using other reducing agents; (2) the
metal compounds have a catalytic effect on the pyrolysis of biomass, thus increasing the
yield of bio-oil and making the structure of biochar more porous after the reaction; for
example, FeCl3 can then act as a catalyst during biomass pyrolysis and help improve the
porous structure of the biochar obtained [56]. Richardson’s team [57,58] reported that
many of the oxidation groups present in the biochar material can act as active sites for Ni2+

adsorption during the aqueous impregnation step. This produced uniformly dispersed
metal precursors in the biomass matrix. Subsequently, these precursors were reduced in
situ to metallic Ni nanoparticles by a carbothermal reduction reaction at a temperature of
about 500 ◦C. The metal solution impregnation with loaded metal ions was utilized by Lai
C’s team [59], which dried and ground the biochar material and pyrolyzed it, followed
by impregnation in a mixture of ferric chloride and manganese chloride and dispersed
into ultrasound. After that, ammonia was added drop by drop and stirred, and finally
centrifuged to obtain a new biochar catalytic adsorption material capable of adsorption
and degradation treatment of tetracycline, and its catalytic decomposition efficiency of
tetracycline was able to reach nearly 92%.

3.5. Surface Binding of Nanostructures

The abundance of surface functional groups in biochar above typical activated carbon
is a significant benefit. It appears that these functional groups can respond favorably to
different nanostructures. For example, surface “modification” of biochar has been reported
for hickory chips and sugarcane bagasse by pyrolysis with carbon nanotubes (CNT) [60]. To
CNTs with carboxylic acid functionalization, the functional groups on biochar are extremely
reactive. The physicochemical characteristics of biochar can be dramatically changed by
the hybridization of carbon nanotubes, which also greatly enhances its efficacy in removing
pollutants. Therefore, another intriguing area of exploration is the incorporation of natu-
rally occurring inorganic chemicals in biochar for the formation of useful nanostructured
materials [61]. Since silicon (Si) is a plentiful element in plant biomass (such as rice husk),
the resulting rice husk biochar can be used as a low-cost and economically viable raw
material for the manufacturing of silicate and silica products [62].

3.6. Other Modification Methods

Besides the main modification methods mentioned above, there are some uncommon
modification methods, such as microwave activation and freeze-thaw processing cycles.
Microwave activation is now a very promising technique for biomass and biochar treat-
ment due to its fast, selective, uniform, and volumetric heating [63], the energy-saving
performance also meets the current sustainable development requirements. In recent years,
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the microwave-assisted method is mainly used to improve the specific surface area for
biochar, and the research is mainly focused on using biochar for soil remediation and
soil amendment [64,65]. As an aspect of wastewater treatment, Qu’s team [66] used a
microwave-assisted hydrothermal method to synthesize biochar and achieved an amaz-
ingly high specific surface area of 2097.50 m2·g−1.

The freeze-thaw cycle is a traditional process for soil remediation. This method can
rapidly age biochar materials in a relatively short period. It was found that the biochar
hydrophilicity and polarity increased, whereas its aromaticity decreased [67]. The BET area
of processed biochar has become greater than ordinary biochar. It is quite an efficient way
to increase the adsorption capacity of biochar.

Although there are many methods of surface modification, in order to search for more
efficient and new catalyst materials, there are generally more studies using a combination
of modification methods, such as Gholami’s team [68], which combined both loaded metal
nanoparticles and surface amination, and their studied catalysts have some degradation
effect on some hard-to-treat organic substances.

Table 3 summarized recent research on biochar in the water treatment field. The table
shows us that surface oxidation, such as pyrolysis and metal loading, is now very widely
used in biochar modification. and nowadays adsorption is still a common way of treating
wastewater by using biochar, especially when used for the treatment of metal ions, and that
adsorption properties are often the most important property of biochar materials. On the
other hand, for the treatment of printing and dyeing wastewater or organic matter, biochar
materials are always used in an integrated process combined with adsorption, catalytic,
and degradation.

Table 3. Biochar utilization for water treatment.

Feedstock Modifier Modification
Method

Pyrolysis
temperature

(◦C)

Specific Surface
Area (m2·g−1) Contaminant Treatment References

Corn straw FeCl3
Pyrolyzed,

stirred,
pyrolyzed

300–700 4.35–173.9 Carbendazim Adsorption [69]

Forestry waste K2FeO4, Pyrrole,
Aniline

Soaked,
pyrolyzed,
vigorously

stirred

300 56.97 Cr(VI)
Absorption

and
Photocatalytic

[70]

Citrus peel NaOH, Fe3O4
Soaked,

pyrolyzed 500–800 64.45–288.91 Cd(II) Adsorption [71]

Apple tree
branches Phosphate Stirred,

pyrolyzed 500 37.8 Cd(II) Adsorption [72]

Pinecone FeCl3, AlCl3
Pyrolyzed,

stirred 600 - Fluoride Adsorption [73]

Corn straw NaOH, KMnO4,
H2SO4

Pyrolyzed,
Freeze-thaw

cycles, Soaked
450 412.058 City tail water Adsorption [67]

Rice straw KOH Hydrothermal,
pyrolyzed 750 2372.51 Hg Adsorption [74]

Durian shell,
branches of

Robinia
pseudoacacia

Fe (NO)3·9H2O
MnSO4·H2O

Pyrolyzed,
shaken,

pyrolyzed
500 96.35 Cd(II) Adsorption [75]

Sidr plant
leaves H3PO4

Pyrolyzed,
soaked 450 4.2948–6.0873 Ciprofloxacin Adsorption [76]

Coconut shell Urea, FeSO4
Soaked,

Pyrolyzed 500 637.0493–
972.8714 Rhodamine B Adsorption [77]

Rice husks FeCl3
Pyrolyzed,

stirred,
pyrolyzed

600–800 79.3736–264.5860 Bisphenol A Adsorption
and Catalytic [78]
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Table 3. Cont.

Feedstock Modifier Modification
Method

Pyrolysis
temperature

(◦C)

Specific
Surface Area

(m2·g−1)
Contaminant Treatment References

Cotton FeCl3, NaSO4,
HNO3

Pyrolyzed,
soaked,

hydrothermal
800 2.45–8.68 As(III) Adsorption [79,80]

Coconut shell KMnO4
Soaked,

pyrolyzed 300–600 396.41–465.84 EDTA-Cu(II)
Fenton-like

catalytic
(Redox)

[81]

Waste sawdust Red mud Mixed,
pyrolyzed 800 23.51 Rhodamine B

Fenton-like
catalytic
(Redox)

[82]

Potato straw MnFe2O4
Pyrolyzed,
sonicated 500 99.43 Methyl orange

Fenton-like
catalytic
(Redox)

[83]

Rice straw FeS2

Mixed,
pyrolyzed
(calcined)

500 15.07 Ciprofloxacin
Fenton-like

catalytic
(Redox)

[84]

Rice straw Cu(NO3)2

Microwaved,
stirred,

pyrolyzed
(calcined)

600
5.57–280.07
36.059 after

modification

Hydrogen
sulfide

Adsorption
and

Fenton-like
catalytic
(Redox)

[85]

Pepper stalks CuFeO2
Pyrolyzed,

hydrothermal 450 25.4–37.3 Tetracycline
Fenton-like

catalytic
(Redox)

[86]

Rice straw FeCl3
Pyrolyzed,
sonicated,
pyrolyzed

800 - Diethyl
phthalate

Sunlight-
driven

degradation
(Redox)

[87]

4. Application of Biochar Material for Water Treatment

Due to the ease of modification and the porous characteristics, biochar materials have
a wide range of applications in the field of wastewater treatment. Since there are various
types of water treatment, here is a classification to sort out the uses of different biochar
materials in different wastewater treatment situations.

4.1. Treatment of Domestic Sewage

Modern domestic wastewater treatment consists of a series of physical and chemical
processes aimed at reducing nitrogen, phosphorus, and potassium in domestic wastewater
for discharge back into the environment [88]. Nowadays, China has the second-largest
wastewater treatment capacity in the world after the United States [89]. In this context,
environmentally friendly wastewater treatment methods are better in order to achieve
the goal of sustainable development. As a NET material [1], biochar not only has the
advantage of being green and low emission but also has a cost advantage in terms of price
compared to activated carbon [9]. For example, in primary treatment, biochar can be used
to precipitate and remove some of the suspended matter in wastewater, and mixing biochar
with a coagulant for precipitation can enhance the effect of precipitation [90], while in
the traditional aerobic activated sludge process, the addition of biochar can also improve
the dewatering of sludge and increase the settling [91]. In anaerobic digestion, biochar
can accelerate the process of anaerobic digestion and improve the efficiency of anaerobic
digestion because of its redox activity [92]. In addition, biochar is often used to absorb
malodorous gases (e.g., NH3, CH4, H2S, etc.) from wastewater due to its loose and porous
nature [93]. Finally, biochar materials that are rich in nitrogen and phosphorus elements
are also good for increasing soil fertility when dehydrated digested sludge containing
biochar is discharged into the environment [94]. It was found that sewage sludge biochar
was quite an efficient soil supplement [95]. However, due to the complex composition
of wastewater, the toxicity of the treated biochar material should be evaluated to avoid
secondary contamination due to the treatment of wastewater.
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4.2. Treatment of Industrial Wastewater

Among the industrial wastewater produced by modern industries, the three main
sources of wastewater are dyeing wastewater, pharmaceutical wastewater, and mining
wastewater [90] (showed in Figure 3), and different biochar modification and treatment
strategies are used to cope with different wastewater, depending on their active ingredients
(e.g., Figure 4). Pharmaceutical and dyeing wastewaters contain a high content of organic
matter, and a better method for the removal of this organic matter is to generate free radicals
through chemical catalysis to promote the oxidation of polluting organic matter in the
wastewater by catalytic oxidants.

Water 2023, 15, x FOR PEER REVIEW 10 of 18 
 

 

4.1. Treatment of Domestic Sewage 
Modern domestic wastewater treatment consists of a series of physical and chemical 

processes aimed at reducing nitrogen, phosphorus, and potassium in domestic 
wastewater for discharge back into the environment [88]. Nowadays, China has the sec-
ond-largest wastewater treatment capacity in the world after the United States [89]. In this 
context, environmentally friendly wastewater treatment methods are better in order to 
achieve the goal of sustainable development. As a NET material [1], biochar not only has 
the advantage of being green and low emission but also has a cost advantage in terms of 
price compared to activated carbon [9]. For example, in primary treatment, biochar can be 
used to precipitate and remove some of the suspended matter in wastewater, and mixing 
biochar with a coagulant for precipitation can enhance the effect of precipitation [90], 
while in the traditional aerobic activated sludge process, the addition of biochar can also 
improve the dewatering of sludge and increase the settling [91]. In anaerobic digestion, 
biochar can accelerate the process of anaerobic digestion and improve the efficiency of 
anaerobic digestion because of its redox activity [92]. In addition, biochar is often used to 
absorb malodorous gases (e.g., NH3, CH4, H2S, etc.) from wastewater due to its loose and 
porous nature [93]. Finally, biochar materials that are rich in nitrogen and phosphorus 
elements are also good for increasing soil fertility when dehydrated digested sludge con-
taining biochar is discharged into the environment [94]. It was found that sewage sludge 
biochar was quite an efficient soil supplement [95]. However, due to the complex compo-
sition of wastewater, the toxicity of the treated biochar material should be evaluated to 
avoid secondary contamination due to the treatment of wastewater. 

4.2. Treatment of Industrial Wastewater 
Among the industrial wastewater produced by modern industries, the three main 

sources of wastewater are dyeing wastewater, pharmaceutical wastewater, and mining 
wastewater [90] (showed in Figure 3), and different biochar modification and treatment 
strategies are used to cope with different wastewater, depending on their active ingredi-
ents (e.g., Figure 4). Pharmaceutical and dyeing wastewaters contain a high content of 
organic matter, and a better method for the removal of this organic matter is to generate 
free radicals through chemical catalysis to promote the oxidation of polluting organic mat-
ter in the wastewater by catalytic oxidants. 

 
Figure 3. Industrial wastewater from different sources and their treatment methods. 

In mining wastewater, due to its richness in metal ions, precipitation is generally 
used [96], together with subsequent redox reactions to remove metal ions from polluted 
water. The precipitation capacity of biochar comes mainly from its ability to form insolu-
ble phosphates, hydroxides, or carbonates with metals [97]. In order to increase its precip-
itation capacity, materials with higher ash content possess a greater advantage [98,99], 
from which it can be reflected that biomass with low lignin content is more suitable as 
biochar material for precipitation compared to biomass with high lignin content [25,26]. 

Figure 3. Industrial wastewater from different sources and their treatment methods.

Water 2023, 15, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 4. Different stages of graphite-like biochar amination process. 

In terms of catalysis, different modification methods and preparations of biochar ma-
terials are basically aimed at increasing the specific surface area and introducing active 
substances to improve the efficiency of catalysis. Biochar materials with graphite-like 
structures possess greater advantages in this regard [100]. Zheng Fan’s team used Modi-
fied Caulis spatholobi Residue Biochar to improve the adsorption of tetracycline in water 
by using potassium modification. It is a special way to modify by using alkali to oxidize 
the surface of biochar [101]. Gholami’s team [68] used a mixture of sulfuric acid and nitric 
acid to treat the biochar materials and added Cu(NO3)2.3H2O, Fe(NO3)3.6H2O, NH4F and 
CO(NH2)2 to the modified biochar powder by dispersing it in deionized water and per-
forming a hydrothermal reaction. Hydrothermal reactions were carried out and the mate-
rials thus obtained were subjected to degradation experiments on cefazolin sodium. Both 
Mao Q’s team and Rubeena’s team [102,103] modified the biochar material by loading 
nanoparticles, with the difference that Mao Q’s team used a reducing agent, firstly adjust-
ing the FeSO4–7H2O solution to pH 5.0, followed by adding NaBH4 solution to the mixture 
and stirring vigorously at 200 rpm for 30 min to reduce the iron ions in the solution to 
zero-valent iron for the degradation of ciprofloxacin solution, while the Rubeena team 
only impregnated the biochar material and later used it for the degradation of acidic Big 
Red dye. Rong X’s team and Li S’s team [104,105], on the other hand, took advantage of 
the properties of Fe3O4 and dispersed them in biomass materials to make catalysts con-
taining magnetic properties for easy recovery and reuse. The latter achieved 95.5% degra-
dation of carbamazepine. Shengquan Zeng’s team [106] used ferric chloride to activate the 
biochar material by dipping bermudagrass into ferric chloride solution and then drying 
and pyrolyzing it in a tube furnace, and the obtained product was able to achieve 99.94% 
removal of sulfamethoxazole in the Fenton reaction. Lingamdinne’s team [107] even used 
watermelon rind to modify it to make biochar materials that can purify uranium-contain-
ing wastewater, using a similar method to the one previously listed, where soaking fol-
lowed by pyrolysis was used to complete the modification of the biochar material using 
metal ion loading. It can be found that in the direction of catalysis, the use of iron salt-
based materials for activation and modification, and the selection of various biochar ma-
terials have become a consensus in the academic community. 

4.3. Biochar in Oil Spills 
Due to industrialization, the dependence on oil and its derivatives is increasing, and 

the globalized market inevitably leads to a large-scale transnational oil trade. In this con-
text, environmental pollution caused by oil and its derivatives is on the rise. Such as well 
blowouts during oil field development, various accidents that tend to lead to pipeline 
leaks and storage tank leaks, tankers and their leaks, oil well drilling, refineries, and pro-
duction equipment maintenance are common causes of oil and its derivatives leaks and 
discharges during oil development process [108,109]. Such discharges, in turn, can easily 
cause pollution in water bodies and terrestrial ecosystems. Oil refineries, gas stations, and 
petrochemical and pharmaceutical industries are the most important sources of these pol-
lutants in the soil circle and water bodies. Many pollutants such as hydrocarbons are non-
biodegradable due to their high molecular weight, complex structure, and hydrophobicity 

Figure 4. Different stages of graphite-like biochar amination process.

In mining wastewater, due to its richness in metal ions, precipitation is generally
used [96], together with subsequent redox reactions to remove metal ions from polluted
water. The precipitation capacity of biochar comes mainly from its ability to form insoluble
phosphates, hydroxides, or carbonates with metals [97]. In order to increase its precipitation
capacity, materials with higher ash content possess a greater advantage [98,99], from which
it can be reflected that biomass with low lignin content is more suitable as biochar material
for precipitation compared to biomass with high lignin content [25,26].

In terms of catalysis, different modification methods and preparations of biochar
materials are basically aimed at increasing the specific surface area and introducing active
substances to improve the efficiency of catalysis. Biochar materials with graphite-like
structures possess greater advantages in this regard [100]. Zheng Fan’s team used Modified
Caulis spatholobi Residue Biochar to improve the adsorption of tetracycline in water by
using potassium modification. It is a special way to modify by using alkali to oxidize the
surface of biochar [101]. Gholami’s team [68] used a mixture of sulfuric acid and nitric
acid to treat the biochar materials and added Cu(NO3)2.3H2O, Fe(NO3)3.6H2O, NH4F
and CO(NH2)2 to the modified biochar powder by dispersing it in deionized water and
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performing a hydrothermal reaction. Hydrothermal reactions were carried out and the
materials thus obtained were subjected to degradation experiments on cefazolin sodium.
Both Mao Q’s team and Rubeena’s team [102,103] modified the biochar material by loading
nanoparticles, with the difference that Mao Q’s team used a reducing agent, firstly adjusting
the FeSO4–7H2O solution to pH 5.0, followed by adding NaBH4 solution to the mixture
and stirring vigorously at 200 rpm for 30 min to reduce the iron ions in the solution to
zero-valent iron for the degradation of ciprofloxacin solution, while the Rubeena team
only impregnated the biochar material and later used it for the degradation of acidic Big
Red dye. Rong X’s team and Li S’s team [104,105], on the other hand, took advantage
of the properties of Fe3O4 and dispersed them in biomass materials to make catalysts
containing magnetic properties for easy recovery and reuse. The latter achieved 95.5%
degradation of carbamazepine. Shengquan Zeng’s team [106] used ferric chloride to activate
the biochar material by dipping bermudagrass into ferric chloride solution and then drying
and pyrolyzing it in a tube furnace, and the obtained product was able to achieve 99.94%
removal of sulfamethoxazole in the Fenton reaction. Lingamdinne’s team [107] even used
watermelon rind to modify it to make biochar materials that can purify uranium-containing
wastewater, using a similar method to the one previously listed, where soaking followed
by pyrolysis was used to complete the modification of the biochar material using metal
ion loading. It can be found that in the direction of catalysis, the use of iron salt-based
materials for activation and modification, and the selection of various biochar materials
have become a consensus in the academic community.

4.3. Biochar in Oil Spills

Due to industrialization, the dependence on oil and its derivatives is increasing, and
the globalized market inevitably leads to a large-scale transnational oil trade. In this con-
text, environmental pollution caused by oil and its derivatives is on the rise. Such as well
blowouts during oil field development, various accidents that tend to lead to pipeline
leaks and storage tank leaks, tankers and their leaks, oil well drilling, refineries, and pro-
duction equipment maintenance are common causes of oil and its derivatives leaks and
discharges during oil development process [108,109]. Such discharges, in turn, can easily
cause pollution in water bodies and terrestrial ecosystems. Oil refineries, gas stations,
and petrochemical and pharmaceutical industries are the most important sources of these
pollutants in the soil circle and water bodies. Many pollutants such as hydrocarbons are
non-biodegradable due to their high molecular weight, complex structure, and hydropho-
bicity and can persist in the environment for a long time, while they contain toxic and
carcinogenic properties [110], so such compounds in the ecosystem pose a threat to the
health of animals and humans. To deal with these pollutants, biochar, which is inexpensive
and environmentally friendly and at the same time a good adsorbent and photocatalytic
carrier [111], came into the spotlight. Zeng’s team [112] used bamboo powder to synthesize
magnetic porous biochar for cleaning up high-viscosity oil spills. Bazargan’s team [113]
completed experiments on the direction of oil-water separation using cellulose-rich biomass,
which was pyrolyzed on rice husk under the nitrogen atmosphere, followed by treatment
of biomass materials using alkali, and obtained better oil-water separation results.

4.4. Different Biochar in Water Treatment

Rhodamine B, one of the most main hazardous xanthene dyes in wastewater [114], is
a common water-soluble organic dye that has been the subject of a very large number of
experiments. There are much data on the adsorption capacity of different biochar materials
on rhodamine B, which can reflect the treatment capacity of different biochar materials on
organic wastewater or printing and dyeing wastewater. Table 4 shows different biochar
materials’ degradation abilities on rhodamine B.
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Table 4. Different biochar material effect on rhodamine B.

Feedstock Modifier Treatment
Pyrolysis

Temperature
(◦C)

Specific Surface
Area (m2·g−1) pH in Reaction

Adsorption Capacity
or Catalysis
Efficiency

References

Cement waste ZnCl2 Adsorption 600 23.30 4.3 531.836 mg·g−1 [115]

Musa paradisiaca KOH and H3PO4 Adsorption 500 985 4 7.003 mg·g−1 and
6.878 mg·g−1 [116]

Olive Biomass Waste ZnCl2 Adsorption 600 - 4 or 3 263.71 mg·g−1 [117]
Plaintain peels Fe(NO3)3 Adsorption 500 - 7 84.41 mg·g−1 [118]

Chlorella FeCl3 and FeSO4 Adsorption 900 338.6, 350.2,
527.6 7

179.7 mg·g−1 (CBC)

[119]
185.1 mg·g−1

CBC-Fe(II)
289.6 mg·g−1

CBC-Fe(III)

Bamboo shoot shell hydrothermal
carbonization Adsorption 800 513 7 85.8 mg·g−1 [120]

Anaerobic granular
sludge Fe(NO3)3 Catalysis 800 249.145 3 90% at 0.4 g·L−1 [121]

Snake fruit peel FeCl3 and FeSO4 Catalysis 400 126.8 7 99.90% [122]
Poplar wood flour FeCl3 and MnSO4 Catalysis 600 115.11 5 93.1% at 1.0 g·L−1 [123]

Bagasse Cd(NO3)2 Catalysis 600 609.35 4.14 Nearly 100%
at 0.5 g·L−1 [124]

From the table, we can find that the absorption effect of rhodamine B varies greatly
among different biochar materials, while the effect of catalysis basically achieves a very
high degradation rate. Besides, it shows that porous materials are easier to gain more
adsorption capacity and efficiency. In addition, there are multiple modifiers or methods for
modifying adsorption biochar, while the methods for modifying catalytic biochar materials
are basically related to iron or manganese metal salts.

5. Conclusions

In recent years, new biochar materials have made great developments in water treat-
ment, which have improved the efficiency of environmental wastewater treatment and
reduced the cost of treating wastewater. The adsorption and catalysis efficiency has reached
a very high level. It seems that a similar method of biochar processing can be widely
used in different ways in water treatment. This will be the key to reducing costs and
increasing yields, and we can also see the effects of biochar materials in different areas.
This is consistent with the sustainable development concept of low cost and low emissions.
However, on the other hand, in the process of wastewater treatment, the toxicity of biochar
for adsorption needs to be assessed, otherwise, there will be a risk of secondary pollution,
and the environmental friendliness of the chemical materials added or influenced by the
preparation of biochar materials is still worth studying and debating, if more chemical
materials are consumed in the preparation process and more difficult to treat industrial
effluents are produced, it will be more than worth the loss. In addition, today’s biochar
modification methods are similar and not very distinguishable, with most of the prepa-
ration methods revolving around immersion in metal solutions and alkaline or acidic
solutions. While immersion in metal solutions is undeniably the simplest and most efficient
method, new preparation methods are equally important in the research of novel materials.
Microwave activation as well as hydrothermal carbonization is a new direction for mod-
ification. Microwave-assisted biochar has various applications but is rare in wastewater
treatment. This might be a new direction to study.

To meet the requirements of the sustainable development concept, the development of
new biochar can be studied in depth mainly from the following aspects: (1) developing
new methods for material synthesis, optimizing preparation processes, and using multiple
composite modifications to add more functionality to biochar materials; (2) exploring in
depth catalysts with different structures and functions to achieve controllable preparation
of high-performance catalysts; (3) exploring new catalysts that are recyclable, low-cost and
environment-friendly to be used in environmental pollution control projects; (4) opening
up new uses and functions of biochar materials to reduce costs and emission.
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