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Abstract: Biochars (BCs) are considered as ecofriendly and multifunctional materials with significant
potential for remediation of contaminated water and soils, while engineered biochars (E-BCs) with
enlarged surface areas and abundant surface functional groups can perform even better in environ-
mental remediation. This review systematically summarizes the key physical and chemical properties
of BCs that affect their pollutant sorption capacities, major methods employed for modification of
E-BCs, the performance of BCs/E-BCs in removing major types of organic (e.g., antibiotics and
pesticides) and inorganic pollutants (e.g., heavy metals), and the corresponding removal mecha-
nisms. The physical and chemical properties of BCs—such as ash or mineral contents, aromaticity,
surface structures, pH, and surface functional groups (e.g., C=O, -COOH, -OH, and -NH2)—depend
primarily on their feedstock sources (i.e., plant, sludge, or fecal) and the pyrolysis temperature. Ion
exchange, precipitation, electrostatic attraction, and complexation are the main mechanisms involved
in the adsorption of inorganic pollutants on BCs/E-BCs, whereas hydrogen bonding, pore filling,
electrostatic attraction, hydrophobic interaction, and van der Waals forces are the major driving forces
for the uptake of organic pollutants. Despite their significant promises, more pilot and field scale
investigations are necessary to demonstrate the practical applicability and viability of BCs/E-BCs in
water and soil remediation.

Keywords: porous carbonaceous material; environmental remediation; adsorption; aromaticity;
alkalinity; surface functional group

1. Introduction

Pollution of surface water and soils by a wide range of organic pollutants, such as
pesticides, antibiotics, and inorganic pollutants—e.g., arsenic (As), lead (Pb), and mercury
(Hg)—has become a major environmental problem over the last decades [1,2]. Pollution of
surface water and soils threats food security and poses risk to the ecosystem and human
health, which has attracted wide attention of the regulatory authority and the general
public [3]. As a result, there has been significant need to develop eco-friendly and cost-
effective technologies to remediate contaminated water and soils [4]. In this endeavor,
application of biochars (BCs) and engineered biochars (E-BCs) converted from various
types of biomass has emerged as a promising approach.

BCs are porous carbonaceous materials produced from biomass (wood, leaves, manure,
and other waste materials) pyrolyzed under elevated temperatures (300–700 ◦C) with the
absence of air or the presence of insufficient air [5]. Waste biomass derived from green
sources—such as food, forestry, and agricultural wastes—are often used as feedstocks to
produce biochar [6]. After being pyrolyzed, the labile carbon in the feedstocks is converted
into more recalcitrant forms in BCs, which can last hundreds of years [7]. Although
greenhouse gas emissions occur during the production of BCs, they could still be used as
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an aid to mitigate climate change [7]. With the feedstocks being mostly waste materials,
BC production is a great approach for waste management, and bioenergy (bio-oil/syngas)
can also be captured as by-product during the production process [2]. Furthermore, BCs
have porous structures, high surface areas, and abundant surface functional groups that
are similar to those present on activated carbon, making them excellent sorbents for both
organic and inorganic pollutants in contaminated water and soils [8].

BCs have received significant attention in various fields of research (e.g., agriculture,
material science, and environmental science) over the past decade. A recent study proposed
that they are even more promising in environmental management applications compared
to carbon sequestration and soil improvement [8]. As depicted on Figure 1, the number
of publications on the topic of “biochar” has increased by more than 30-fold from 2010 to
2020. Over the same period, the number of publications related to application of BCs in soil
remediation and water remediation also grew quickly, with slightly more papers published
on the former topic. Overall, a growing body of literature indicates that BCs hold great
promises for the removal of different types of pollutants from contaminated water and
soils. Comprehensive understanding on the characteristics of BCs, how are they produced,
their physical and chemical properties, as well as the specific mechanisms involved in
the removal of organic and inorganic pollutants by BCs and E-BCs is needed for their
successful application in remediating targeted pollutants from surface water and soils. This
review presents an overview on the feedstock materials, synthesis processes, and functional
properties of BCs/E-BCs, and their application in the remediation of contaminated water
and soils. Special attention is paid to the mechanistic interactions between BCs/E-BCs with
the pollutants in surface water and soils. Previous studies focused either on the properties
of BCs and E-BCs and synthesis methods, the factors influencing their properties, or the
mechanisms of pollutant adsorption on them. The present work intended to provide a
systematic review on the BCs/E-BCs for water and soil remediation. The specific objectives
of this review include: (i) introducing the key physical and chemical properties of BCs
with their driven factors (pyrolysis temperature, type of feedstocks, etc.); (ii) summarizing
the physical, chemical, and biological methods employed for tuning engineered BCs; (iii)
discussing the potential of BCs/E-BCs in removing organic and inorganic pollutants from
water and soil media; (iv) elucidating the mechanisms involved in the adsorption of organic
and inorganic pollutants on BCs/E-BCs; and (v) identifying the current knowledge gap
and priorities in future research on BCs/E-BCs.
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2. Types of BCs and Their Physical and Chemical Properties

BCs are derived from thermal decomposition of biomass with little oxygen supply, and
several major approaches have been developed for their production, including pyrolysis,
gasification, and hydrothermal carbonization [9]. The type of feedstock, the production
methods, and the pyrolysis temperatures all affect the physical and chemical properties
of BCs produced. With distinctly different properties, the type of feedstock plays an
important role in the production of BCs [10]. In general, BCs produced from wood materials
contain greater amounts of carbon and less nutrients, whereas the manure-based BCs are
the opposite, and the characteristics of BCs produced from grasses are in between [11].
Nonetheless, the characteristics of BCs can be altered by the pyrolysis techniques and
the pyrolysis temperatures used. In particular, pyrolysis temperature directly influences
the chemical and structural properties of BCs, and the nutrient availability in BCs can
be drastically changed with increases in the pyrolysis temperature [12]. It has been well
observed that the contents of C, Ca, P, K, and ash, as well as the pH of BCs increased with
the pyrolysis temperature, while their O, N, and H contents exhibited the opposite trend [6].
In addition, slow pyrolysis produces BCs with greater contents of N, P, Ca, and Mg, as well
as higher cationic exchange capacity (CEC) and surface area, compared to those produced
by fast pyrolysis [6].

2.1. Types of BCs

Several types of carbonaceous materials are related to BCs, but should be clearly
differentiated:

Char and charcoal: The term char represents any solid stuffs resulting from the natural
or synthetic decomposition of organic substances. Both char and charcoal are produced by
pyrolysis in the environment with little or no oxygen [13]. Charcoal is usually used as a fuel
for heating, cooking, and other energy-producing purposes, whereas BCs are produced for
carbon sequestration and/or as amendment for environmental remediation [14].

Hydrochar: Hydrochar is usually produced as a slurry in water through hydrothermal
carbonization. After hydrothermal processing under pressure, the biomass is further used
as feedstock to produce BC through pyrolysis, carbonization, or gasification. Hydrochar
can be produced from a range of wet waste materials, such as sewage sludge, municipal
solid waste, algal residues, aquaculture waste, and animal manure without drying [15].

Agrichar: BC, when used in agricultural applications, is called agrichar or black
carbon. It is produced by pyrolyzing the green materials and is applied to farmlands
to increase their fertility and productivity. Amendment of agrichar can reduce nutrient
leaching in soils, and thus lower the need of chemical fertilizers. Besides minimizing the
use of chemical fertilizers and increasing the yields of crops, agrichar can also alleviate the
contamination level of soils [13].

2.2. Modification of BCs

With wide availability of raw materials, tunable physical and chemical properties,
BCs have received significant attention in wastewater treatment and carbon sequestra-
tion [16]. Nonetheless, the adsorption capacities of raw BCs are often rather low and they
are not stable enough for subsequent separation from the treated solutions [17]. To improve
the adsorption capacity and stability, E-BCs have been developed by incorporating other
materials. The characteristics of nanoparticles can also be imparted into biochar-based
nanocomposites (BNCs) [18]. Generally, BNCs are categorized as metal oxide/hydroxide
biochar composites, magnetic biochar composites, functional nanoparticle (e.g., graphene
oxide, carbon nanotube, chitosan, and nanoscale zerovalent iron) coated biochars [19]. To
date, various methods have been developed to prepare modified/engineered BCs. As an
example, Figure 2 shows the processes involved in the preparation of magnetic rice husk
BC and its application in removing an organic pollutant from aqueous solution. In this
case, impregnation of iron nanoparticles increased the surface area of rice husk BC and sig-
nificantly improved its adsorption capacity. In addition, the coating by iron nanoparticles
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not only renders the BC magnetic property, which facilitates its separation from aqueous
solution, but also improves its stability [20]. With improved sorption capacities for pollu-
tants and greater stability, such E-BCs are quite promising for application in environmental
remediation. The methods that can be used to produce E-BCs from pristine BCs include.
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2.2.1. Physical Modification

Modification of BCs using physical methods is low cost and environmental friendly
compared to the chemical ones. It improves the physicochemical properties of BCs, such as
porosity and permeability, with easy and controllable treatments. The most commonly used
techniques in the physical modification of BCs include steam/gas activation, microwave
irradiation, ball milling, and magnetization (Figure 3).

Gas/steam activation techniques can increase the surface areas and induce porosity
by removing the residues that are trapped inside the porous structures of BCs due to
the incomplete combustion. When steam is applied on BCs, they can be activated with
hydrogen and carbon dioxide through surface oxidation reactions [21]. As a result, the
steam activated E-BCs show greater adsorption capacities towards methane and nitrogen
dioxide over the pristine BCs [22].

Microwave irradiation, which rises the temperature of BCs by 200–300 ◦C through
microwave heating within a short duration, is an emerging technique for modifying BCs.
E-BCs prepared from microwave irradiation have greater surface areas compared to those
prepared from conventional pyrolysis, and exhibit higher absorption capacities for many
pollutants with hydrophilic functional groups [23]. Integration of microwave irradia-
tion with steam activation or impregnation significantly improves the physicochemical
properties, such as CEC and water holding capacity, of BCs [24].

Ball milling, in which pristine BCs are broken into powder or nanoparticles, is another
common physical modification method. Due to the significant reduction in particle size
and significant increase in surface area, the adsorption capacities of BCs are greatly in-
creased [25]. Ball milling can be classified as physical ball milling and chemical ball milling.
Physical ball milling is the process where the pristine BCs are grinded into finer particles,
whereas chemicals are also added in chemical ball milling for modifying their chemical
properties. Particle size and the surface area of BCs are greatly influenced by physical
ball milling, whereas chemical ball milling can also modify the functional groups and
microporous structure of BCs. The major disadvantages are that the ball milled BCs can
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easily be transported in soils through pores due to their finer sizes, which poses potential
risk to groundwater. Moreover, the stability of BCs after pollutant adsorption is also of
concern. Magnetic BCs prepared from chemical ball milling can be easily recovered using
an external magnetic field. Magnetic BCs have been proven as an efficient adsorbent for
organic and inorganic pollutants from water/wastewater [26]. In addition, magnetization
process also boosts the catalytic activity and surface charge of BCs, and thus makes them
better candidates in environmental remediation.
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2.2.2. Chemical Modification

Pristine BCs can be modified through reactions with different chemicals to make them
efficient for specific applications by improving their physiochemical characteristics. Chem-
ical modification of BCs can be achieved with a range of processes, such as acidic/alkali
modification, coating/impregnation, oxygen plasma activation, and nanocomposite syn-
thesis (Figure 3). BCs modified with acids (e.g., H2SO4, HCl, HNO3, and H3PO4) contain
greater amount of oxygen-containing functional groups, while those modified with alkali
(e.g., KOH and NaOH) have greater contents of carbon [21]. In addition, treatment with
oxidizing agents (e.g., KMnO4 and Fe(III)) can significantly increase the pore size and
specific surface area of BCs [27].

Recently, oxygen plasma activation has been developed as a novel technique for BC
modification, and it bears the advantages of low cost, high efficiency, and environmental
friendliness compared to other chemical-based methods [22]. In the modification process,
oxygen gas flows through a chamber that has dielectric barrier discharge under a certain
pressure. When the reactive gas goes through the plasma chamber, it is converted into
many reactive species, including electrons, excited atoms, and oxygen ions [28]. These
species react with the functional groups on the surfaces of BCs, which renders the oxygen
plasma-activated BCs more active compared to the conventional chemically modified ones.

Chemical modification of pristine BCs by coating or impregnation to form nanocom-
posites with different metal nanoparticles (NPs) can also increase their functional groups,
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surface area, porosity, and CEC. The impregnation can be achieved through pre-treating
feedstock biomass with metal salts, supporting BCs with functional NPs, or forming com-
posites with metal oxide NPs [16]. Pre-treating the biomass with metal salts, clays, or
other chemical reagents can enrich the BC with metal hydroxides or nano-metal oxides
after pyrolysis [17]. NPs have unique characteristics (e.g., higher surface area and multiple
functional groups), which renders them with high affinity for various pollutants. However,
instability is a major disadvantage of NPs, which can be simply overcome by immobilizing
them on BC matrices. BC-NP composites can have higher porosity and surface areas,
multiple functional groups, and good thermal stability, and are proven to be highly efficient
in contaminant removal [29].

2.2.3. Biological Modification

Biological modification of BCs can be achieved through pre-treating the feedstock
biomass with bacterial conversion or anaerobic digestions, and developing biofilms on the
external or internal surfaces of BCs (Figure 3). Digestion of waste biomass through anaero-
bic or aerobic bacteria generates economic value by producing biofuel and biofertilizers.
BCs produced from pyrolyzed digestion residues (after anaerobic digestion) have been
shown to be highly efficient for removing heavy metals and cationic dyes due to their higher
surface areas, high anion exchange capacity, and hydrophobicity [30]. Microorganisms can
increase the performance of BCs in pollutant removal by developing biofilms. Biological
modified BCs through biofilm are quite promising for removal of pharmaceuticals and
other pollutants through immobilization and biotransformation processes [22].

2.3. Physical and Chemical Properties of BCs

The physical and chemical properties of BCs depend mostly on the type of biomass
used as the feedstock material. They can be classified into three types on the basis of the
raw materials used, namely, plant BCs, sludge BCs, and fecal BCs. Out of convenience, BCs
are often named directly after their feedstocks, such as bamboo BCs, rice husk BCs, wood
BCs, straw BCs, and animal excrement BCs [30]. As a result of the significant difference in
the types of feedstocks, as well as the production conditions, the functional properties of
BCs can vary largely. Figure 4 schematically illustrates the characteristics of BCs in terms
of molecular structure, surface morphology, and elemental composition [20].
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2.3.1. Ash and Mineral Contents

BCs are mainly composed of carbon (typically around 60%), along with other ele-
ments, such as hydrogen, oxygen, nitrogen, and sulfur. Carbon exists in BCs in the forms
of hydrocarbons, elemental carbon, and carbon with graphite structure [30]. The chemical
composition of raw materials and the pyrolysis temperature have major impact on the
structure and characteristics of BCs. As shown in Table 1, increasing the pyrolysis tem-
perature reduces the contents of volatile components, as well as the oxygen and nitrogen
contents of BCs. During the pyrolysis process, the contents of many elements (e.g., K, Na,
Ca, and Mg) and nutrients (e.g., N and P) increased in the BCs produced from animal waste
and sludge, which resulted from the gradual removal of the volatile components [30]. Due
to the presence of greater amount of inorganic components, the ash contents in animal
waste and sludge-derived BCs were higher than those in the plant-based ones, while the
former also had a greater number of exchangeable ions and higher CEC.

2.3.2. Aromaticity and Surface Functional Groups

The aromaticity of BCs plays an important role in pollutant adsorption as the aromatic
structures can function as π electron donors or acceptors and form π bonds with the
pollutants [31]. The ratios of H/C and O/C of BCs indicate their aromaticity, which is
largely determined by the pyrolysis temperature. Figure 5 shows the van Krevelen diagram
for various BCs derived from different sources under different pyrolysis temperatures [32].
Increasing the pyrolysis temperature destroys the alkyl and ester groups, and exposes
the aromatic lignin to the BC surface [32]. With the lignin and cellulose present in plant
residue broken down into smaller molecules, the H/C and O/C ratios in plant-residue BCs
decreased during the process of depolymerization or dehydration. In contrast, animal fecal
and sludge BCs did not undergo depolymerization due to the absence of lignocellulosic
compounds in their raw materials. As the carbon contents are higher in plant residue BCs,
their aromaticity is also higher than in faecal and sludge BCs. The functional groups on
BC surface vary significantly with the pyrolysis temperature, which affects their affinity
towards pollutants. In general, BCs produced under higher pyrolysis temperatures have
greater affinity towards heavy metals due to their higher aromaticity and specific surface
areas. Nonetheless, BCs produced under lower pyrolysis temperatures have more oxygenic
functional groups, and thus can still be effective for heavy metal adsorption through
complexation [32].

The pyrolysis temperature greatly influences the surface functional groups of BCs. It
has been observed that the amount of -OH, C=O, and C-O-C functional groups on BCs
decreased with increasing pyrolysis temperature, whereas the C=C and -CH2 functional
groups could be well preserved in pyrolysis [21]. In general, the acidic functional groups
and the yield of BCs both decreased, whereas the alkaline functional groups, pH, and
ash contents of BC increased with increases in pyrolysis temperature [33]. Based on the
heating rate, the pyrolysis process can be classified as slow pyrolysis and fast pyrolysis.
In the slow pyrolysis process, heating occurs over a rather long time (minute to hours),
while heating takes place for milliseconds to produce char, biogas, and syngas in the latter.
Consequently, BC produced from fast pyrolysis contains greater amount of un-pyrolyzed
biomass compared to those produced with slow pyrolysis. Subsequently, BCs produced
under these conditions could have significantly different physiochemical properties [33].



Sustainability 2021, 13, 9932 8 of 25Sustainability 2021, 13, 9932 8 of 25 
 

 
Figure 5. van Krevelen diagram for BCs derived from various sources under different pyrolysis 
temperatures (data are from those summarized in Table 1). Lower H/C and O/C ratios are indicative 
of higher aromaticity of the BC. 

The pyrolysis temperature greatly influences the surface functional groups of BCs. It 
has been observed that the amount of -OH, C=O, and C-O-C functional groups on BCs 
decreased with increasing pyrolysis temperature, whereas the C=C and -CH2 functional 
groups could be well preserved in pyrolysis [21]. In general, the acidic functional groups 
and the yield of BCs both decreased, whereas the alkaline functional groups, pH, and ash 
contents of BC increased with increases in pyrolysis temperature [33]. Based on the heat-
ing rate, the pyrolysis process can be classified as slow pyrolysis and fast pyrolysis. In the 
slow pyrolysis process, heating occurs over a rather long time (minute to hours), while 
heating takes place for milliseconds to produce char, biogas, and syngas in the latter. Con-
sequently, BC produced from fast pyrolysis contains greater amount of un-pyrolyzed bi-
omass compared to those produced with slow pyrolysis. Subsequently, BCs produced un-
der these conditions could have significantly different physiochemical properties [33].  

2.3.3. Surface Area and Pore Structure  
The morphology and structure of BCs are closely related to the types of raw materials 

and the pyrolysis temperature. For BCs produced from the same feedstock, their surface 
areas typically increase with the pyrolysis temperature [2]. In general, the surface areas of 
BCs produced from animal fecal waste and sludge are lower than those derived from plant 
residues because of their lower carbon contents and lower degree of aromatization. Pyrol-
ysis temperature affects the crystalline structure and pore structure of BCs. Park and co-
workers reported that the surface area of sesame straw BCs increased from 6.9 to 289.2 
m2·g−1 while their pore volume increased from 0.0716 to 0.1433 cm3·g−1 when the pyrolysis 
temperature was increased from 500 to 600 °C [9]. During the pyrolysis process of BCs, 
cleavage of chemical bonds and formation of different functional groups (e.g., -COOH 
and -CO) occur in the first stage at temperature <200 °C, due to the evaporation of mois-
ture and light volatiles. Decomposition of cellulose and hemicellulose occurs in the second 
stage with temperature ranging from 200 to 500 °C. The strong bonds of lignin and organic 
matter are broken in the third state at temperatures above 500 °C [34]. As a result, the 

Figure 5. van Krevelen diagram for BCs derived from various sources under different pyrolysis temperatures (data are
from those summarized in Table 1). Lower H/C and O/C ratios are indicative of higher aromaticity of the BC.

2.3.3. Surface Area and Pore Structure

The morphology and structure of BCs are closely related to the types of raw materials
and the pyrolysis temperature. For BCs produced from the same feedstock, their surface
areas typically increase with the pyrolysis temperature [2]. In general, the surface areas
of BCs produced from animal fecal waste and sludge are lower than those derived from
plant residues because of their lower carbon contents and lower degree of aromatization.
Pyrolysis temperature affects the crystalline structure and pore structure of BCs. Park
and co-workers reported that the surface area of sesame straw BCs increased from 6.9 to
289.2 m2·g−1 while their pore volume increased from 0.0716 to 0.1433 cm3·g−1 when the
pyrolysis temperature was increased from 500 to 600 ◦C [9]. During the pyrolysis process of
BCs, cleavage of chemical bonds and formation of different functional groups (e.g., -COOH
and -CO) occur in the first stage at temperature <200 ◦C, due to the evaporation of moisture
and light volatiles. Decomposition of cellulose and hemicellulose occurs in the second
stage with temperature ranging from 200 to 500 ◦C. The strong bonds of lignin and organic
matter are broken in the third state at temperatures above 500 ◦C [34]. As a result, the
physicochemical properties and structure of BCs are strongly correlated with the pyrolysis
temperature. The structure of carbon (C-structure) present in BC has been observed to
respond directly to the change in pyrolysis temperature (Figure 6). BCs produced through
pyrolysis in the temperature range of 300 to 400 ◦C have amorphous C-structure, while
those pyrolyzed between 600 and 700 ◦C and above 1200 ◦C have turbostatic and graphite
structures, respectively [34].
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Table 1. Summary of selected physical and chemical properties of BCs produced from different sources of feedstock.

Source
Material Feedstock

Pyrolysis
Temperature

(◦C)

BC Properties

ReferenceAsh
(%) pH C (%) H (%) O (%) N (%)

Pore
Volume
(cm3·g−1)

Plant

Fescue straw 100 6.9 - 48.60 7.25 44.10 0.64 1.8 [35]
Pine shaving 100 1.2 - 50.60 6.68 42.70 0.05 1.6 [35]
Orange peel 150 0.5 - 50.60 6.20 41.00 1.75 22.8 [36]
Pine shaving 200 1.5 - 50.90 6.95 42.20 0.04 2.3 [35]
Orange peel 200 0.3 - 57.90 5.53 34.40 1.88 7.8 [36]

Cottonseed hull 200 3.1 - 51.90 6.00 40.50 0.60 - [37]
Fescue straw 200 5.7 - 47.20 7.11 45.10 0.61 3.3 [35]
Orange peel 250 1.1 - 65.10 5.12 26.50 2.22 33.3 [36]
Pine shaving 300 1.5 - 54.80 6.50 38.70 0.05 3.0 [35]
Orange peel 300 1.6 - 69.30 4.51 22.20 2.36 32.3 [36]
Buffalo weed 300 20.4 8.7 78.09 4.26 7.44 10.21 4.0 [5]
Fescue straw 300 9.4 - 59.70 6.64 32.70 1.02 4.5 [35]
Peanut shell 300 1.2 7.8 68.27 3.85 25.89 1.91 3.1 [38]

Soybean stover 300 10.4 7.3 68.81 4.29 24.99 1.88 5.6 [38]
Cottonseed hull 350 5.7 - 77.00 4.53 15.70 1.90 4.7 [37]

Orange peel 350 2.0 - 73.20 4.19 18.30 2.30 51.0 [36]
Pine shaving 400 1.1 - 74.10 4.95 20.90 0.06 28.7 [35]
Orange peel 400 2.1 - 71.70 3.48 20.80 1.92 34.0 [36]
Fescue straw 400 16.3 - 77.30 4.70 16.70 1.24 8.7 [35]
Wheat straw 400 9.7 9.1 65.70 4.05 - 1.05 4.8 [39]

Rapeseed plant 400 12.2 - 71.34 3.93 10.84 1.43 16.0 [40]
Spruce wood 400 1.9 6.9 63.50 5.48 - 1.02 1.8 [39]

Soybean stover 400 - - 44.10 - - 2.38 - [41]
Saw dust 450 1.1 5.9 72.0 3.5 24.41 0.08 - [42]

Corn stover 450 58 - 33.20 1.40 8.60 0.81 12.0 [43]
Wheat straw 460 12.0 8.7 72.40 3.15 - 1.07 2.8 [39]
Spruce wood 460 3.0 8.7 79.60 3.32 - 1.24 14.2 [39]
Pine shaving 500 1.4 - 81.90 3.54 14.50 0.08 196.0 [35]
Corn stover 500 32.8 7.2 57.29 2.86 5.45 1.47 3.1 [44]

Cottonseed hull 500 7.9 - 87.50 2.82 7.60 1.50 - [37]
Corn cob 500 13.3 7.8 77.60 3.05 5.11 0.85 - [44]

Orange peel 500 4.3 - 71.40 2.25 20.30 1.83 42.4 [36]
Fescue straw 500 15.4 - 82.20 3.32 13.40 1.09 50.0 [35]

Rapeseed plant 500 12.9 - 75.03 2.62 7.79 1.41 15.7 [40]
Wheat straw 525 12.7 9.2 74.40 2.83 - 1.04 14.2 [39]
Spruce wood 525 4.7 8.6 78.30 3.04 - 1.17 40.4 [39]

Saw dust 550 2.8 12.1 85.0 1.00 13.68 0.30 - [42]
Orange Peel 600 4.1 - 77.80 1.97 14.40 1.80 7.8 [36]

Rapeseed plant 600 13.9 - 78.48 1.88 3.94 1.53 17.6 [40]
Fescue straw 600 18.9 - 89.00 2.47 7.60 0.99 75.0 [35]

Cottonseed hull 650 8.3 - 91.00 1.26 5.90 1.60 34.0 [37]
Pine shaving 700 1.7 - 92.30 1.62 6.00 0.08 347.0 [35]
Buffalo weed 700 32.3 12.3 84.96 1.09 6.56 7.40 9.3 [5]
Orange peel 700 2.8 - 71.60 1.76 22.20 1.72 201.0 [36]
Fescue straw 700 19.3 - 94.20 1.53 3.60 0.70 139.0 [35]
Peanut shell 700 8.9 10.6 83.76 1.75 13.34 1.14 448.2 [38]

Rapeseed plant 700 14.4 - 79.48 1.20 3.29 1.35 19.3 [40]
Soybean stover 700 17.2 11.3 81.98 1.27 15.45 1.30 420.3 [38]

Pinewood 700 38.8 6.6 95.30 0.82 3.76 0.12 29.0 [45]
Cottonseed hull 800 9.2 - 90.00 0.60 7.00 1.90 322.0 [37]
Rapeseed plant 800 15.3 - 79.51 0.72 2.61 1.45 19 [40]
Rapeseed plant 900 - - 79.86 0.42 1.67 1.57 140.4 [40]
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Table 1. Cont.

Source
Material Feedstock

Pyrolysis
Temperature

(◦C)

BC Properties

ReferenceAsh
(%) pH C (%) H (%) O (%) N (%)

Pore
Volume
(cm3·g−1)

Sludge/
faecal

Paper sludge 105 31.5 7.9 45.93 5.67 46.80 1.51 4.2 [5]
Tire rubber 200 15.0 - 74.70 6.38 3.92 - - [46]

Sewage sludge 300 56.6 6.8 30.72 3.11 11.16 4.11 4.5 [5]
Paper sludge 300 51.2 7.8 60.00 3.71 33.81 2.49 4.3 [5]

Feedlot residue 350 28.7 9.1 53.32 4.05 15.70 3.64 1.3 [47]
Turkey litter 350 34.8 8.0 49.28 3.60 15.40 4.07 2.6 [47]
Poultry litter 350 30.7 8.7 51.07 3.79 15.63 4.45 3.9 [47]
Tire rubber 400 15.4 - 77.70 3.56 3.34 - 24.2 [46]

Sewage sludge 400 67.1 6.6 26.62 1.93 10.67 4.07 14.1 [5]
Sewage sludge 500 71.9 7.3 20.19 1.08 9.81 2.84 26.2 [5]
Sewage sludge 600 74.6 8.3 24.76 0.83 8.41 2.78 35.8 [5]

Tire rubber 600 15.6 - 81.30 1.67 1.43 - 51.5 [46]
Pine shaving 600 3.7 - 89.00 2.99 8.00 0.06 392.0 [35]
Chicken litter 620 53.2 - 41.50 1.20 0.70 2.77 - [48]

Feedlot residue 700 44.0 10.3 52.41 0.91 7.20 1.70 145.2 [47]
Sewage sludge 700 76.6 8.1 22.04 0.57 7.09 1.73 54.8 [5]
Paper sludge 700 73.8 9.9 59.88 0.71 37.89 1.46 145.6 [5]
Poultry litter 700 46.2 10.3 45.91 1.98 10.53 2.07 50.9 [47]
Turkey litter 700 49.9 9.9 44.77 0.91 5.80 1.94 66.7 [47]
Tire rubber 800 10.5 - 86.00 0.87 2.16 0.47 50.0 [46]
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2.3.4. Alkalinity and pH

Due to the presence of carbonates and other alkaline components formed during py-
rolysis, BCs are capable of accepting protons without significant changes in their structure.
The alkalinity and pH of BCs typically increase with the pyrolysis temperature [30]. BCs
produced from different feedstocks also vary in alkalinity and pH, with plant-residue BCs
being less alkaline than those produced from animal manure. As a result of their alkalinity,
amendment with BCs increases and buffers the soil pH [5]. In addition, BCs produced under
higher pyrolysis temperatures, which are more alkaline, are good sorbents for heavy metals,
and they could also promote the formation of metal hydroxide precipitates on their surfaces.

2.3.5. Hydrologic Properties

Water repellency of BCs and E-BCs is an important property, which has significant
influence on the water retention of soils. The hydraulic properties of soil amended with
BCs can be significantly correlated with the contents of BCs, although these correlations
are still not fully understood yet [49]. The hydrologic properties of BCs are directly
influenced by the production process/method, type of feedstock, and their particle size
and wetting properties [49]. Among these factors, the pyrolysis temperature has the most
significant impact on the hydrologic properties of BCs, and thus those of the amended
soils (field capacity). It is reported that BCs produced at higher temperatures (400–600 ◦C)
possessed the most desirable hydrologic properties, whereas hydrophobicity is strongly
correlated with the presence of aliphatic domains on the surface of BCs produced at lower
temperatures [50].

3. Adsorption of Pollutants on BCs

Porous carbonaceous materials have been used as efficient sorbents for removing
organic and inorganic pollutants from water and soils, with activated carbon being the
most widely used one. Activated carbon is essentially charcoal treated with oxygen to
increase the surface area and porosity. Both activated carbon and BC are produced through
pyrolysis, while the latter is usually not further treated or activated [51]. Moreover, BCs can
contain some non-carbonized surface functional groups, such as phenolic, carboxyl, and
hydroxyl groups, which could bind effectively with certain pollutants. The multifunctional
nature of BCs makes them effective sorbents for both organic and inorganic pollutants [52].
As discussed earlier, the feedstock and pyrolysis temperature largely determine the physical
and chemical properties of BCs, and thus their performance in adsorbing pollutants.

3.1. Adsorption of Organic Pollutants

Due to their good affinity towards a wide range of organic pollutants and low cost,
there has been significant interest in using BCs or E-BCs, instead of activated carbon, to
remove organic pollutants from water and soils [53]. Tables 2 and 3 summarize the organic
pollutants removed by BCs and E-BCs from water and soils reported in recent studies,
respectively. The most widely occurring organic pollutants, including antibiotics, organic
dyes, herbicides, pesticides, and polycyclic aromatic hydrocarbons, could all be efficiently
removed with BCs and E-BCs through adsorption [20,54–57].

With high specific surface area and microporosity, as well as carbonized surface and
a range of functional groups, BCs are good sorbents for organic pollutants [58]. BCs
pyrolyzed at low temperatures (below 400 ◦C) have high affinity for organic pollutants
due to the partitioning of these compounds into their non-carbonized compartments [31].
Meanwhile, aromaticity and surface polarity are also important properties of BCs that
affect the sorption of organic compounds. With increases in the pyrolysis temperature,
the surface of BCs becomes more aromatic due to the gradual loss of the oxygen- and
hydrogen-containing functional groups [59]. It has been observed that the sorption of
deisopropylatrazine on BCs produced from broiler litter increased with the pyrolysis
temperature (up to 700 ◦C) due to the increase in its aromaticity. Nonetheless, an opposite
trend was observed in the adsorption of norflurazon and fluridone, with the BC produced
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at 400 ◦C exhibiting the highest sorption capacity [21]. This could be explained by the
different dominant sorption mechanisms involved with different pollutants. It appears
that desisopropylatrazine primarily interacts with the aromatic functional groups of the
BCs, while norflurazon and fluridone interact mostly with their polar functional groups.
Cationic organic compounds, such as crystal violet dye and norfloxacin, also adsorb on
the negatively charged surface of BCs through electrostatic attraction [20,29]. The major
mechanisms responsible for the removal of various organic pollutants from water by BCs
are presented in Table 2. While adsorption of organic pollutants on BCs depends primarily
on the interactions between them, solution chemistry, such as pH and ionic strength, can
have significant impact through altering the surface charge of the BCs, the speciation of the
organic pollutants, and the salting out effect.

Table 2. Summary of organic pollutants removed from water by BCs and the corresponding removal mechanisms involved
reported in the literature.

Source
Material

Organic
Pollutant

Feedstock of
BC

Pyrolysis
Temperature

of BC (◦C)

Adsorption
Capacity of
BC (mg·g−1)

Removal Mechanism Reference

Plant

Nitrobenzene Pine needles 100–700 - Transitional adsorption and partition [60]

Norflurazon
and fluridone

Grass and
wood 200–600 - Sorption on amorphous C phase [61]

Phenanthrene Soybean stalk 300–700 - Partitioning [62]

Sulfamethazine Tea waste 300–700 2.43–7.12
π–π EDA interaction, cation–π

interaction, cation exchange, negative
charge-assisted H-bonding

[63]

Sulfamethazine Sicyos angulatus
L. 300–700 15.7–20.6 π–π EDA, H-bonding, hydrophobic

effect, electrostatic interaction [64]

Methyl violet Crop residue 350 -

Electrostatic attraction; interaction
between dye and carboxylate and
phenolic hydroxyl groups; surface

precipitation

[65]

Phenanthrene Wheat straw 400 6.92 H-bonding, hydrophobic effect,
pore-filling, π–π interaction [61]

Chlorpyrifos
and fipronil Cotton straw 400–850 - Adsorption due to high surface area

and microporosity [66]

Tetracycline Rice husk 450–500 -
Formation of π–π interactions between
ring structure of tetracycline molecule

and graphite-like sheets of BC
[42]

Norfloxacin Corn stalk 500 7.25 Electrostatic interaction, π–π EDA
interaction, pore-filling [29]

Norfloxacin Reed stalk 500 3.51 Electrostatic interaction, π–π EDA
interaction, pore-filling [29]

Norfloxacin Willow branch 500 6.26 Electrostatic interaction, π–π EDA
interaction, pore-filling [29]

Sulphamethoxazole Bamboo 450, 600 - Precipitation, ion exchange, cation-π
bonding, complexion [67]

Sulphamethoxazole Pepperwood 450, 600 - Hydrophobic effect, H-bonding, π–π
EDTA interaction [67]

Sulphamethoxazole Hickory wood 450, 600 - Hydrophobic effect, H-bonding, π–π
EDTA interaction [67]

Pyrimethanil Red gum
woodchip 450–850 - Adsorption due to high surface area

and microporosity [68]

Pyrene Corn stover 600 - Adsorption due to nano-porosity [69]

Crystal violet
dye Rice husk 600–800 80.04 Pore-filling, hydrophobic effect, π–π

interaction [20]

Eriochrome
Black T dye Rice husk 600–800 5.09 Pore-filling, hydrophobic effect, π–π

interaction [20]
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Table 2. Cont.

Source
Material

Organic
Pollutant

Feedstock of
BC

Pyrolysis
Temperature

of BC (◦C)

Adsorption
Capacity of
BC (mg·g−1)

Removal Mechanism Reference

Sludge/
faecal

Phenanthrene Poultry litter 250–400 46.7–61.8 H-bonding, hydrophobic effect,
pore-filling, π–π EDA interaction [61]

Atrazine Dairy manure 200 - Partitioning into organic C/sorption [70]

Atrazine Pig manure 350–700 0.08–0.32 Pore-filling, hydrophobic effect, π–π
EDA interaction, H-bonding, partition [71]

Deisopropylatrazine Broiler litter 350–700 -
Sorption due to high surface area and

aromaticity; sorption on non-
carbonized fraction

[72]

Carbaryl Pig manure 350–700 2.23–2.28 Pore-filling, hydrophobic effect, π–π
EDA interaction, partition [71]

Besides removing organic pollutants from water, BCs can also be used to adsorb
organic pollutants in soils, and thus reduce their bioavailability and risk. Table 3 sum-
marizes the organic pollutants in contaminated soils that could be removed by BCs and
the corresponding mechanisms involved. Overall, BCs produced under higher pyrolysis
temperatures exhibited higher adsorption capacities for organic pollutants from both water
and soils (Tables 2 and 3). This could be attributed to the increases in specific surface areas
and microporosity of the BCs produced under higher pyrolysis temperatures. BCs pro-
duced from hardwood at pyrolysis temperatures above 400 ◦C were found to be effective at
suppressing the leaching and biodegradation of simazine in groundwater, which resulted
from its effective sorption in the micropores [73,74]. BCs produced from cotton straws at
a pyrolysis temperature of 850 ◦C could effectively adsorb chlorpyrifos and increased its
apparent microbial degradation half-life by 1.6 times [66,75]. As shown in Table 3, BCs
produced at lower pyrolysis temperatures are generally less efficient at adsorbing organic
pollutants from soils. It is worth noting that the soil matrix is much more complex than
that of water, which could complicate the adsorption of organic pollutants. For example,
the bioaccessibility of pesticides in soils could be significantly reduced due to coating of
the BC particles by the organic matter present in natural soils [76]. Adsorption of organic
pollutants on BCs could also be reduced due to blockage of their micropore spaces.

Table 3. Summary of organic pollutants removed from soils by BCs and the corresponding removal mechanisms involved
reported in the literature.

Source
Material Organic Pollutant BC Feedstock

Pyrolysis
Temperature

of BC (◦C)
Performance of BC Removal Mechanism Reference

Plant

Fipronil Cotton straws 450 Decreased plant uptake
by 20%

Adsorption, microbial
degradation [66]

Carbamazepine Oil mallee 450 Decreased plant uptake
by 32% Adsorption [57]

Carbamazepine wheat chaff 450 Decreased plant uptake
by 17% Adsorption [57]

DEHP Bamboo
sawdust 500

Decreased plant uptake in
low soil organic

carbon(SOC) soil, but had
no effect for high SOC soil

Adsorption, microbial
degradation [56]

DEHP Rice straw 500
Decreased plant uptake in
low SOC soil, but had no
effect for high SOC soil

Adsorption, microbial
degradation [56]

Organochlorine
pesticides Peanut shells 500 Reduced the accessibility

by 11–75%
Adsorption, altered soil
microbial community [54]
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Table 3. Cont.

Source
Material Organic Pollutant BC Feedstock

Pyrolysis
Temperature

of BC (◦C)
Performance of BC Removal Mechanism Reference

Organochlorine
pesticides Rice straw 500 Reduced the accessibility

by 6–67%
Adsorption, altered soil
microbial community [54]

Organochlorine
pesticides Soybean straw 500 Reduced the accessibility

by 14–86%
Adsorption, altered soil
microbial community [54]

Carbamazepine Blue mallee 520 Decreased plant uptake
by 42% Adsorption [57]

Simazine Hardwood 450, 600 - Sorption due to
abundance of micropores [74]

Pentachlorophenol Bamboo 600 -
Precipitation, ion

exchange, cation-π
bonding, complexion

[77]

Phenanthrene Sawdust 700 2.1–3.4 × 104 L·kg−1 Adsorption [78]

Aroclors 1254, 1260 Wood waste 700 Reduced concentrations
up to 58–77% Adsorption [79]

Aroclor 1242 and 4
PCB congeners Bamboo 820 Enhanced PCB

degradation

Precipitation, ion
exchange, cation-π

bonding, complexion
[55]

Chlorpyrifos Cotton straws 850

Increased half-life of
chlorpyrifos by 161%;

decreased plant uptake by
81%

Adsorption, microbial
degradation [66]

Polycyclic aromatic
hydrocarbons

(PAHs)
Hard wood - Sorption and

biodegradation [80]

Sludge/
faecal

Agro chemicals
Atrazine Dairy manure 450 - Sorption [81]

Organochlorine
pesticides Sewage sludge 500 Reduced the accessibility

by 8–69%
Adsorption, altered soil
microbial community [54]

Diuron Poultry litter 550 Increased sorption of
diuron on soil by 5 times Adsorption [82]

Diuron Paper mill
sludge 550 Increased sorption of

diuron on soil by 2 times Adsorption [82]

3.2. Adsorption of Inorganic Pollutants in Water and Soils

BCs are promising sorbents for a range of inorganic pollutants due to their diverse sur-
face characteristics. Heavy metals are the most common inorganic pollutants of significant
concerns found in surface water and soils. They can come from a wide range of anthro-
pogenic sources, such as mining and smelting operations, industrial production, power
plants, fertilizers, sewage sludge, and animal manure [83–85]. Unlike organic pollutants,
heavy metals are not biodegradable and can be easily uptaken by plants, and subsequently
transferred to animals and humans through the food chain [5]. BCs produced from dif-
ferent sources can stabilize heavy metals through adsorption [2]. It has been observed
that pinewood BCs produced at higher pyrolysis temperatures had greater adsorption
capacities towards uranium than those produced at lower temperatures [86], which could
be attributed to the increases in the pore space and surface area of the BCs with greater
degree of carbonization. The sorption capacities of BCs towards different heavy metals
could vary significantly due to the difference in sorption mechanisms and valence of the
metal ions.

BCs have significant sorption capacities for heavy metals, and different binding mech-
anisms could be involved, depending on the types of BCs and solution matrix [6]. Table 4
summarizes the removal of heavy metals from water by BCs and the major mechanisms
as reported in recent investigations. Common mechanisms involved in the uptake of
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heavy metals from water by BCs are physical adsorption, surface precipitation, electrostatic
outer-sphere complexation, inner-sphere complexation, cation-π bonding, and surface
complexation [8,29,83,85]. More details on the interaction mechanisms between BCs and
heavy metals are discussed later. Besides adsorption, BCs also have redox-active oxygen-
containing functional groups (e.g., quinone/hydroquinone groups), which could promote
redox transformation of the sorbed metal species. For example, BCs could efficiently adsorb
Cr(VI) from water, while they are also capable of converting Cr(VI) into less toxic Cr(III),
which significantly reduces the risk of pollution [5].

Table 4. Summary of heavy metals removed from water by BCs and the corresponding removal mechanisms reported in
the literature.

Source
Material

Heavy
Metal Feedstock of BC

Pyrolysis
Tempera-

ture of BC
(◦C)

Removal
Capacity
(mg·g−1)

Removal Mechanism Reference

Plant

Cr Sugar beat tailing 300 - Electrostatic attraction,
reduction, complexation [5]

Pb Rice husk 300 2.40 Complexation [87]

Cr Oak wood 400–450 - Transitional adsorption
and partition [88]

Cd Oak bark 450 7.40 Complexation, ion
exchange, precipitation [83]

Hg Corn straw 500 4.26 Complexation [84]

Ni Wheat straw 600 17.7 Physical adsorption,
surface precipitation [9]

Cd Cauliflower leaves 600 73.8 Complexation, ion
exchange, precipitation [83]

Pb Banana peels 600 247 Complexation, ion
exchange, precipitation [83]

Pb Cauliflower leaves 600 178 Complexation, ion
exchange, precipitation [83]

Pb Cauliflower leaves 600 178 Complexation, ion
exchange, precipitation [83]

Sludge/
faecal

Pb Dairy manure 200 - Precipitation with
phosphate [70]

Zn Dairy manure 200–350 31.6
Surface precipitation,

complexation, cation–π
bonding

[89]

Zn Dairy manure 350 32.8
Surface precipitation,

complexation, cation–π
bonding

[89]

Cu Dairy manure 350 54.4
Surface precipitation,

complexation, cation–π
bonding

[89]

Hg Sewage sludge 400 594 Complexation [29]

Ni Residues of biogas
production 400 27.9 Physical adsorption,

surface precipitation [9]

Ni Residues of biogas
production 600 34.8 Physical adsorption,

surface precipitation [9]

There have been significant interests in applying BCs for in situ stabilization of heavy
metals in agricultural soils to reduce their bioavailability. Table 5 summarizes the heavy
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metals in contaminated soils that were removed by BCs and the corresponding removal
mechanisms as reported in the literature. BCs produced from a range of materials exhibited
strong sorption capacities towards heavy metals—including As, Cu, Cd, Ni, Zn, and Pb—in
soils [2,21,90–93]. The alkalinity of BCs, which increases the pH of the amended soil, plays
an important role in the immobilization of heavy metals. It is worth noting that some BCs
could be enriched with certain heavy metals, depending on the feedstock. For example,
Namgay and co-workers reported that the BC produced from Sydney blue gum increased
the content of As in the amended soil [94]. With the complicated compositions of BCs
and soils, the interactions between heavy metals and the BC-amended soil are still not
fully understood. For example, it has been observed that application of wood derived BCs
immobilized Cd and Zn in the soil, but mobilized Cu and As [5,80].

Table 5. Summary of heavy metals removed from soils by BCs and the corresponding removal mechanisms reported in the
literature.

Source
Material

Heavy
Metal

Feedstock of
BC

Pyrolysis
Temperature

of BC (◦C)
Performance of BC Removal Mechanism Reference

Plant

Ni Licorice root
pulp 350 Decreased Ni uptake by plant by

67.2% Liming effect [91]

Pb Canola straw 400 Enhanced the adsorption
capacity for Pb by 44% Adsorption, liming effect [95]

Pb Soybean
straw 400 Enhanced the adsorption

capacity for Pb by 37.3% Adsorption, liming effect [95]

As Hard wood 400 - Mobilization due to enhanced pH [96]

Pb Sugarcane
bagasse 450 Decreased Cd bioavailability by

5.3–8.4% Adsorption, precipitation [92]

Cu Sugarcane
bagasse 450 Decreased bioavailability of Cu

by 3.4–6.0% Adsorption [92]

Cd Sugarcane
bagasse 450 Decreased bioavailability of Cd

by 2.7–5.6% Adsorption [92]

Cd Bamboo 500 Decreased exchangeable Cd in
soil by 12.5% Adsorption [90]

Cu Rice straw 500 Reduced Cu uptake in roots by
35% Adsorption [2]

Cd S-modified
bamboo 500 Decreased exchangeable Cd in

soil by 29.7% Adsorption [90]

Pb Walnut shell 500 Decreased TCLP-extractable Pb Adsorption [87]

Pb Bamboo 500 Decreased TCLP-extractable Pb Adsorption [87]

As Activated
wood 550 Decrease the concentration of As

in maize shoots significantly Adsorption [94]

As Sydney blue
gum 550 Increased the concentration of

available As in soil - [94]

Ni Rice husk 550 Decreased Ni uptake by plant by
65.2% Liming effect [91]

As, Cu Hard wood - -

Immobilization of arsenic,
chromium, cobalt, nickel and lead
due to rise in soil pH; mobilization
of copper, zinc, and cadmium due
to high available concentrations in

biochar

[5]

Zn Sydney blue
gum 550 No effect on Zn uptake by plant - [93]

Ni Hardwood 600 Reduced by 83–98% Adsorption [93]

Zn Hardwood 600 Reduced extracted Zn by
83–98% Adsorption [93]
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Table 5. Cont.

Source
Material

Heavy
Metal

Feedstock of
BC

Pyrolysis
Temperature

of BC (◦C)
Performance of BC Removal Mechanism Reference

Sludge/
faecal

Ni Broiler litter
manure 350 Enhanced immobilization Adsorption and precipitation [72]

Cd Broiler litter
manure 350 Enhanced Cd immobilization Adsorption, liming effect [72]

As, Cd,
Cr, Co,
Cu, Ni,
Pb, Zn

Sewage
sludge 500–550 - Immobilization due to enhanced

pH [5]

3.3. Mechanisms of Pollutant Removal by BCs

While the physical and chemical properties of organic pollutants are quite different
from those of inorganic ones, most of the surface sites and functional groups present on
BCs can interact with both types of pollutants. As a result, the sorption mechanisms
involved in the adsorption of both organic and inorganic pollutants are discussed together
to avoid redundancy. The major mechanisms involved in the adsorption of organic and
inorganic pollutants on BC particles are schematically depicted on parts a and b of Figure 7,
respectively. Organic pollutants adsorb onto BCs through a range of mechanisms, including
hydrogen bonding, miocropore filling, electrostatic attraction, hydrophobic interaction,
and van der Waals forces. Carbonyl (C=O), carboxyl (-COOH), hydroxyl (-OH), and amino
(-NH2) functional groups are the main sites for the adsorption of organic pollutants on
the BC surface, and they are typically more abundant on plant-based BCs pyrolyzed at
relatively low temperatures. The adsorption of inorganic pollutants (primarily heavy metal
cations) on BCs occurs primarily through ion exchange, precipitation/co-precipitation,
electrostatic attraction, and complexion. In addition, surface precipitation (in the forms of
hydroxides, phosphates, and carbonates) could occur for metal cations on the BCs with
high alkalinity.
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In general, only physical adsorption, which does not involve the formation of strong
chemical bonds, occurs in the adsorption of organic pollutants on BCs. That is, organic
molecules attach to the surface of BC through weak bonds, including van der Waals forces,
hydrogen bonding, electrostatic forces, and hydrophobic interactions. Van der Waals forces
encompass all intermolecular forces that are distance-dependent between the atoms and
molecules not associated with covalent or ionic bonds. Adsorption of heavy metals on BCs
also occurs through physicochemical interactions, including electrostatic interactions, ion
exchange, and complexation, between the metal ions and the functional groups on the BC
surface. Chemical forces resulting from short-range interactions could lead to adsorption
of metal ions on the BC surface through inner-sphere complexation. In addition, due
to the change in the chemical conditions in bulk solution or in the micro-environment,
precipitation/co-precipitation of heavy metal ions could also occur on the BC surface.
Details on the major sorption mechanisms are discussed further below.

3.3.1. Hydrogen Bonding

Hydrogen bonding forms through the electrostatic forces between the hydrogen
atom (covalently bound to a more electronegative atom or group, e.g., nitrogen, oxygen,
and fluorine) and an electronegative atom (as hydrogen bond acceptor) bearing a pair
of unshared electrons. As the strength of H-bond is higher than van der Waals forces
but less than that of covalent bond, it could play an important role in the sorption of
organic pollutants on BCs. BCs manufactured from various feedstocks have abundant
oxygen-containing functional groups on their surface, which can act as hydrogen bond
donor [31]. Thus, organic pollutants having electronegative elements could attach to the
O-containing functional groups of BC through H-bonding [94]. It has been found that the
sorption of organic pollutants (e.g., bisphenol A and 7a-ethinyl estradiol) on the BCs with
abundant O-containing surface functional groups was much higher than on those with less
O-containing functional groups [2].

3.3.2. Electrostatic Attraction

Adsorption of ionizable organic pollutants on the charged surface of BCs occurs
through electrostatic attraction. Ionic strength and pH of the solution have significant effect
on the electrostatic interaction between sorbate and sorbent [75]. Reducing solution pH
increases the positive charge of the BC surface, which could enhance the adsorption of
negatively charged organic species. Inyang and co-workers showed that adsorption of
methylene blue decreased on BC (from 4.5 to 3 mg·g−1) with the increase in solution ion
strength (from 0.01 to 0. 1 M NaCl), which could be attributed to the reduction in electro-
static attraction in the presence of more ions in the solution [97]. Electrostatic interaction
was reported to be responsible for the removal of sulfamethazine and norfloxacin by BCs
produced from burcucumber (Sicyos angulatus L.), corn stalks, willow branch, and reed
stalks [29,64]. Overall, electrostatic interaction appears to be important for the adsorp-
tion of organic pollutants on plant-based BCs, which might result from the presence of
greatersurface charges on them.

3.3.3. Hydrophobic Interaction

Hydrophobic interaction originates from the entropic effect brought by destruction of
the hydrogen bonds between water molecules by nonpolar solutes in aqueous solution, and
drives the assemblage of nonplolar molecules to form anhydrous domains. Hydrophobic
interaction is important for the adsorption of neutral or hydrophobic organic pollutants
on BCs. Compared to the partitioning mechanism, hydrophobic interaction requires less
energy [98]. Adsorption of perfluoro octane sulfonate (PFOS) on BC produced from maize
straw was reported to occur through hydrophobic interaction, which was attributed to
the highly hydrophobic moiety of the PFOS molecules [99]. In general, BCs produced
under higher pyrolysis temperatures have greater adsorption capacities towards non-polar
organic pollutants due to the destruction of polar functional groups on the surface of BCs.
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3.3.4. Anion/Cation Exchange

The main principle of anion/cation exchange mechanism is the exchange of ionic
species on the surface of BCs by the ionizable organic pollutants and cationic metal
species [21]. Ion exchange is a nonspecific adsorption process, and involves electrostatic
interactions. For heavy metal ions, ion exchange is also considered as outer-sphere com-
plexation, which is weak, but rapid and reversible. The anion/cation exchange capacity
of BC is determined by the functional groups present on its surface, while the adsorption
of specific pollutant is also influenced by the valence and radius of the ionic species [100].
Pyrolysis temperature affects the anion/cation exchange capacity of the BC produced,
with the anion/cation exchange capacity decreases with the pyrolysis temperature above
350 ◦C [98], which probably results from the destruction of O-containing functional groups
at high temperatures. It is observed that the presence of more aromatic structure in BCs
increases the negative charge in the pi orbital, which creates the opportunity to lose the elec-
trons of existing functional groups, and enhances the adsorption of ionic species through
ion exchange [17]. The presence of iron oxides in the feedstock could enhance the ion
exchange capacities of BCs. For example, Trakal and co-workers reported that the CECs of
BCs produced from various feedstocks—including grape stalk, nutshell, grape husk, wheat
straw, and plum stone—all increased with iron oxide impregnation, which enhanced the
adsorption of Cd(II) and Pb(II) on them [101].

3.3.5. Partitioning

Partitioning of sorbate into the sorbent matrix is driven by the van der Waals forces.
BC can be essentially divided into carbonized (graphene, crystalline) and non-carbonized
(amorphous, non-crystalline) fractions, which interact with pollutant molecules differently.
Partitioning is the process in which the organic sorbate molecules diffuse into the non-
carbonized portion of BC. In general, BCs with higher contents of volatile matter allow
greater partitioning of organic pollutants, and thus exhibit higher sorption capacities [102].
Partitioning was responsible for the high adsorption capacities of BCs produced from
soybean stalk (pyrolysis temperature: 300–700 ◦C), dairy manure (pyrolysis temperature:
200 ◦C), and pig manure (pyrolysis temperature: 350–700 ◦C) towards organic pollutants
(phenanthrene and atrazine) [98,99]. Partitioning was also the dominant mechanism for
adsorption of norflurazon and fluoridone on BCs produced from wood and grass [99].

3.3.6. Pore Filling

The micropores (<2 nm) and the narrow mesopores (2–50 nm) on the surface of BCs
can adsorb organic pollutants through pore filling due to the enhanced dispersion potential
within the molecular dimension spaces [98]. The pore filling mechanism depends on the
pore size distribution of the BC, with little dependence on the properties of the organic
pollutant. Pore filling can be a prominent sorption mechanism when the concentrations
of organic pollutants in water are low. It has been reported that adsorption of dyes and
carbaryl on BCs produced from rice husk and pig manure occurred primarily through the
pore filling mechanism [20,71].

3.3.7. Complexation

Complexation is a type of specific adsorption that involves ligand exchange with
electron transfer occurring via the bridging ligands. Metal ions can accept the electrons
from a range of chelate-forming, electron-donating functional groups present on the surface
of BCs, promoting the adsorption of metal ions through complexation [84]. BCs produced
at low pyrolysis temperatures have higher tendency to bind heavy metal ions through
complexion as they contain more electron-donating functional groups, e.g., carboxyl (-
COOH), hydroxyl (-OH), and amino (-NH2) [17,21]. The presence of more oxygen during
the pyrolysis of BC can increase the adsorption of metal ions through complexion due
to the greater extent of surface oxidation. It is observed that BCs produced from plant
feedstocks have higher complexation affinity towards heavy metals (e.g., Cr, Pb, Zn,
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Ni, Hg, Cu, and As) than those produced from animal sources, e.g., poultry litter and
dairy manure [5,83,84]. This is attributed to the greater abundance of oxygenic functional
groups present in plant-based BCs compared to the latter. Sophisticated spectroscopic
techniques, such as Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
scanning electron microscope (SEM), energy-dispersive X-ray (EDX), X-ray photoelectron
spectroscopy (XPS), and transmission electron microscopy (TEM) can help reveal more
insights on the binding mechanism of heavy metal ions on BCs and better understand the
contribution of complexation to the overall sorption.

3.3.8. Precipitation/Co-Precipitation

Precipitation/co-precipitation is an important mechanism responsible for the adsorp-
tion of heavy metals onto BCs [21]. Dissolution of the mineral components in BCs alters
the chemistry of water and soil solution, which may cause precipitation/co-precipitation
of the heavy metals present. It has been reported that the pH of soil could increase after
application of BCs, which are alkaline, and precipitation of heavy metal ions in the forms
of hydroxide, phosphate, and carbonate salts could occur [103]. The type of feedstock and
pyrolysis temperature affect the alkalinity of the BC produced, and thus the contribution
of precipitation in the adsorption of heavy metals. BCs produced from cellulose and
hemicellulose materials under relatively high pyrolysis temperatures (>300 ◦C) have high
alkalinity and tend to induce mineral precipitation, either on the surface of the BCs or in
the solution [104]. BCs produced from sugar beet tailing, banana peels, dairy manure, and
residue of biogas production were shown to be effective in the removal of heavy metals
(Cr, Pb, Zn, and Ni) through inducing their precipitation [83,85].

4. Conclusions and Future Prospects

With high specific surface areas, aromatic surface, and multiple functional groups,
BCs can efficiently remove a range of organic and inorganic pollutants, such as pesticides,
synthetic dyes, and heavy metals from water and soils. Although BCs are less efficient
than activated carbon, they could be produced from a wide variety of organic waste at low
cost, and the use of BCs in pollution control has received growing interests. The types of
feedstock and the pyrolysis temperature significantly impact the physical and chemical
properties of the BC produced, and thus its affinity towards organic and inorganic pollu-
tants. Hydrogen bonding, pore filling, electrostatic attraction, hydrophobic interaction,
and van der Waals forces can be involved in the adsorption of organic pollutants from
water and soils by BC, whereas ion exchange, precipitation, electrostatic attraction, and
complexation are among the major mechanisms responsible for the removal of inorganic
pollutants by them. Despite the significant advances that have been made in the devel-
opment of BCs/E-BCs and understanding of the mechanisms of pollutant adsorption on
them, more research and development efforts are still needed to make the application of
BCs/E-BCs in environmental remediation cost-effective. Attention should be paid to the
following research priorities to make BCs/E-BCs viable for environmental remediation:

• The relationships between the physical and chemical properties of BCs and their
feedstock type and pyrolysis temperature are still not fully understood. More study is
needed to characterize the morphology and structure of BCs, their chemical compo-
sitions and surface functional groups to link them with their production conditions
(i.e., feedstock and pyrolysis temperature). Such understanding will help to guide the
production of BCs with suitable properties for the removal of the targeted pollutants.

• Many studies have reported promising results on the use of BCs/E-BCs in removing
organic and inorganic pollutants from water and soils. However, most of these studies
were conducted in the lab or as small pilot tests under well controlled conditions.
Large scale pilot tests and field studies on the applications of BCs/E-BCs in pollution
control are necessary to evaluate their performance. In particular, the long-term
effectiveness of BCs/E-BCs in retaining pollutants, and the effect of natural aging and
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precipitation on the stability of the BCs/E-BCs and the adsorbed pollutants should
be quantified.

• Similar to activated carbon, once the adsorption capacities of the BCs/E-BCs are
saturated, they can no longer be effectively used. In the treatment of water, the
“spent” BCs/E-BCs need to be separated from the aqueous phase, which can be
subsequently regenerated and reused. Pyrolysis treatment may cause degradation
of the sorbed organic pollutants on BCs/E-BCs and thus efficiently regenerate their
adsorption capacities. In contrast, desorption of the heavy metals from BCs/E-BCs
would unavoidably generate a stream of secondary waste that needs to be properly
disposed of. For BC/E-BC amended soils, separation of the BC/E-BC particles from
the soil mixtures is not practical, and their physical and chemical stability is critical for
the immobilization of the pollutants sorbed on them. Thus, the stability, regeneration,
and reuse of BCs/E-BCs should be further improved to enhance their performance in
environmental remediation.

• For any environmental remediation technologies, cost is always a very important
factor. Production of BCs and their modification through various methods should
be assessed in terms of cost, and the use of alternative waste organic materials as
BC feedstocks should be explored to lower their production cost. With surface mod-
ification and functionalization, E-BCs can have enhanced adsorption capacities for
the targeted pollutants, while BCs can also be modified to increase their recyclability
and facilitate the separation of the adsorbed pollutants. More research is needed
to develop eco-friendly synthesis processes of E-BC nanocomposites using green
waste materials and evaluate the performance of such nanocomposites as sorbents in
environmental remediation.

• A limited number of studies have shown that some BCs have an adverse effect
on the microorganisms, plants, and fauna in soils. Thus, thorough examination of
environmental risk of the BCs produced from various feedstocks and under different
pyrolysis temperatures, as well as the E-BCs modified with different methods, should
be conducted before applying them in environmental remediation.
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