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Abstract: Given that the problem of contaminated soil continues to grow, the development of effective
control and remediation measures has become imperative, especially for heavy-metal-contaminated
soil. Biochar and modified biochar are eco-friendly and cost-effective remediation materials that
are widely used in the remediation of contaminated soil. This review provides an overview of the
different raw materials used in the preparation of biochar as well as the modification of biochar
using various synthesis methods, highlighting their differences and providing recommendations
for biochar and modified biochar as applied toward ameliorating pollution in soil contaminated
by heavy metals. We also explore the effects of the physicochemical properties of raw materials,
pyrolysis temperature, additives, and modification methods on the properties of the resulting
biochar and modified biochar, and systematically present the types of soil and operating factors
for repair. Moreover, the mechanisms involved in remediation of heavy-metal-contaminated soil
by biochar and modified biochar are outlined in detail, and include adsorption, complexation,
precipitation, ion exchange, and electrostatic attractions. Finally, the corresponding monitoring
technologies after remediation are illustrated. Future directions for studies on biochar and modified
biochar in the remediation of contaminated soil are also proposed to support the development of
green environmental protection materials, simple preparation methods, and effective follow-up
monitoring techniques.
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1. Introduction

Soil provides a medium for plant growth as well as a habitat for insects and organisms.
In recent years, economic progress has rapidly accelerated the ongoing expansion of
manufacturing. Concurrently, large amounts of wastewater [1], and waste residue [2] from
ore extraction, smelting, chemical fertilizer applications, and chemical production are being
discharged into the soil [3]. Among the numerous pollutants, the contamination of soil
with heavy metals such as Hg, Pb, Cd, Cu, and As has become a widespread concern [4-7]
because such metals are highly toxic, degradation-resistant, and easily accumulate in the
environment [8]. They will also cause great harm to human health after entering human
body through soil-plant-animal-human biological chain [9]. Therefore, techniques to
reduce the accumulation and bioavailability of heavy metals in contaminated soil are
urgently needed.

At present, the remediation methods of heavy-metal-contaminated soil are mainly
divided into physicochemical remediation [10,11], chemical remediation [12], phytoreme-
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diation [13], and bioremediation [14]. Physicochemical remediation involves changing the
pH, redox conditions, or ion composition of soil by adding amendments to achieve the
purpose of passivating heavy metals in the soil [15]. Phytoremediation is mainly achieved
through improving the tolerance of plants to heavy metals as well as their ability to re-
move them, or reduce the accumulation of heavy metals in plants [16]. Bioremediation
involves using some microorganisms in the soil to absorb and precipitate heavy metals or
reducing the toxicity of heavy metals via the redox action of microorganisms [17]. Electric
remediation is a new economical technology in soil remediation that offers a very strong
removal effect for heavy-metal ions such as Cr®* in sandy soil [18]. In these remediation
methods, biochar remediation is widely used because of its low price, easy availability, and
remarkable remediation effects on heavy-metal ions [19].

Biochar possesses a large surface area and the property of strong remediation of
heavy metals and is widely employed for soil remediation [20]. The sources of biochar
include wood [21], agricultural and forestry waste [22], industrial waste [23], and emerging
algae organisms are a type of renewable resource. Using biochar as a soil-remediation
material not only reduces the cost of soil remediation but also reduces resource wastages. In
addition, the physicochemical properties of biochar, such as porous structure, and hydroxyl
and carbonyl groups, could contribute to degradation of heavy-metal pollutants [24]. As
a superior-quality and low-cost environmental amendment, it has been indicated that
biochar could serve as an alternative material for amending soils contaminated with heavy
metals [25]. Meanwhile, to further improve the remediation performance of biochar and
resolve difficulties in subsequent separation of the soil and the applied biochar, researchers
have sought various methods to modify biochar. Table 1 shows the advantages and
predicaments of biochar and modified biochar in the remediation of contaminated soil.

Table 1. Current status of biochar and modified biochar research.

Advantages of Application of Biochar and Modified Biochar Current Problems

The combination of biochar and modified biochar with fertilizer = Application of large amounts of biochar and modified biochar
can promote the growth and the yield of crops. can cause soil nutrient imbalance.

They can reduce the mineralization rate of soil organic matter,
inhibit the activity of methanogens, and alleviate the
greenhouse effect [26].

A small amount of polycyclic aromatic hydrocarbons (PAHs)
remains in biochar after pyrolysis, which affects its usage [27].

After application, the organic matter content, CEC, and EC of It has negative effects on the activity of some soil microbial
the soil increase. communities [28].
They can increase the basal respiration and biomass of soil The effect of some biochars in the remediation of contaminated
microorganisms [29]. soil is poor.
They can absorb water, and increase water retention of soil [30]. /

In recent years, the experimental studies about the application of biochars and mod-
ified biochars in the remediation of heavy metals contaminated soil have been reported
extensively, however, there are few review articles on the application of biochars and
modified biochars in the remediation of heavy-metal-contaminated soil. Therefore, we
review the studies of these two kinds of biochars in heavy-metal-contaminated soil to make
readers understand the existing research results and the latest progress in this field. More
specifically, we wish to examine the following factors: (1) the types and sources of raw
materials for preparing biochar and modified biochar; (2) the preparation methods for
biochar and modified biochar; (3) the application of biochar and modified biochar in reme-
diation of heavy-metal-contaminated soil, including remediation techniques, influencing
factors, remediation mechanisms, and follow-up environmental monitoring; and (4) future
prospects of biochar and modified biochar in the remediation of contaminated soil.
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2. Preparation of Biochar and Modified Biochar
2.1. Raw Materials
2.1.1. Wood

Recently, many studies have shown that raw wood and waste wood are the most
important and common materials used for the preparation of biochar because trees are
resilient and can grow well even under harsh environments, thereby representing an
abundant source of material. At present, raw materials for biochar mainly include eucalyp-
tus [31] and mulberry [32]; the biochars prepared from these materials were shown to be
good adsorbents for removing toxic substances in contaminated soil [33]. For example, the
rates of copper and lead removal from the soil were 93% and 90% when using biochars
prepared with eucalyptus and pine, respectively [34,35]. At the same time, wood-prepared
biochar is often used as a carrier to prepare modified biochar.

2.1.2. Agricultural and Forestry Waste

The use of agricultural and forestry waste to prepare biochar is an effective approach
for biomass resource utilization [36]. Being low in cost and easy to obtain, this kind of
biochar has attracted attention in the field of pollution control [19]. Biochar prepared from
such agricultural wastes as seed shell [3], corn cob [37], corn straw [38], and potassium-iron
rice straw could effectively remove Cu?* and Pb?* ions in soil; the removal capacities for
Cu?*, Pb?*, and Cd?* reached 1.67, 2.08, and 0.41 mmol/ kg, respectively. Raw materials
also include livestock manure and animal bones [39,40].

2.1.3. Industrial Waste

Industrial waste mainly includes organic wastes produced in industry and daily
life such as sludge [21] and municipal solid waste [41]. Research on the preparation of
biochar from industrial waste increased by 70% from 2010 to 2019. In the study of Wang
et al. [42], when the pyrolysis temperature was 750 °C, the biochar prepared from industrial
waste cork was shown to be an effective adsorbent for Cu?* removal, and the maximum
adsorption capacity was 18.5 mg/g.

2.1.4. Algae Organism

Researchers have recently been interested in biochar derived from algal biomass. This
kind of biochar offers strong ion exchange and can also be utilized as an agricultural soil
conditioner [1,43]. Biochar prepared from algae organisms can be an effective agent in
the remediation of contaminated soil. In some studies, the N content of biochar extracted
from microalgae exceeded 4%, meaning that such biochar can be used as fertilizer for
agricultural soil [44].

Currently, raw materials are relatively simple. For example, the most commonly
used raw materials are wood and straw. With the expansion of urbanization, a large
number of municipal organic wastes, such as municipal sludge and garden waste, enter the
environment. In order to repair the contaminated soil and reduce its related risks [45], they
may be the main raw materials used to prepare biochar in the future, which can combine
the improvement of farmland-urban environment.

2.2. Preparation Methods for Biochar and Modified Biochar
2.2.1. Biochar

Biochar is a solid material produced by the thermochemical conversion of biomass
under oxygen-limited conditions [46] and offers the properties of higher chemical stability,
thermal stability, and biological inertness [47]. Biochar is produced via the pyrolysis (or
gasification, hydrothermal carbonization, or flash carbonization) of biomass materials
under high-temperature and anoxic conditions [48]. The preparation methods for biochar
are classified as follows.

(1) Direct pyrolysis at a high temperature under nitrogen or carbon dioxide conditions
is the most common method for biochar preparation. Figure 1 shows a schematic
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diagram of biochar production by pyrolysis. In this method, the dried biomass
feedstock is first put into a muffle furnace. The air in the furnace is then pumped
out with a vacuum pump to form pyrolysis conditions, the furnace is heated to a
certain temperature at a certain rate, and nitrogen is then injected into the furnace [49].
Through this method, raw materials (apple pomace, kelp, cow dung, biofilm, etc.)
can be used to prepare biochar [11,31,32]. Pre-carbonized biochar can be further
activated to obtain high-performance biochar by adding activators such as potassium
hydroxide [50].

o Pyrolysis reactor Condenser pipe Gas
' (thermocouple) ' {cooling water) '
(biomass)
Biochar

Figure 1. Schematic diagram of biochar production by pyrolysis.

2
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Gasification is a thermochemical reaction that converts a solid fuel into a gas com-
posed primarily of hydrogen, carbon monoxide, carbon dioxide, methane, and ni-
trogen. The gasification process consists of four different steps, including drying,
pyrolysis or dehydrogenation, combustion or oxidation, and gasification or reduction
to thermolysis gas and biochar in the cooler and discharge port [51]. Compared to
pyrolysis-based biochar, gasification-based biochar is different in its morphology and
surface-function groups due to the use of oxidation to purify the gases [52].
Hydrothermal carbonization is the process by which biomass material is carbonized
via thermochemistry. This process involves a water environment at a temperature of
180-300 °C and a certain pressure [53,54].

Microwave pyrolysis is a process involving the rapid heating and extensive pyrolysis
decomposition of biomass by inducing rapid dipole rotation and friction between
biomass particles with microwave radiation in the range of 100-250 °C [55].

Flash carbonization refers to the process of converting raw materials into solid and
gas products by remaining at a pressure of 1-2 MPa and a temperature of 300-600 °C
for 30 min. When baked under inert conditions [50], the raw materials are converted
to hydrophobic solid products, while water and oxygen in the raw materials are
removed. This process involves lighting a flash fire in a packed biomass bed under
high pressure [56].

Hydrothermal carbonization and microwave pyrolysis are regarded as the optimal

methods for preparing biochar because these methods are convenient, offer high yield,
require only mild preparation conditions, produce no secondary pollution, and favor the
retention of the surface-oxygen-containing functional groups. A summary of advantages
and disadvantages for preparation methods of biochar is listed in Table 2.
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Table 2. Summary of advantages and disadvantages for preparation methods of biochar.

Disadvantages

Advantages The Preparation Methods

Lower production cost, higher yields, and

Long response time low requirements for raw material size [49]. Direct pyrolysis
The yield is lqwer than that of other Fast reaction time [52]. Gasification/ Flash carbonization
preparation methods [51].
Prepared biochar has poor chemical Does not require pre-drying, high carbon
stability when applied under acidic, content and abundant functional groups -
alkaline, or high-temperature conditions can be obtained, and reduces energy Hydrothermal carbonization
[57,58]. consumption [55].

Raw materials lack flexibility [59].

Uniform heating at the molecular level,
flexible, preparation process, portable
equipment, fast response, and energy

saving [60].

Microwave pyrolysis

2.2.2. Modified Biochar

In some cases, the remediation of heavy-metal-contaminated soil by pure biochar
yields unsatisfactory results. To improve the effect of biochar in the remediation of contam-
inated soil, the preparation method of modified biochar loaded with different elements
has gradually become a research hotspot. At present, the main preparation methods for
modified biochar are the impregnation method and the in situ synthesis method.

(1) Under the impregnation method, commercial or homemade biochar is loaded with
the target elements by impregnating the biochar in a solution containing a modifier.
Through this technology, various modified biochars can be prepared. Fe-Mn—Ce-
modified biochar derived from corn stalks is immersed in a mixed solution with
Fe(NO3)3, KMnOy, and Cey(CO3)3 and carbonized at 300 °C for 0.5 h. This process
can not only change the form and distribution of As in soil but also create a suitable
environment for microbial growth, thus influencing the geochemical cycle of As in
soil [61].

(2) In Situ synthesis method: The target modification reagent is added directly into the
raw material, followed by pyrolysis, chemical precipitation, and activation to obtain
the modified biochar. In one report, the in situ synthesis method was conducted as
follows: Pine shavings were immersed in 0.5 mol/L Fe(NOg3)3 solution for 5.0 h, dried
in an oven at 105 °C, and then carbonized at 500 °C for 2.0 h in a nitrogen-protected
muffle furnace to obtain an iron-bearing-modified biochar. This modified biochar was
shown to offer good catalytic reduction performance for model dyes [62]. For example,
Liu et al. [63] prepared Fe-rice-husk-derived biochar via the in situ synthesis method,
which was used in the remediation of hexavalent-chromium-contaminated soil; the
removal efficiency of hexavalent chromium using the Fe-rice-husk-derived biochar
reached about 81%. Khan et al. [64] used the in situ synthesis method to synthesize
superparamagnetic nano-Fe3O4 biochar from Acacia mearnsii. The nano-Fe3;Oy4 biochar
offered excellent performance in soil remediation.

These two modification methods are easy to operate, their preparation cost is inex-
pensive [65], and the modifiers easily decompose in the carbonization process, thereby
avoiding secondary contamination [66]. Thus, biochars modified by these two methods are
widely used for reducing the bioavailability of heavy metals in soil. Compared with the
impregnation method, the in situ synthesis method is more controllable, which enables
the modified medium to stably attach onto the biochar matrix. Moreover, the adsorption
capacity of modified biochar synthesized by the in situ synthesis method is higher than
that under the impregnation method [50]. Therefore, the in situ synthesis method is the
most effective technique between these two methods.
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3. Remediation of Contaminated Soil by Biochar and Modified Biochar

The remediation principles of contaminated soil include changing the forms of pollu-
tants in soil and reducing the concentration of harmful substances. Actual soil remediation
generally requires significant funding due to the complexity of soil pollution [67]. Due
to its characteristics, biochar is considered to be a cost-effective soil-remediation mate-
rial [32,68] that can influence the physical and chemical properties of soil and increase the
yield and quality of crops [44]. Modified biochar is considered to be a soil conditioner that
can remediate heavy-metal-contaminated soil by improving the soil properties [52]. In
this section, we summarize the different advantages of biochar and modified biochar in
the remediation of contaminated soil, the factors affecting remediation, the remediation
mechanisms, environmental monitoring, and the evaluation of environmental risk.

3.1. The Different Advantages of Biochar and Modified Biochar for Remediation of
Heavy-Metal-Contaminated Soil

3.1.1. The Different Advantage of Remediation Costs

The applications of biochar and modified biochar in heavy-metal-contaminated-soil
remediation have different advantages in economic effectiveness [69,70]. For example,
sludge-based biochar can not only reduce the huge processing cost of urban sludge, but
also recycle energy after further processing (such as sludge pyrolysis), which is in line with
economic sustainable development [71,72]. Compared to original biochar, the production
cost of modified biochar may be higher because of the use of some modified reagents.
However, the actual application cost of modified biochars in soil remediation is lower,
owing to many modified biochars having higher adsorption capacity and more times
to reuse, thus further reducing the remediation costs. From the study of Irshad et al.,
goethite-modified biochar can be used to rehabilitate agricultural soils contaminated with
cadmium and arsenic, and this method has the advantages of simple operation, high
repair efficiency, good reproducibility, and cost saving [73]. Therefore, which biochar is
selected for the remediation of heavy-metal-contaminated soil needs to be considered
comprehensively [74].

3.1.2. Remediation of Different Types of Contaminated Soil

Biochars and modified biochars can remove various types and various concentrations
of heavy metals (Table 3). In many cases, biochar is non-selective in the removal of heavy
metals, so it is suitable for most types of contaminated soils. Biochar from distillers’ grains
could effectively promote the conversion of Cr, Ni, Cu, Pb, Zn, and Cd to residue fractions
in multi-contaminated paddy soil [75]. Koh et al. reported that, after arsenic- and heavy-
metals-contaminated acidic agricultural soil had added to it pristine buffalo weed biochar,
the arsenic and heavy-metals concentrations in the soil solution and plants was relatively
low in biochar-added experiments compared to the control treatment [76]. In order to
increase the removal efficiency and to extend the application in special type of soil, some
modified biochars are prepared. For example, applying Fe-modified biochar for in situ
remediation of weakly alkaline Cd-contaminated soils can alleviate the accumulation of Cd
from soils to the maize plants [77]. The possible reason is that the addition of Fe-modified
biochar increases the soil pH by 0.04-0.10 units, which lead to cadmium ions forming
carbonate binding species and manganese oxides binding species, and then reduces the
mobility of cadmium. Compared to unmodified rice-straw biochar, the pyrolytic alkali-
modified straw of biochar (KRBC) had the stronger ability to repair Zn-contaminated soil,
because KRBC has higher aromatic properties, more 7-conjugated aromatic structures,
stronger cationic 7 interactions, and more Zn forms stable structures under the action of
Zn%*-7t [78]. In general, we can choose the original biochars to remediate heavy-metal-
contaminated soil. For some special types of soil or pollutants, modifying biochars can be
a good choice [79].
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Table 3. Removing heavy metals by biochar or modified biochar.
Biomass and Its Pvrolvsis
Composite yroty Contaminants Removal Rate References
. Temperature
Materials
200 °C Cd 93%
Wood 400 °C 7n 90% Debala et al. [34]
Pine bark 420 °C Cu 81% Oustriere et al. [80]
Not clear Zn 21.9%
Not clear Pb 56.7% .
Wheat Not clear Cd 31.9% Ailetal. [33]
Not clear Cu 25.2%
Fe-modified 300 °C As 35.2% Wu et al. [81]
rice straw
i 800 °C Cd 30.1%
gd'm"d}sf}llei 800 °C Zn 12.7% Liuetal. [3]
oconut She 800 °C Ni 57.2%

3.1.3. Different Effects on Soil Nutrition and Physicochemical Property

Biochar can improve the cycle of N, P, and K in soil, which can improve soil fertility and
soil texture [82]. However, excessive use of biochar may increase or decrease soil alkalinity.
Compared with original biochar, a multiple-modified biochar significantly increased soil
dehydrogenase, organic matter content, and available potassium content. The enhancement
of dehydrogenase and organic matter contents indicated that the surface catalytic activity of
modified biochar was effectively enhanced. The pore size of modified biochar is larger than
that of original biochar, which reduces the water permeability, strengthens the adsorption
capacity of soil to easily leached potassium ions, and improves the content of available
potassium. These increase the activities of microorganisms in soil, thus enhancing soil
nutrients. In addition, soil fertility and root biomass of wheat seedlings were significantly
increased as the modified biochar was applied [83].

Though adding biochar or modified biochar to soil can change the physical and
chemical properties of soil, such as increasing soil pH value and cation-exchange capacity
(CECQ), and improving the total porosity of contaminated soil [84-86]. The excessive or
inappropriate addition can cause soil some other problems such as acidification, nutritional
imbalance, and secondary pollution [87]. Therefore, the appropriate addition ratio of
biochar and modified biochar should be studied when using biochar or modified biochar
to remediate heavy-metal-contaminated soil. It is very important to select suitable biochar
feedstock according to the original physical and chemical properties and nutrients of
heavy-metal-contaminated soil.

3.1.4. Effect on Bioavailability of Heavy Metals in Soil

Soil physical and chemical properties can significantly affect the stability of heavy
metals in soil [88]. The addition of biochar and modified biochar to the soil leads to change
the physicochemical property of the soil, thereby affecting the bioavailability of heavy
metals in the soil [89]. For example, the addition of 5% rice-straw biochar and 5% alkali-
modified rice-straw biochar could reduce the available Zn content in soil by 28.96% and
36.86%, respectively [83]. It was positively correlated with the improvement of soil pH and
soil organic carbon. The addition of sphagnum biochar significantly reduced the mobility
of heavy metals and the bioavailability of Pb, Cu, and Cd in contaminated soil, also reduced
by 97.8%, 100%, and 77.2%, respectively, through the coordination of metal electrons to C
[double bond, length as m-dash] C (m-electron) bonds [90]. In comparison to the application
of pure biochar, Cd accumulation in brown rice decreased by 25.1% with sulfur-modified
biochar amendment and by 34.6% with sulfur—iron-modified biochar addition, respectively,
in the Cd-contaminated soil [91]. At the same time, the sulfur-iron-modified biochar
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amendment significantly decreased the Cd concentration in rice grains by 0.018 mg/kg
in Cd-contaminated soil. In soil, because the addition of sulfur- and sulfur-iron-modified
biochars decreased pore water Cd content by precipitation. David et al. reported that the
available Hg concentration was lower in the soil treated by S-modified biochar than that in
the soil treated by unmodified biochar, and the available Hg concentration in the soil was
less than 200 pg/L with treated by 5% S-modified biochar [92]. For arsenic-contaminated-
soil remediation, hexadecyl trimethyl ammonium bromide-modified maize straw biochar
decreased the uptake of As by plants by 80.77% compared to the pristine maize straw
biochar [93]. In general, biochars can influence the content distribution and species of
heavy metals in soil by affecting the adsorption effect and solid-liquid ratio of soil, and
then influence the bioavailability of heavy metals. In addition to the above reasons, for
modified biochars, the soil pH, organic carbon content, and REDOX property are also
influenced, which further changes the bioavailability of heavy metals in soil.

3.1.5. Effects on Yield and Quality of Crops after Remediation

Pollution by heavy metals leads to the imbalance of soil crop nutrients, which may
reduce the yield and quality of crops [94]. Application of biochars and modified biochars is
a feasible technology to rapidly increase soil organic matter content and reduce the content
of heavy-metal pollutants, and then achieve the purpose of increasing the yield and quality
of crops.

Many studies have confirmed the beneficial effects of biochars and modified biochars
on crops which are grown in heavy-metal-contaminated soil. Biochars derived from paper
mill sludge showed a significantly high immobilization efficiency of Cd and Pb in soil, and
the immobilization rates are 100% for Cd and 94% for Pb. After biochars were added in
soil, the dry weight of the lettuce was 26% higher than that of the control soil [95]. Further
studies indicated that soil available Cd decreased by 56% after the application of 5.0%
biochar amendment, and the weights of root, shoot, spike, and grain biomass were all
increased compared to the control group [96]. Lian et al. also found that after adding
Fe-Mn-Ce oxide-modified biochar in high-As-contaminated soil, the As concentrations in
the roots, leaves, and grains of rice (Oryza sativa L.) were 69.36%, 47.27%, and 73.58% lower,
respectively, than that in the control group [97]. All these studies proved that biochar and
modified biochar play an important role in increasing the yield and quality of crop [98].

The fundamental problem that leads to the low yield in soil is the deterioration of
the physical properties of the soil. At present, the most ideal state is to use biochar and
modified biochar to adjust the physical components of the soil, so as to optimize the soil
proportion to achieve a “permanent” state of high fertility and avoid excessive dependence
on chemical fertilizers.

3.2. Factors Affecting the Remediation of Heavy-Metal-Contaminated Soil
3.2.1. Physical and Chemical Properties of Biochar and Modified Biochar

Due to their excellent physical and chemical properties, biochar and modified biochar
are used to alter the biological effectiveness of heavy metals in soil. Biochar is likely to be an
alkaline substance when the raw materials mostly come from livestock or poultry dung. For
example, due to its high ash content, the biochar prepared by chicken manure usually has a
high pH value and its application can lead to soil becoming alkaline, resulting in the heavy
metals (such as Cu?*, Pb?*, and Zn?*) in the soil forming hydroxide precipitates, thereby
reducing the biochar’s biological effectiveness [99]. The adsorption of heavy metals is also
influenced by the components of biochar and modified biochar. For example, an increase
in the proportion of zero-valent iron in biochar will increase the adsorption efficiency of
Cd and As, thereby reducing the contents of Cd and As in soil [100].

3.2.2. External Conditions

Most studies suggest that the adsorption of heavy-metal ions by biochar and modified
biochar is an endothermic process. The adsorption capacity of biochar increases with
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an increase in reaction temperature, which accelerates the adsorption of heavy metals.
Therefore, ambient temperature is an important factor in the adsorption of biochar and
modified biochar. Hoda et al. [101] studied the adsorption of Cu?*, Pb?*, and Zn?* by
biochar prepared with clay and chitosan composites, and the results showed that a high
temperature was beneficial for metal-ion adsorption into the biochar, thus indicating that
the adsorption process was endothermic. The effect of temperature on the adsorption
of Pb?* and Cd?** by magnetic rubber-tree charcoal and magnetic rubber-bark charcoal
was also examined by researchers. The removal efficiencies of Pb?* and Cd?* ions by
the two charcoals both increased, with an increase in temperature from 25 to 45 °C [102].
Thermodynamic analysis also showed that the adsorption was an endothermic reaction,
which was consistent with the results of previous studies.

3.2.3. Soil Types

Soil type also influences the adsorption of heavy metals by biochar and modified
biochar. Ahmad et al. [103] prepared three biochars from three different raw materials—
soybean straw, peanut shells, and pine needles—which were used to adsorb heavy-metal
ions in soil. The results showed that these biochars effectively reduced the mobility of Pb%*
and Cu?* in shooting-range soil and also had a good adsorption effect for Pb?* and Zn?* in
agricultural soil. A study by Chen et al. [104] showed that rice-hull biochar offered better
performance in decreasing the availability of Cu?* and Cd?* in acidic soil. Hu et al. [105]
also found that the effect of alkaline soil on heavy-metal removal was unsatisfactory
compared with that of acidic soil. These studies indicate that biochar and modified biochar
have different impact in the remediation of heavy metals in different soils.

Among these factors, the properties of biochar and modified biochar are the most
important aspects that influence the remediation of heavy-metal-contaminated soil, fol-
lowed by soil type. To improve the removal effect, researchers should first consider the
properties of biochar and modified biochar to select the best options based on laboratory
soil-culture experiments.

3.3. Mechanism of Heavy-Metal-Contaminated Soil Remediation by Biochar and Modified Biochar

In general, the mechanism removing heavy metals in soil mainly through adsorption,
ion-exchange, electrostatic attraction, co-precipitation, and the complexing function of
oxygen functional groups and m-electrons.

3.3.1. Adsorption

During the preparation processes of biochar and modified biochar, pore structures
and large specific surface areas are generated. These factors allow the biochar to effectively
adsorb heavy metals in soil. Besides, the adsorption property is further improved when the
surface of biochar and modified biochar contain the alkaline minerals, negatively charged
surface and functional groups. Some studies have shown that the surface adsorption
of biochar is related to the presence of 7 electrons [106,107]. Modifications can improve
the surface properties of biochar and further enhance its ability to restore heavy-metal-
contaminated soil [108].

3.3.2. Complexation

Biochar contains many hydroxyl, carboxyl, and other functional groups that are favor-
able for complexation with heavy-metal ions. The main mechanism is the complexation
reaction by oxygen-containing functional groups and carboxyl groups of biochar. This
putative complexation method is illustrated in Figure 2. Aromatic rings and hydroxyl
groups on the surface of the biochar take part in the complexation reactions.
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Figure 2. The proposed complexation method of biochar and copper ions.

3.3.3. Precipitation

The precipitation of heavy metals by biochar and modified biochar can occur by two
pathways: (1) the addition of biochar and modified biochar increases the pH value of the
original environment, which precipitates heavy-metal ions, and (2) inorganic components
such as PO,43~ and CO32~ in biochar and modified biochar can react with heavy-metal ions.
Lead ion in soil is able to combine with the functional groups of PO,43~, CO32~, hydroxyl,
and carboxyl groups to form co-precipitates on the surface of sludge biochar. As the pH
value was 5.0, Pb>* mainly formed lead-phosphate deposits on the surface of the biochar
(Figure 3):

6HPO,4%~ + 9Pb** + 60H~ — Pbg(POy) + 6H,O (1)

Figure 3. Pb?* combines with functional groups to form co-precipitation on the surface of
sludge biochar.

The co-precipitation mechanism of iron ions by biochar was as follows [64]:

Fe®* + 30H~ — Fe(OH); (s) 2)
Fe(OH); (s) — FeO-OH (s) + H,O (3)
Fe?* + 20H~ — Fe(OH); (s) (4)

2FeOOH (s) + Fe(OH), (s) — Fe3Oy4 (s) + 2H,O 5)
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3.3.4. Ion Exchange

Ion exchange also plays a very important role in the removal of heavy metals from
polluted soil by biochar and modified biochar. The high cation-exchange capacity on the
surface of biochar and modified biochar can also improve the exchange of metal cations in
soil. Rajapaksha et al. found that an ion-exchange reaction occurred between Pb%* and Ca?*
in wastepaper biochar, which increased the adsorption efficiency of Pb(II) [109]. Generally
speaking, the reaction formula of ion exchange can be expressed as:

nC-O-X + M™ = nC-O-M + nX* (6)

where M represents heavy metals, and X represents Ca?*, Mg2+, K*, or Na* in biochar, n
represents the valence state.

3.3.5. Electrostatic Attraction

The essence of ion exchange is the electrostatic attraction between negatively charged
groups on the surface of the biochar and positive charges (Na*, Mg?*, K*, Ca®*, etc.) in
the soil. The high cation-exchange capacity on the surface of biochar can also improve the
exchange of metal cations in soil [110]. Electrostatic attraction between heavy-metal ions
and biochar plays an important role in the immobilization process.

3.3.6. Surface Redox

Besides the effects of adsorption, ion-exchange, electrostatic attraction, precipitation,
and the complexation, the heavy metals retained in the soil would undergo a series of
processes such as plant uptake, leaching, and redox. In the treatment of heavy-metal-
contaminated soil by biochar and modified biochar, surface redox also plays an important
role, especially for heavy-metal ions in different valence states [64]. Biochar can act as an
electron pump donating electrons to offer more oxidized species. Similar results were found
by Vithanage et al. [111], who observed that As(Ill) was converted into low-toxic As(V) by
iron oxide on the biochar surface. The results can be expressed as the following reactions:

BiocharEFeOH(s) + ASO43_(aq) + 3H+(aq) = BiocharEFeHzAsO4(S) + HzO(l) (7)

Biochar=FeOHy) + AsO43_(aq) +2H"(;q) = Biochar=FeHAsO, () + HoOpy  (8)
Biochar=FeOH;) + AsO4>" () + H* (aq) = Biochar=FeAsO4* () + H,0y  (9)

3.3.7. Activating Microorganisms in Soil

Microorganisms are an important component of the soil environment and also play an
important role in remediation of soil pollution [112]. Some studies confirmed that biochar
can enhance the activities of soil microorganisms, thereby improving their ability to degrade
pollutants [113]. A study on the adsorption of Cu?* in soil by modified chicken-manure
biochar showed that the biochar played a positive role in the treatment of pollution because
it improved the living environment of microorganisms and the soil bioavailability [114].
Some studies also found that biochar and modified biochar can increase the resilience of
soil microorganisms [115] or the quantity of microorganisms, rather than change the soil’s
microbial community structure [116]. Notably, due to the toxicity of nanomaterials, the
effect on microbial community composition in the soil should always be considered when
using biochar loaded with nanomaterials [117].

To study the effects of adding biochar (or modified biochar) on the soil physical and
chemical properties, microbial community and phytochemistry, and analyze the correlation
among these factors, which can provide a theoretical basis for the application of biochar
and modified biochar in the treatment of heavy-metal environmental pollution (Figure 4).



Sustainability 2021, 13, 14041

12 0f 18

v F

g
g 3
4 g
o £

Bacteria

Figure 4. Multistage species composition diagram of single sample in arsenic-contaminated soil by
magnetic iron oxide biochar.

3.4. Environmental Monitoring and the Evaluation of Environmental Risk

The physical and chemical properties of the soil change after adding biochar or
modified biochar, including increases in the soil pH and total porosity, and improvements
in the cation-exchange capacity (CEC) and water retention capacity, etc. [118]. These
changes will affect the existence and migration of heavy metals in the soil and ultimately
influence the remediation effects [119]. In order to assess the environmental risks of
heavy metals after remediation, the soil should be monitored regularly. The monitored
items include soil type, heavy-metal content, pH, soil nutrient content, crop growth level,
effects of biochar aging, complete destruction on heavy metals, etc. [120,121]. With the
development of geographic information technology, today, remote sensing technology;,
global positioning technology, and photoelectric diffuse-reflection systems [122] provide
advanced methods for monitoring soil after remediation using biochar or modified biochar.
By using the data obtained from real-time monitoring with these technologies, the spatial
variation distribution information of heavy metals in soil can be obtained [123], thus
providing feedback on the remediation effects of biochar and modified biochar. Moreover,
soil environmental monitoring can provide accurate data for soil-pollution investigations,
prevention, and control, enabling researchers to scientifically and effectively carry out
environmental soil remediation.

4. Conclusions and Prospects

Biochar and modified biochar are cheap, easy-to-obtain, offer good removal effects,
and can be prepared using a variety of methods. Thus, we reviewed the recent progress
in their applications in soil remediation, primarily providing an overview of the types
and sources of raw materials, the preparation methods, and their effects on the resulting
properties of biochar and modified biochar, as well as their differences and applications
in the remediation of heavy-metal-contaminated soil. The mechanisms of heavy-metal
removal were also illustrated, which include adsorption, complexation, precipitation, ion
exchange, electrostatic attraction, surface oxidation, redox, and soil microbial activities.
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Thus, biochar and modified biochar are economical and effective materials for the reme-
diation of heavy-metal-contaminated soil and are expected to be widely applied far into
the future.

Considering the above advantages, the application of biochar and modified biochar in
the remediation of contaminated soil is an important topic in current research. However,
there are still several problems regarding their use in remediation, and their resolution
represents future directions for research. (1) More experiments need to highlight the stabil-
ity and toxicity of biochar and modified biochar through long-term investigations under
different types of soils. (2) In the preparation and modification of biochar, environmentally
friendly materials should be selected to avoid soil toxicity. (3) Beyond pyrolysis temper-
ature, additive/modification methods, and soil types, there are numerous other factors
affecting the functions of biochar and modified biochar that need to be explored. (4) Simple
and fast follow-up environmental monitoring methods must be developed.
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