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Abstract: As a by-product generated from the pyrolysis of biomass, biochar is extraordinary for
improving the soil environment of agricultural fields, improving soil fertility, and promoting nutrient
uptake and the utilization of crops. In recent years, breakthroughs in progress have been made
regarding the fertility value of biochar and in investigations into the physicochemical properties of
soil and into plant nutrient utilization. This review focuses on the physicochemical and biological
properties of soil, on soil pollution remediation, on greenhouse gas emissions, and on the effects of
biochar on the uptake and utilization of soil nutrients and plant nutrients, as well as on the preparation
of biochar, and on biochar produced under different conditions. The results of the relevant studies
show that the main characteristics of biochar depend on the biochemical properties and pyrolysis
temperature of raw materials, which play an important role in nutrient transport and transformation
in the soil. At low temperatures (≤400 °C), the biochar prepared from manure and waste contains
a large amount of nitrogen, which can be used as a nutrient source for plants. In addition, biochar
enhances soil fertilizer retention by reducing soil nutrient loss, which in turn promotes nutrient
uptake and utilization by crops. By controlling pyrolysis temperature and by optimizing biochar
input, one can effectively reduce soil respiration, as well as reduce carbon emissions to achieve
the goal of controlling carbon sources and increasing carbon sinks. Therefore, a long-term series of
mapping studies on the effects of biochar application on agricultural ecosystems should be conducted,
which in turn, it is hoped, will provide a theoretical reference for the physiological and ecological
effects of biochar croplands.

Keywords: biochar; soil; soil nutrients; pyrolysis; microbes

1. Introduction

At present, with the increase of global temperature and fertilizer application, the uti-
lization efficiency of nutrients in farmland soil has gradually reduced and problems such as
the decrease in productivity of cultivated land and the increase of pollutants in the soil eco-
logical environment have become the focus of attention in terms of the current agricultural
ecosystem. In line with the need for sustainable agricultural development, an increasing
number of scholars are studying the use of Biochar in reducing the impact of the above
problems. Biochar is rich in carbon, highly porous, has a high specific surface area and rich
functional groups, and has good physical and chemical adsorption capacity. It plays an
important role in improving soil quality in agricultural fields, improving water use and
crop productivity, reducing greenhouse gas emissions and in climate change mitigation. In
recent years, biochar has attracted much attention in the scientific community as a nutrient
modulator of soil and a modulator of plant nutrient uptake and utilization [1–3]. Currently,
much research on biochar has focused on soil contaminant control and remediation, crop

Sustainability 2023, 15, 4861. https://doi.org/10.3390/su15064861 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15064861
https://doi.org/10.3390/su15064861
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1732-328X
https://doi.org/10.3390/su15064861
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15064861?type=check_update&version=1


Sustainability 2023, 15, 4861 2 of 15

growth, greenhouse gas abatement, soil fertility, soil micro-organisms, and so on [4–6]. The
application of biochar affects soil pH, capacity, water retention, and cation interactions [7],
and alters a soil’s microbial community [8], its capacity for carbon fixation [9], and the
availability of nutrients such as nitrogen, phosphorus, and potassium, reducing drought
and salt tolerance stress in plants [10,11], and more obviously affecting soil available ni-
trogen [12], nitrogen leaching [13], soil nitrogen cycling [14], plant growth and nutrient
uptake [15]. These effects are mainly due to the enhancement of soil fertility by increasing
soil nutrient content and nutrient mobility [16].

In recent years, many scholars in China and abroad have undertaken substantial
research on the preparation and properties of biochar and its application in agricultural
and ecological environments, but a complete theoretical system has not yet been formed
to explain the effects of biochar on the soil environment and the uptake and utilization of
crop nutrients. Therefore, based on previous studies, this paper summarizes the effects
of biochar on the soil environment, on soil metal pollution and soil remediation, on soil
nutrient content and on plant nutrient uptake and utilization, intending to provide a
theoretical reference for understanding the physiological and ecological effects of biochar
on farmland.

2. Preparation and Characterization of Biochar
2.1. Preparation of Biochar

With the rapid development of the economy and the remarkable improvement of
people’s living standards, people are paying increasing attention to the environmental
quality of the production areas of agriculture, and the harmless and resourceful uses of
agricultural waste have become a focus of attention. Agricultural waste mainly includes
crop residues from agricultural cultivation, by-products from the processing of agricultural
products and livestock manure from farming. With the demands of the times, the tradi-
tional methods of treating and disposing of these agricultural wastes (returning them to
the field, composting, etc.) have begun to face challenges. In recent years, biomass charring
technology has been recognized as a promising new method of agricultural waste treatment.
The raw materials for biochar preparation are composed of biomass such as manure, wood
materials, industrial waste materials and crop straw, and the nutrient composition of the
different biochar from which the raw materials are prepared also varies [17]. Biochar raw
materials undergo high temperature cleavage under anaerobic and aerobic conditions to
produce aromatic hydrocarbon compounds with strong stability, high carbon content and
porosity. With increasing pyrolysis temperature under oxygen-free conditions, biochar
feedstock is also gradually thermally separated, volatilized, and forms carbonization par-
ticles with high porosity and an irregular, rough surface. As a result, it can be divided
into the following groups of biochar, which differ in their physical properties: (1) peanut
shell pyrolyzed at low temperature of ≤400 degrees, which is rich in oxygen-containing
functional groups and mineral elements, and is suitable for acidic soil amendment [18];
(2) Miscanthus pyrolyzed at low temperature, with its highest solid carbon capacity ob-
tained under a pyrolysis temperature of ≤450 degrees [9]; and (3) xylan, with a pyrolysis
temperature between ≤300 and ≥500 degrees, the surface of which starts to show stomata
which are dense and uniform, with strong adsorption, and with the abilities to promote
nutrient exchange between soil and plants and to improve soil fertility (Figure 1) [19].
However, the nutrient composition of biochar depends mainly on the feedstock properties
and the pyrolysis temperature conditions at which the biochar was prepared, with lower
pyrolysis temperatures [20] incurring improved pyrolysis effects for biochar preparation
and higher soil nutrient utilization. For biochar that is produced using a preparation
process that includes both increasing carbonization temperature and enhancements to
the organic component’s C element content, electrical conductivity and water holding
capacity [21,22], the Na+ and K+ trend was not obvious, and the hydrophilicity weakened
as the aromaticity gradually enhanced [15].



Sustainability 2023, 15, 4861 3 of 15

Sustainability 2023, 15, x FOR PEER REVIEW 3 of 16 
 

sition of biochar depends mainly on the feedstock properties and the pyrolysis tempera-
ture conditions at which the biochar was prepared, with lower pyrolysis temperatures 
[20] incurring improved pyrolysis effects for biochar preparation and higher soil nutrient 
utilization. For biochar that is produced using a preparation process that includes both 
increasing carbonization temperature and enhancements to the organic component’s C 
element content, electrical conductivity and water holding capacity[21,22], the Na+ and K+ 
trend was not obvious, and the hydrophilicity weakened as the aromaticity gradually en-
hanced [15]. 

 
Figure 1. Preparation and modification of biochar. (a) Biochar preparation material, and (b) main 
functions and modification of biochar 

2.2. Characteristics of Biochar 
Biochar is a product generated after the decomposition of organic and inorganic mat-

ter [23]. The difference between biochar and charcoal is that charcoal is an energy material 
capable of producing thermal energy, while biochar is commonly used to change soil 
properties and nutrient uptake, thereby improving environmental ecosystems [24]. It has 
been found through a study with black soil in the Amazon region that biochar has similar 
characteristics to the black soil found in the Amazon region and so many related studies 
about biochar characterization and its application to soil have been conducted [25]. Bio-
char has a strong adsorption capacity [26], and the physical adsorption of biochar occurs 
mainly within the pores and on the internal surface area. Additionally, there is a positive 
correlation between the internal surface area of biochar and its adsorption capacity (Table 
1). Biochar has value in improving and enhancing soil water storage capacity and increas-
ing crop yields with properties such as specific surface area, porosity, pH, cation exchange 

Figure 1. Preparation and modification of biochar. (a) Biochar preparation material, and (b) main
functions and modification of biochar.

2.2. Characteristics of Biochar

Biochar is a product generated after the decomposition of organic and inorganic
matter [23]. The difference between biochar and charcoal is that charcoal is an energy
material capable of producing thermal energy, while biochar is commonly used to change
soil properties and nutrient uptake, thereby improving environmental ecosystems [24]. It
has been found through a study with black soil in the Amazon region that biochar has
similar characteristics to the black soil found in the Amazon region and so many related
studies about biochar characterization and its application to soil have been conducted [25].
Biochar has a strong adsorption capacity [26], and the physical adsorption of biochar occurs
mainly within the pores and on the internal surface area. Additionally, there is a positive
correlation between the internal surface area of biochar and its adsorption capacity (Table 1).
Biochar has value in improving and enhancing soil water storage capacity and increasing
crop yields with properties such as specific surface area, porosity, pH, cation exchange
capacity (CEC), electrical conductivity (EC) and surface functional groups (e.g., -COOH,
-OH, C=O, phenol-OH and -CHO groups) [27].

In summary, the main characteristics of biochar depend on the biochemical properties
of the feedstock and pyrolysis temperature, and the reasons that cause these properties to
change are environmental factors, soil properties, and planting variety [29,30].
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Table 1. Physical properties of biochar derived from different feedstock and pyrolysis conditions [28].

Feedstock Types Pyrolysis
Temperature/◦C

Surface
Area/(cm2·g−1)

Pore
Volume/(mL·g−1)

Pore
Diameter/nm

Banana leaf (BL) 350 27.15 0.060 9.00
500 28.90 0.062 8.32
650 234.02 0.164 2.84

Banana stalk (BS) 350 7.19 0.014 25.59
500 2.88 0.015 20.54
650 29.02 0.045 6.22

Banana pseudo stem (BP) 350 2.58 0.018 26.32
500 4.58 0.035 27.27
650 5.33 0.035 24.63

Sugarcane leaf (SL) 350 8.26 0.032 23.58
500 6.97 0.009 8.23
650 71.28 0.017 17.17

Sugarcane stalk (SS) 350 1.21 0.007 23.45
500 3.04 0.011 14.90
650 3.88 0.012 12.17

Cassava stem (CS) 350 9.41 0.020 23.48
500 48.92 0.054 4.64
650 43.59 0.049 4.52

Mulberry stalk (MS) 350 22.62 0.023 4.83
500 222.77 0.123 2.24
650 276.14 0.165 2.40

Eucalyptus branches (EB) 350 292.60 0.173 2.59
500 261.54 0.155 2.40
650 388.77 0.187 1.90

Peach branches (PB) 450 4060.00 1.011 9955.10
Willow branches (WB) 450 257,550.00 1.082 168.00
Apricot branches (AB) 450 315,690.00 0.998 126.50

3. Impact of Biochar on the Soil Environment

Biochar can enhance soil nutrient uptake and utilization mainly because (1) biochar
increases soil water holding capacity and improves soil physical properties [31]; (2) biochar
improves soil trace element and cation exchange capacities [32]; and (3) Biochar has short-
term effects on soil microbial communities and nitrogen-associated bacteria [33].

3.1. Effects of Biochar on Soil Physicochemical Properties
3.1.1. Effects of Biochar on Soil Physical Properties

Biochar and N fertilization studies have shown that biochar application in a 0–20 cm
soil layer can reduce soil capacity weight, which in turn increases soil porosity and interacts
with N fertilization [34]. At the same time, the soil aggregate structure can also be signifi-
cantly changed after biochar application in agricultural fields, so that the 0.5–0.25 mm and
1–0.5 mm particle size water stable aggregate contents in soils are significantly improved,
and the biochar can enhance soil quality, play the role of carbon sequestration, promote
soil aggregate formation and organic carbon stability [35]. Applying biochar to acidic
soils, the amount of rice husk biochar applied over three years at 6–12 t ha−1 could effec-
tively improve and increase the optimal soil quality index (SQI:0.337–0.616, with a mean
value of 0.462.), further indicating that long-term biochar application can improve soil
physical properties [36]. In arid and semi-arid areas, total soil porosity, capillary porosity,
hygroscopic coefficient, wilting moisture, saturated water content and field water holding
capacity increased with increasing biochar application rates of 2%, 5% and 10% (ratios were
mixed according to the percentage of the mass of biochar to soil) [37]. In areas prone to
waterlogging stress, the application of biochar significantly reduced the soil capacity of the
rice–wheat rotation, facilitating the downward movement of water, promoting the early
growth of wheat and resisting stain stress during the critical wheat fertility period [38]. In
addition, the application of biochar in sandy loam soils facilitates an increase in soil water
storage compared with loam and clay soils [17]. Biochar has a positive response to soil
surface area. This is related to the type of biochar [39]. Studies have shown that the surface
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area of soil applied with biochar is three times greater than the surface area soil to which
biochar is not applied [40].

To sum up, biochar raw materials have large porosity and specific surface area after
high temperature cracking [41]. The small particles of biochar can better combine with
the soil to form a tiny agglomerate structure and improve the adhesion of water in the
soil, thus increasing its water content. Additionally, biochar can change the shrinkage
of the soil after application due to its well-developed pore structure and huge specific
surface area. Therefore, the rational application of biochar can effectively improve soil
water holding capacity and improve crop uptake and use efficiency for soil moisture and
water-soluble nutrients.

3.1.2. Effects on Soil Chemical Properties

Biochar has a positive effect on the chemical properties of amended soils and produces
important effects on soil nutrient composition. The addition of suitable straw biochar
increases soil conductivity (EC), cation exchange (CEC), oxygenated organic C (OC), micro-
bial biomass C (MBC), dissolved organic matter (DOC) and available nutrients (NPK). Not
only is it able to change a soil’s acid–base properties, but also to increase soil C-N content,
increase soil nutrient content and increase crop yield [42,43]. The surface of biochar is rich
in oxygen-containing groups and has a high ion adsorption and exchange capacity, which
can adsorb ammonium nitrogen, nitrate nitrogen, soluble nitrogen and soluble phosphorus
in the soil and reduce the loss of nutrients. The addition of biochar to the soil thus promotes
the absorption and adsorption of nutrients [44,45]. Studies have shown that the dense
soil structure of arable land is modified by biochar, creating environmental conditions
conducive to microbial growth and reproduction, and activating the nutrients fixed in
the soil, indicating that the addition of biochar has a catalytic effect on the mineralization
of nitrogen in arable soil [46,47]. At the same time, crop yield increases with relation
to available P, K ions, and alkali saturation in the crop and is associated with improved
retention of soil cations and soil nitrate N with increasing biochar input [48].

In summary, the soil properties after biochar amendment depend on the soil type,
application environment and the amount of biochar applied. When biochar was applied at
8% (200 t ha−1), it significantly increased soil pH, moisture, total nitrogen, total phosphorus,
and effective potassium, but decreased soil bulk and total potassium content [49]. The
results of the study show that the application of biochar treatment increased the number of
water-stable soil aggregates, accelerated the content of quick-acting nutrients in the soil,
enhanced the water and fertility retention capacity of the soil, and improved the growing
environment of rye and, boosting its growth [50].

3.2. Effect of Biochar on Soil Microbial Properties

Because biochar is of high porosity, it provides a favourable growth environment for
soil microbes (fungi, bacteria, actinomycetes, etc.) meaning that the application of biochar
can effectively improve the soil microbial environment [51]. A four-year crop rotation
system of different types of biochar applied to wheat and maize found that, compared with
conventional fertilizer control, the fungal population decreased by 21.9% in the digestate
treatment and increased by 33.3% in the biochar treatment; however, the bacterial popu-
lation increased by 258% and 121% in the digestate and biochar treatments respectively,
the actinomycete population increased by 95.1% and 29.6% respectively, wheat yield in-
creased by 8.46% and 23.47%, respectively, and maize yield increased by 18% and 15.46%,
respectively [52]. Based on a seven-year pilot study using a quantitative polymerase chain
reaction and 454 high-throughput pyrosequencing, it was shown that straw biochar sig-
nificantly increased the abundance and microbial diversity of AOB during the growing
season of wheat, while after the addition of straw and straw biochar, soil nitrification
activity was positively correlated with the abundance of AOB in rice and wheat, but not
with AOA [53]. The abundance of soil fungi measured using quantitative real-time PCR
shows that the addition of biochar had no effect on the fungal community diversity and
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had a significant effect on the community composition in northeast black soil. Additionally,
the community changes were mainly reflected at the genus and operational taxonomic
unit levels, which indicates that long-term application of biochar changed the soil fungal
community [54]. Application of straw, biochar and nanocarbon in saline soils effectively
suppressed the soil’s carbon-fixing bacterial community diversity and microbial species
abundance [55]. Under long-term drought and frequent wet and dry cycling conditions,
the application of biochar increased soil microbial biomass, changed the composition of
the soil microbial community, and increased the soil nutrient level, which was beneficial
for maintaining soil microbial numbers and reducing the effects of soil water stress on
the soil microbial community [56]. Biochar application also significantly increased soil
bacterial diversity, depleted the relative abundance of pyrolytic carbon nitrifying bacteria
and bacteria, improved the abundance of soil Bacillus, Pseudomonas and Streptomyces as
well as the bacterial antagonism to P. capsici, and the relative abundance of Ascomycetes was
most affected by biochar and fertilizer in the soil [57,58]. The linear relationship between
soil carbon mineralization rate and dehydrogenase and β-glucosidase indicates that biochar
application significantly increased carbon mineralization and soil enzyme activity and
enhanced the potential for soil carbon sequestration [59].

In conclusion, biochar application exerted a large effect on soil micro-organisms, and
this effect may be related to cropland soil type, biochar species and biochar application.
Biochar can optimize soil structure and influence soil physicochemical properties, while
biochar applied to soil can promote the survival and reproduction of soil microbial com-
munities and increase the reproduction capacity of plant root fungi [60], thus improving
soil microbial activity, community structure and functional diversity, and, ultimately, crop
yield and quality. In addition, changes in biochar application times can also have impacts
on soil microbial abundances and numbers, which all require systematic pilot studies for a
more in-depth understanding of the effects of biochar on soil micro-organisms.

4. Effect of Biochar on Soil Metal Pollution and Soil Remediation
4.1. Effect of Biochar on Soil Metal Pollution

Heavy metal contamination of soil has adverse effects on the agricultural ecosys-
tem and food security production. The application of biochar may not only promote
the reduction of oxidized pollutants but also participate in element cycling in terrestrial,
groundwater, or wastewater ecosystems [61,62]. Biochar has a large porosity and abundant
oxygen-containing functional groups, thus reducing the effectiveness of the migration and
bio-availability of soil heavy metals, indicating that biochar can control soil acidity, alkalin-
ity, salt alkalinity, and can remediate contaminated soils while increasing soil organic C and
moisture retention [63]. The application of biochar to acidic and alkaline soils significantly
increased the release of K, P, and Mg from soils by approximately 40–50 fold, and the release
of K, P, and Mg nutrients from alkaline soils was higher than that from acidic soils [64].
The study showed that biochar amendment increased the total amount of heavy metals
in the soil, but 43–97% of the heavy metals in the improved soil were concentrated in the
less bio-available residual fraction. Therefore, the addition of biochar can significantly
reduce the accumulation of heavy metals in lawn biomass at a rate of 50%, indicating that
sewage sludge biochar is a potential regulator for improving urban soils [65]. In terms of
soil heavy metal immobilization and retention, biochar preparation feedstocks produced
by pyrolysis and gasification processes have impacts on metal and metal immobilization in
soils. High pH, highly condensed carbon as well as high inorganic minerals (exchangeable
cations) are favourable for Pb immobilization, while abundant surface functionality and a
lesser amount of negative changes to the carbon surface contribute to retention, while the
large surface area of biochar amendment plays a role in contaminant retention [66]. The
feasibility of using biochar as a way to significantly reduce the environmental risk of heavy
metal contamination of soils has been demonstrated by the generally decreased levels of
several heavy metals, including Cu, Zn, Cr, Ni, Pb, and Cd, in a mixed biochar under
pyrolysis conditions of corn straw (CS) and pig manure (SM). The total concentration of the
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six heavy metals was lower in the mixed biochar at the same temperature compared with
the added CS, due to the “dilution effect”, resulting in a lower heavy metal content. The op-
timum conditions to reduce the metal mobility and metal-related environmental risk of pig
manure biochar are a higher addition rate of biochar from maize straw (CS/SM ratio 3:1)
and a higher pyrolysis temperature (700 ◦C) [67]. Biochar application with cationic zeolites
was effective in reducing the impact of Ni pollution on sunflower, maize roots, and shoots,
resulting in improved biomass, grain yield, physiology, biochemistry, and antioxidant de-
fense against mechanical crops, and remediation of Ni-contaminated soils [68]. In heavily
polluted soils, the addition of bamboo and rice straw biochar can be used for in situ remedi-
ation by immobilizing metals, thereby reducing CD, Cu, Pb, and Zn uptake in the soil, a pH
of 6.0–6.5 in soils can contribute to reducing metal toxicity, and the enhanced precipitation
and adsorption of heavy metals in biochar treatment will contribute to reducing metal
solubility and bio-availability [69].

4.2. Impact of Biochar on Farmland Restoration

Biochar has the characteristics of a large specific surface area and more oxygen-
containing functional groups on the surface, so it has a positive effect on soil fixation
and heavy metal adsorption and acting to purify the agricultural environment, reduce the
toxicity of agricultural soils, and promote crop growth through the improved activity of
functional groups. Biochar prepared from different biomass raw materials showed different
effects on agricultural soil remediation. The use of biochar-loaded micro-organisms to
treat soil containing heavy metal contamination can take advantage of both biological and
adsorption methods. Moreover, the rich pore structure of biochar can adsorb Cd while
providing a habitat for micro-organisms [70,71]. The remediation effects of different combi-
nations of clay minerals and biochar on Pb and Cd in agricultural soils were followed, and
the results show that seafoam with biochar and artificial zeolite with biochar were more
suitable for the remediation of agricultural soils with combined Pb and Cd pollution [72].
A large number of studies have confirmed that, though woody biochar can significantly
increase soil pH, CEC, and organic matter content, it can also play a role in improving
the soil environment, reducing crop poisoning by agricultural pollution, and promoting
crop growth and yield [73]. Meanwhile, it has also been found that crop straw and pig
manure had better efficacy than mixed biochar with 1:1 mixture biochar quality, which
could obviously reduce malondialdehyde (MDA) content within ryegrass plants, with an
increase in soluble protein and photosynthetic pigment content. This study shows that
mixed biochar can effectively alleviate the damage of uranium on the Lolium perenne, as
well as promote the growth of plants and uranium enrichment [74].

5. Effect of Biochar on Soil Nutrient Content and Plant Nutrient Uptake and
Utilization
5.1. Effect of Biochar on Soil Fertility
5.1.1. Effect of Biochar on Soil Nitrogen

Though nitrogen is an essential nutrient element for plant growth and development,
it is also the first factor limiting plant growth and yield formation (Figure 2). The multi
oligomerization of nitrogen plays a crucial role in crop yield increase, and an appropriate
N application can promote chlorophyll synthesis in the plant body, which in turn enhances
photosynthesis, provides sufficient nutrients to plants, and promotes plant growth. How-
ever, once nitrogen fertilization is applied in excess, the stress resistance ability of the
crop decreases, and it is highly susceptible to pests, disease and freezing injury. Nitrogen
also aggravates soil acidification, saline alkalization, causes pollution and damage to the
agricultural ecological environment and will also affect crop yield [75].
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Biochar, because of its characteristically large surface area and fenestrated pore struc-
ture, can adsorb retained inorganic N ions by cation exchange after application to soil,
reducing N loss and runoff in the soil, and also reducing nutrient loss by increasing water
holding capacity [76,77]. Additionally, the leaching effects of biochar on soil nutrients dif-
fered considerably by soil type. We found that the leaching effect after biochar application
was more significant on sandy loam soil than on clay planted with rice [12], while the
biochar controlled the loss of nitrate nitrogen better on sandy loam soil than on control
clay, which may be related to soil properties. In addition, biochar, when applied to soil,
also increases N retention and biomass uptake, significantly enhancing the nitrogen cycle
and improving soil mineral quality and N fertilizer utilization [78,79]. Biochar nutrient
elements migrate in soils and available nutrients are taken up and utilized by crops at all
reproductive stages [36]. To sum up, when studying the effect of biochar on soil nitrogen,
we should take into account the external conditions of soil type and application amount
of biochar.

5.1.2. Effect of Biochar on Soil Trace Elements

Biochar contains a large number of micronutrients such as Fe, Cu, B, Zn, and Mn.
Studies have shown that the contents of Cd, Cu, Pb, and Zn between the oilseed rape
subsurface and the above ground showed a gradually decreasing trend. With the amount
of applied biochar, the transport coefficients of Cd, Cu, and Zn in the above ground showed
a gradually increasing trend, and the application of biochar and carbon-based manure
increased the transport of Cd, Cu, and Zn to the above ground in soils [80]. Under the
conditions of an equal amount of straw and equal amounts of nitrogen, phosphorus and
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potassium nutrients, continuous application of biochar and straw can effectively increase
the exchangeable Ca2+, Mg2+ and K+ content in the exchangeable salt base, which in turn
has a positive effect on the soil exchangeable salt base and cation exchange performance, in-
creasing the amount of soil cation exchange and total exchangeable salt base, and enhancing
the fertilizer retention and supply performance of the soil [81]. However, the concentrations
of B, Mn, Mo, and Na significantly correlated with plant uptake in barley seedlings grown
in a sand medium with biochar input and 0.01 M CaCl2 extract [10]. In summary, the effects
of biochar on nutrient ion retention and release indicate that before biochar application to
soil, the adsorption capacity of biochar for nutrients should be determined, and different
types of biochar differ in their adsorption capacities.

5.2. Biochar Impacts on Greenhouse Gas Emissions from Agricultural Land

The effects of different sources, pyrolysis temperatures, and application rates of biochar
feedstocks on greenhouse gas emissions from agricultural fields also differ [82], and biochar
undergoes high-temperature cleavage under anoxic or oxic conditions to obtain a stable
and highly aromatic solid-state, carbon rich, and porous material, one which can sequester
the decomposed carbon, achieve the fixation of CO2, and reduce greenhouse gas emissions.
Agricultural biochar amendment significantly reduced CH4 and N2O emissions, increased
the carbon stocks of rice and wheat by 10.3%, reduced greenhouse gas emissions by 10.4%,
and had a positive effect on greenhouse gas emissions, reducing N2O production and
counteracting 60% of CH4 oxidation activity [83]. The role of biochar in reducing N2O
emissions and ammonia leaching from soils was enhanced over time when biochar was
applied to agricultural fields, and nutrient sorption was enhanced through oxidation
reactions [84]. Biochar can inhibit soil N2O emission, improve nitrogen fertilizer utilization
rate, promote soil nitrification rate, improve soil fixation of NH+

4 /NH3 and NO−
3 , improve

soil microbial nitrogen fixation, etc. [85,86]; however, some studies have shown that biochar
can promote soil N2O emission, inhibit soil nitrification rate, and does not have NO−

3
fixation capacity [87,88]. This is mainly related to the type and ageing process of biochar,
as well as the soil type and its moisture porosity (Figure 3). By optimizing the amount
of biochar applied and controlling the pyrolysis temperature, it is possible to reduce the
emission of carbon from soil to the atmosphere during soil respiration and microbial
decomposition, causing environmental pollution, health hazards, and the greenhouse
effect and thereby modifying the impact of climate change [89]. The source of biochar
feedstock, pyrolysis temperature and application rate affects NH3 volatilization, and the
application rate of biochar prepared under low and high temperature conditions can reduce
NH3 volatilization more substantially; however, poultry manure biochar prepared under
low temperature conditions leads to increased soil N2O emissions and increased NO3-N
leaching. [90]. Biochar feedstock (poultry manure, green waste compost and wheat straw),
pyrolysis temperature (250, 350, 450, 500 and 700 ◦C) and application rate (1% and 2%) all
affected NH3 volatilization from soil. Poultry manure biochar reduced NH3 volatilization
by an average of 53%, while biochar prepared from green waste compost and wheat straw
reduced NH3 volatilization by 38% and 35%, respectively [91].

5.3. Effect of Biochar on Plant Nutrient Absorption and Utilization

Biochar inputs alter soil physicochemical properties, including pH, capacity weight,
CEC, water retention, and bioactivity, which in turn affect soil nutrient retention. Biochar
can significantly enhance soil resin soluble P and inorganic soluble P, thereby facilitating
a nutrient increase in the soil available P, and the decline in P concentration is due to
plant uptake of P rather than conversion of P concentration to a more stable form [92].
The biochar characteristics differed, as did the 15N recovery, with an average of 6.8%
15N recovery from roots and 10.9% to 26.1% 15N recovery from leaf tissue when biochar
containing adsorbed 15N labelled ammonia entered the soil, with higher 15N recovery
from plants when ammonia was adsorbed by acidic biochar [93]. Pyrolysis of poultry
manure biochar followed by amendment with NHO3 or NHO3+H3PO4 increased the
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concentrations of water-soluble P, K, CA, Mg, Fe, Zn, Cu, Mn and responded positively
to increase available nutrients for plants and nutrients absorbed by plant growth [94].
Biochar application increased the mycorrhizal colonization of wheat roots up to 70% at a
P application rate of 25 kg/hm2, and soil pH plant and the mycorrhizal colonization value
of biochar contributed to increased plant uptake of P and stem growth [95]. In summary,
biochar application had a significant effect on CEC, soil pH, and soil organic matter, and
was effective in reducing soil nutrient loss, thereby facilitating plant uptake and improving
soil fertilization retention.
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6. Conclusions

In summary, biochar has unique physicochemical and biological properties that can
affect the nutrient content of soils and improve the capacity of land production by changing
soil capacity, pH, cation exchange, and soil microbial community. The effect of biochar on
soil and plants is closely related to soil, plant type and soil fertility, and the application of
biochar can reduce the drenching effect of the soil nutrients to achieve soil fertilization and
water retention and improve the nutrient uptake efficiency of plants. Therefore, combining
the major goals of agricultural sustainable development and resource conservation in China,
future research and application should be focused on the following aspects:

(1) Biochar may have beneficial or detrimental effects on the composition of microbial
communities after entering the soil environment, and there is a lack of research on the
effects of biochar on the ecological functions of soil micro-organisms, which needs to be
further investigated. Therefore, it is necessary to analyze and compare the structure of the



Sustainability 2023, 15, 4861 11 of 15

soil microbial community and its key gene expression, and to investigate the regulatory
effect of biochar on soil nutrient transformation, to clarify the relationship between biochar
and microbiological properties of agricultural soil.

(2) Through biochar application for the reduction of greenhouse gas emissions from
agricultural fields, we investigated the relationship between biochar and the ecological
environment of agricultural fields by cross application of different growth periods of plants,
different fertilizers, and different soil types with different types of biochar to achieve
greenhouse gas abatement while increasing yield.

(3) Biochar type, pyrolysis temperature, and soil type were collated to study the
effect of different biochar types and different inputs on nutrient uptake and utilization
efficiency in different soil types. This was undertaken in order to explore the regulation of
uptake, utilization, transfer and distribution of plant nutrients by biochar, and to clarify the
relationship between the regulatory mechanisms of biochar on plant nutrient utilization.

Funding: This research was funded by the Gansu Provincial Key Laboratory of Aridland Crop Science,
Gansu Agricultural University (GSCS-2020-Z6), Gansu Education Science and Technology Innovation
Industry Support program (2021CYZC-38), China Agriculture Research System of MOF and MARA
(CARS-14-1-16), Gansu Province Science and Technology Major Special Projects (21ZD4NA023-02), the
Fuxi Outstanding Talent Cultivation Plan of Gansu Agriculture University (Gaufx-02J05), Innovation
Star Project for Excellent Graduate Student of Gansu Province Educational Department, China
(2022CXZXB-030), Gansu Youth Science and Technology Fund Program (22JR5RA881), Innovation
Fund Project of Colleges and Universities in Gansu Province (2021A-059), and the National Natural
Science Foundation of China (32260551).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this review article.

References
1. Abujabhah, I.S.; Doyle, R.B.; Bound, S.A.; Bowman, J.P. Assessment of bacterial community composition, methanotrophic and

nitrogen-cycling bacteria in three soils with different biochar application rates. J. Soils Sediments 2018, 18, 148–158. [CrossRef]
2. Li, H.; Dong, X.; da Silva, E.B.; de Oliveira, L.M.; Chen, Y.; Ma, L.Q. Mechanisms of metal sorption by biochars: Biochar

characteristics and modifications. Chemosphere 2017, 178, 466–478. [CrossRef] [PubMed]
3. Razzaghi, F.; Obour, P.B.; Arthur, E. Does biochar improve soil water retention? A systematic review and meta-analysis. Geoderma

2020, 361, 114055. [CrossRef]
4. Alotaibi, K.D.; Schoenau, J.J. Addition of Biochar to a Sandy Desert Soil: Effect on Crop Growth, Water Retention and Selected

Properties. Agronomy 2019, 9, 327. [CrossRef]
5. Cui, H.J.; Wang, M.K.; Fu, M.L.; Ci, E. Enhancing phosphorus availability in phosphorus-fertilized zones by reducing phosphate

adsorbed on ferrihydrite using rice straw-derived biochar. J. Soils Sediments 2011, 11, 1135–1141. [CrossRef]
6. Melo, T.M.; Bottlinger, M.; Schulz, E.; Leandro, W.M.; Menezes de Aguiar Filho, A.; Wang, H.; Ok, Y.S.; Rinklebe, J. Plant and soil

responses to hydrothermally converted sewage sludge (sewchar). Chemosphere 2018, 206, 338–348. [CrossRef]
7. Agegnehu, G.; Srivastava, A.K.; Bird, M.I. The role of biochar and biochar-compost in improving soil quality and crop performance:

A review. Appl. Soil Ecol. 2017, 119, 156–170. [CrossRef]
8. Al-Wabel, M.I.; Hussain, Q.; Usman AR, A.; Ahmad, M.; Abduljabbar, A.; Sallam, A.S.; Ok, Y.S. Impact of biochar properties on

soil conditions and agricultural sustainability: A review. Land Degrad. Dev. 2018, 29, 2124–2161. [CrossRef]
9. Xiao, R.; Wang, J.J.; Gaston, L.A.; Zhou, B.; Park, J.H.; Li, R.; Dodla, S.K.; Zhang, Z. Biochar produced from mineral salt-

impregnated chicken manure: Fertility properties and potential for carbon sequestration. Waste Manag. 2018, 78, 802–810.
[CrossRef]

10. Shepherd, J.G.; Buss, W.; Sohi, S.P.; Heal, K.V. Bioavailability of phosphorus, other nutrients and potentially toxic elements from
marginal biomass-derived biochar assessed in barley (Hordeum vulgare) growth experiments. Sci. Total Environ. 2017, 584–585,
448–457. [CrossRef]

11. Ali, S.; Rizwan, M.; Qayyum, M.F.; Ok, Y.S.; Ibrahim, M.; Riaz, M.; Arif, M.S.; Hafeez, F.; Al-Wabel, M.I.; Shahzad, A.N. Biochar
soil amendment on alleviation of drought and salt stress in plants: A critical review. Environ. Sci. Pollut. Res. Int. 2017, 24,
12700–12712. [CrossRef]

http://doi.org/10.1007/s11368-017-1733-1
http://doi.org/10.1016/j.chemosphere.2017.03.072
http://www.ncbi.nlm.nih.gov/pubmed/28342995
http://doi.org/10.1016/j.geoderma.2019.114055
http://doi.org/10.3390/agronomy9060327
http://doi.org/10.1007/s11368-011-0405-9
http://doi.org/10.1016/j.chemosphere.2018.04.178
http://doi.org/10.1016/j.apsoil.2017.06.008
http://doi.org/10.1002/ldr.2829
http://doi.org/10.1016/j.wasman.2018.06.047
http://doi.org/10.1016/j.scitotenv.2017.01.028
http://doi.org/10.1007/s11356-017-8904-x


Sustainability 2023, 15, 4861 12 of 15

12. Yao, Y.; Gao, B.; Zhang, M.; Inyang, M.; Zimmerman, A.R. Effect of biochar amendment on sorption and leaching of nitrate,
ammonium, and phosphate in a sandy soil. Chemosphere 2012, 89, 1467–1471. [CrossRef]

13. Nguyen TT, N.; Wallace, H.M.; Xu, C.Y.; Xu, Z.; Farrar, M.B.; Joseph, S.; Van Zwieten, L.; Bai, S.H. Short-term effects of organo-
mineral biochar and organic fertilisers on nitrogen cycling, plant photosynthesis, and nitrogen use efficiency. J. Soils Sediments
2017, 426, 211–225. [CrossRef]

14. Sistani, K.R.; Simmons, J.R.; Jn-Baptiste, M.; Novak, J.M. Poultry Litter, Biochar, and Fertilizer Effect on Corn Yield, Nutrient
Uptake, N2O and CO2 Emissions. Environments 2019, 6, 55. [CrossRef]

15. Purakayastha, T.J.; Bera, T.; Bhaduri, D.; Sarkar, B.; Mandal, S.; Wade, P.; Kumari, S.; Biswas, S.; Menon, M.; Pathak, H.; et al. A
review on biochar modulated soil condition improvements and nutrient dynamics concerning crop yields: Pathways to climate
change mitigation and global food security. Chemosphere 2019, 227, 345–365. [CrossRef]

16. Rodríguez-Vila, A.; Forján, R.; Guedes, R.S.; Covelo, E.F. Nutrient phytoavailability in a mine soil amended with technosol and
biochar and vegetated with Brassica juncea. J. Soils Sediments 2016, 17, 1653–1661. [CrossRef]

17. Mandal, S.; Pu, S.; Adhikari, S.; Ma, H.; Kim, D.H.; Bai, Y.; Hou, D. Progress and future prospects in biochar composites:
Application and reflection in the soil environment. Crit. Rev. Environ. Sci. Technol. 2020, 51, 219–271. [CrossRef]

18. Du, Z.; Xiao, Y.; Qi, X.; Liu, Y.; Fan, X.; Li, Z. Peanut-Shell Biochar and Biogas Slurry Improve Soil Properties in the North China
Plain: A Four-Year Field Study. Sci. Rep. 2018, 8, 13724. [CrossRef]

19. Ding, Y.; Liu, Y.; Liu, S.; Li, Z.; Tan, X.; Huang, X.; Zeng, G.; Zhou, L.; Zheng, B. Biochar to improve soil fertility. A review. Agron.
Sustain. Dev. 2016, 36, 36. [CrossRef]

20. Bruun, E.W.; Müller-Stöver, D.; Ambus, P.; Hauggaard-Nielsen, H. Application of biochar to soil and N2O emissions: Potential
effects of blending fast-pyrolysis biochar with anaerobically digested slurry. Eur. J. Soil Sci. 2011, 62, 581–589. [CrossRef]

21. Huang, R.; Zhang, Z.; Xiao, X.; Zhang, N.; Wang, X.; Yang, Z.; Xu, K.; Liang, Y. Structural changes of soil organic matter and the
linkage to rhizosphere bacterial communities with biochar amendment in manure fertilized soils. Sci. Total Envrion. 2019, 692,
333–343. [CrossRef] [PubMed]

22. Liu, Z.; Zhu, M.; Wang, J.; Liu, X.; Guo, W.; Zheng, J.; Bian, R.; Wang, G.; Zhang, X.; Cheng, K.; et al. The responses of soil organic
carbon mineralization and microbial communities to fresh and aged biochar soil amendments. GCB Bioenergy 2019, 11, 1408–1420.
[CrossRef]

23. Jin, H.; Capareda, S.; Chang, Z.; Gao, J.; Xu, Y.; Zhang, J. Biochar pyrolytically produced from municipal solid wastes for aqueous
As(V) removal: Adsorption property and its improvement with KOH activation. Bioresour. Technol. 2014, 169, 622–629. [CrossRef]
[PubMed]

24. Lehmann, J.; Gaunt, J.; Rondon, M. Bio-char Sequestration in Terrestrial Ecosystems–A Review. Mitig. Adapt. Strateg. Glob. Change
2006, 11, 403–427. [CrossRef]

25. Steiner, C.; Glaser, B.; Geraldes Teixeira, W.; Lehmann, J.; Blum WE, H.; Zech, W. Nitrogen retention and plant uptake on a highly
weathered central Amazonian Ferralsol amended with compost and charcoal. J. Plant Nutr. Soil Sci. 2008, 171, 893–899. [CrossRef]

26. Leng, L.; Xu, S.; Liu, R.; Yu, T.; Zhuo, X.; Leng, S.; Xiong, Q.; Huang, H. Nitrogen containing functional groups of biochar: An
overview. Bioresour. Technol. 2020, 298, 122286. [CrossRef]

27. Muhammad, N.; Hussain, M.; Ullah, W.; Khan, T.A.; Ali, S.; Akbar, A.; Aziz, R.; Rafiq, M.K.; Bachmann, R.T.; Al-Wabel, M.I.; et al.
Biochar for sustainable soil and environment: A comprehensive review. Arab. J. Geosci. 2018, 11, 731. [CrossRef]

28. Liao, F.; Yang, L.; Li, Q.; Li, Y.R.; Yang, L.T.; Anas, M. Characteristics and inorganic n holding ability of biochar derived from the
pyrolysis of agricultural and forestal residues in the southern china. J. Anal. Appl. Pyrolysis 2018, 134, 544–551. [CrossRef]

29. Are, K.S.; Adelana, A.O.; Fademi, I.O.; Aina, O. A Improving physical properties of degraded soil: Potential of poultry manure
and biochar. Agric. Nat. Resour. 2017, 51, 454–462. [CrossRef]

30. Oladele, S.O. Changes in physicochemical properties and quality index of an Alfisol after three years of rice husk biochar
amendment in rainfed rice – Maize cropping sequence. Geoderma 2019, 353, 359–371. [CrossRef]

31. Peake, L.R.; Reid, B.J.; Tang, X. Quantifying the influence of biochar on the physical and hydrological properties of dissimilar
soils. Geoderma 2014, 235–236, 182–190. [CrossRef]

32. Chen, H.; Ma, J.; Wei, J.; Gong, X.; Yu, X.; Guo, H.; Zhao, Y. Biochar increases plant growth and alters microbial communities via
regulating the moisture and temperature of green roof substrates. Sci. Total Envrion. 2018, 635, 333–342. [CrossRef]

33. Cordovil, C.M.D.S.; Pinto, R.; Silva, B.; Sas-Paszt, L.; Sakrabani, R.; Skiba, U.M. The Impact of Woody Biochar on Microbial
Processes in Conventionally and Organically Managed Arable soils. Commun. Soil Sci. Plant Anal. 2019, 50, 1387–1402. [CrossRef]

34. Zheng, J.; Han, J.; Liu, Z.; Xia, W.; Zhang, X.; Li, L.; Liu, X.; Bian, R.; Cheng, K.; Zheng, J.; et al. Biochar compound fertilizer
increases nitrogen productivity and economic benefits but decreases carbon emission of maize production. Agric. Ecosyst. Environ.
2017, 241, 70–78. [CrossRef]

35. Sarfraz, R.; Hussain, A.; Sabir, A.; Ben Fekih, I.; Ditta, A.; Xing, S. Role of biochar and plant growth promoting rhizobacteria to
enhance soil carbon sequestration-a review. Environ. Monit Assess 2019, 191, 251. [CrossRef]

36. Arif MK Ali Jan, M.T.; Shah, Z.; Jones, D.L.; Quilliam, R.S. Integration of biochar with animal manure and nitrogen for improving
maize yields and soil properties in calcareous semi-arid agroecosystems. Field Crops Res. 2016, 195, 28–35. [CrossRef]

37. Zhang, H.; Sun, H.; Zhou, S.; Bai, N.; Zheng, X.; Li, S.; Zhang, J.; Lv, W. Effect of Straw and Straw Biochar on the Community
Structure and Diversity of Ammonia-oxidizing Bacteria and Archaea in Rice-wheat Rotation Ecosystems. Sci. Rep. 2019, 9, 9367.
[CrossRef]

http://doi.org/10.1016/j.chemosphere.2012.06.002
http://doi.org/10.1007/s11368-017-1839-5
http://doi.org/10.3390/environments6050055
http://doi.org/10.1016/j.chemosphere.2019.03.170
http://doi.org/10.1007/s11368-016-1643-7
http://doi.org/10.1080/10643389.2020.1713030
http://doi.org/10.1038/s41598-018-31942-0
http://doi.org/10.1007/s13593-016-0372-z
http://doi.org/10.1111/j.1365-2389.2011.01377.x
http://doi.org/10.1016/j.scitotenv.2019.07.262
http://www.ncbi.nlm.nih.gov/pubmed/31349172
http://doi.org/10.1111/gcbb.12644
http://doi.org/10.1016/j.biortech.2014.06.103
http://www.ncbi.nlm.nih.gov/pubmed/25103038
http://doi.org/10.1007/s11027-005-9006-5
http://doi.org/10.1002/jpln.200625199
http://doi.org/10.1016/j.biortech.2019.122286
http://doi.org/10.1007/s12517-018-4074-5
http://doi.org/10.1016/j.jaap.2018.08.001
http://doi.org/10.1016/j.anres.2018.03.009
http://doi.org/10.1016/j.geoderma.2019.06.038
http://doi.org/10.1016/j.geoderma.2014.07.002
http://doi.org/10.1016/j.scitotenv.2018.04.127
http://doi.org/10.1080/00103624.2019.1614609
http://doi.org/10.1016/j.agee.2017.02.034
http://doi.org/10.1007/s10661-019-7400-9
http://doi.org/10.1016/j.fcr.2016.05.011
http://doi.org/10.1038/s41598-019-45877-7


Sustainability 2023, 15, 4861 13 of 15

38. Si, L.; Xie YMa, Q.; Wu, L. The Short-Term Effects of Rice Straw Biochar, Nitrogen and Phosphorus Fertilizer on Rice Yield and
Soil Properties in a Cold Waterlogged Paddy Field. Sustainability 2018, 10, 537. [CrossRef]

39. Yu, H.; Zou, W.; Chen, J.; Chen, H.; Yu, Z.; Huang, J.; Tang, H.; Wei, X.; Gao, B. Biochar amendment improves crop production in
problem soils: A review. J. Environ. Manag. 2019, 232, 8–21. [CrossRef]

40. Yu, X.; Tian, X.; Lu, Y.; Liu, Z.; Guo, Y.; Chen, J.; Li, C.; Zhang, M.; Wan, Y. Combined effects of straw-derived biochar and
bio-based polymer-coated urea on nitrogen use efficiency and cotton yield. Chem. Speciat. Bioavailab. 2018, 30, 112–122. [CrossRef]

41. Rafique, M.; Ortas, I.; Rizwan, M.; Chaudhary, H.J.; Gurmani, A.R.; Hussain Munis, M.F. Residual effects of biochar and
phosphorus on growth and nutrient accumulation by maize (Zea mays L.) amended with microbes in texturally different soils.
Chemosphere 2020, 238, 124710. [CrossRef] [PubMed]

42. Ouyang, L.; Tang, Q.; Yu, L.; Zhang, R. Effects of amendment of different biochars on soil enzyme activities related to carbon
mineralisation. Soil Res. 2014, 52, 706–716. [CrossRef]

43. Van Zwieten, L.; Kimber, S.; Morris, S.; Chan, K.Y.; Downie, A.; Rust, J.; Joseph, S.; Cowie, A. Effects of biochar from slow
pyrolysis of papermill waste on agronomic performance and soil fertility. Plant Soil 2010, 327, 235–246. [CrossRef]

44. Yang, F.; Cao, X.; Gao, B. Short-term effects of rice straw biochar on sorption, emission, and transformation of soil NH4
+-N.

Environ. Sci. Pollut. Res. 2015, 22, 9184–9192. [CrossRef] [PubMed]
45. Nelson, N.O.; Agudelo, S.C.; Yuan, W. Nitrogen and phosphorus availability in biochar-amended soils. Soil Sci. 2011, 176, 218–226.

[CrossRef]
46. García-Ruiz, R.; Carranza-Gallego, G.; Aguilera, E.; González De Molina, M.; Guzmán, G.I. C and N mineralisation of straw of

traditional and modern wheat varieties in soils of contrasting fertility. Nutr. Cycl. Agroecosystems 2019, 113, 167–179. [CrossRef]
47. Fungo, B.; Lehmann, J.; Kalbitz, K.; Thion ‘go, M.; Okeyo, I.; Tenywa, M.; Neufeldt, H. Aggregate size distribution in a biochar-

amended tropical ultisol under conventional hand-hoe tillage. Soil Tillage Res. 2017, 165, 190–197. [CrossRef]
48. Zhang, X.; Duan, P.; Wu, Z.; Xiong, Z. Aged biochar stimulated ammonia-oxidizing archaea and bacteria-derived N2O and NO

production in an acidic vegetable soil. Sci. Total Environ. 2019, 687, 433–440. [CrossRef]
49. Yao, Q.; Liu, J.; Yu, Z.; Li, Y.; Jin, J.; Liu, X.; Wang, G. Three years of biochar amendment alters soil physiochemical properties and

fungal community composition in a black soil of northeast China. Soil Biol. Biochem. 2017, 110, 56–67. [CrossRef]
50. Fazal, A.; Bano, A. Role of Plant Growth-Promoting Rhizobacteria (PGPR), Biochar, and Chemical Fertilizer under Salinity Stress.

Commun. Soil Sci. Plant Anal. 2016, 47, 1985–1993. [CrossRef]
51. Gavili, E.; Moosavi, A.A.; Moradi Choghamarani, F. Cattle manure biochar potential for ameliorating soil physical characteristics

and spinach response under drought. Arch. Agron. Soil Sci. 2018, 10, 1–14. [CrossRef]
52. Dong, X.; Singh, B.P.; Li, G.; Lin, Q.; Zhao, X. Biochar application constrained native soil organic carbon accumulation from wheat

residue inputs in a long-term wheat-maize cropping system. Agric. Ecosyst. Environ. 2018, 252, 200–207. [CrossRef]
53. de Figueiredo, C.C.; Farias, W.M.; Coser, T.R.; de Paula, A.M.; Da Silva, M.R.S.; Paz-Ferreiro, J. Sewage sludge biochar alters root

colonization of mycorrhizal fungi in a soil cultivated with corn. Eur. J. Soil Biol. 2019, 93, 103092. [CrossRef]
54. Zhu, X.; Yang, S.; Wang, L.; Liu, Y.; Qian, F.; Yao, W.; Zhang, S.; Chen, J. Tracking the conversion of nitrogen during pyrolysis of

antibiotic mycelial fermentation residues using XPS and TG-FTIR-MS technology. Environ. Pollut. 2016, 211, 20–27. [CrossRef]
55. Wang, G.; Govinden, R.; Chenia, H.Y.; Ma, Y.; Guo, D.; Ren, G. Suppression of Phytophthora blight of pepper by biochar

amendment is associated with improved soil bacterial properties. Biol. Fertil. Soils 2019, 55, 813–824. [CrossRef]
56. Beesley, L.; Moreno-Jimenez, E.; Gomez-Eyles, J.L.; Harris, E.; Robinson, B.; Sizmur, T. A review of biochars’ potential role in the

remediation, revegetation and restoration of contaminated soils. Environ. Pollut. 2011, 159, 3269–3282. [CrossRef]
57. Zhao, Y.; Zhao, L.; Mei, Y.; Li, F.; Cao, X. Release of nutrients and heavy metals from biochar-amended soil under environmentally

relevant conditions. Environ. Sci. Pollut. Res. Int. 2018, 25, 2517–2527. [CrossRef]
58. Yue, Y.; Cui, L.; Lin, Q.; Li, G.; Zhao, X. Efficiency of sewage sludge biochar in improving urban soil properties and promoting

grass growth. Chemosphere 2017, 173, 551–556. [CrossRef]
59. Yang, X.; Igalavithana, A.D.; Oh, S.E.; Nam, H.; Zhang, M.; Wang, C.H.; Kwon, E.E.; Tsang DC, W.; Ok, Y.S. Characterization of

bioenergy biochar and its utilization for metal/metalloid immobilization in contaminated soil. Sci. Total Environ. 2018, 640–641,
704–713. [CrossRef]

60. Anderson, C.R.; Condron, L.M.; Clough, T.J.; Fiers, M.; Stewart, A.; Hill, R.A.; Sherlock, R.R. Biochar induced soil microbial
community change: Implications for biogeochemical cycling of carbon, nitrogen and phosphorus. Pedobiologia 2011, 54, 309–320.
[CrossRef]

61. Mendez, A.; Gomez, A.; Paz-Ferreiro, J.; Gasco, G. Effects of sewage sludge biochar on plant metal availability after application to
a Mediterranean soil. Chemosphere 2012, 89, 1354–1359. [CrossRef] [PubMed]

62. Shahbaz, A.K.; Lewinska, K.; Iqbal, J.; Ali, Q.; Mahmood Ur, R.; Iqbal, M.; Abbas, F.; Tauqeer, H.M.; Ramzani, P.M. A Improvement
in productivity, nutritional quality, and antioxidative defense mechanisms of sunflower (Helianthus annuus L.) and maize (Zea
mays L.) in nickel contaminated soil amended with different biochar and zeolite ratios. J. Environ. Manag. 2018, 218, 256–270.
[CrossRef] [PubMed]

63. Lu KYang, X.; Shen, J.; Robinson, B.; Huang, H.; Liu, D.; Bolan, N.; Pei, J.; Wang, H. Effect of bamboo and rice straw biochars on
the bioavailability of Cd, Cu, Pb and Zn to Sedum plumbizincicola. Agric. Ecosyst. Environ. 2014, 191, 124–132.

64. Shi, R.Y.; Ni, N.; Nkoh, J.N.; Li, J.Y.; Xu, R.K.; Qian, W. Beneficial dual role of biochars in inhibiting soil acidification resulting
from nitrification. Chemosphere 2019, 234, 43–51. [CrossRef]

http://doi.org/10.3390/su10020537
http://doi.org/10.1016/j.jenvman.2018.10.117
http://doi.org/10.1080/09542299.2018.1518730
http://doi.org/10.1016/j.chemosphere.2019.124710
http://www.ncbi.nlm.nih.gov/pubmed/31545216
http://doi.org/10.1071/SR14075
http://doi.org/10.1007/s11104-009-0050-x
http://doi.org/10.1007/s11356-014-4067-1
http://www.ncbi.nlm.nih.gov/pubmed/25672874
http://doi.org/10.1097/SS.0b013e3182171eac
http://doi.org/10.1007/s10705-019-09973-4
http://doi.org/10.1016/j.still.2016.08.012
http://doi.org/10.1016/j.scitotenv.2019.06.128
http://doi.org/10.1016/j.soilbio.2017.03.005
http://doi.org/10.1080/00103624.2016.1216562
http://doi.org/10.1080/03650340.2018.1453925
http://doi.org/10.1016/j.agee.2017.08.026
http://doi.org/10.1016/j.ejsobi.2019.103092
http://doi.org/10.1016/j.envpol.2015.12.032
http://doi.org/10.1007/s00374-019-01391-6
http://doi.org/10.1016/j.envpol.2011.07.023
http://doi.org/10.1007/s11356-017-0668-9
http://doi.org/10.1016/j.chemosphere.2017.01.096
http://doi.org/10.1016/j.scitotenv.2018.05.298
http://doi.org/10.1016/j.pedobi.2011.07.005
http://doi.org/10.1016/j.chemosphere.2012.05.092
http://www.ncbi.nlm.nih.gov/pubmed/22732302
http://doi.org/10.1016/j.jenvman.2018.04.046
http://www.ncbi.nlm.nih.gov/pubmed/29684778
http://doi.org/10.1016/j.chemosphere.2019.06.030


Sustainability 2023, 15, 4861 14 of 15

65. Gonzaga, M.I.S.; Souza, D.C.F.D.; Almeida, A.Q.D.; Mackowiak, C.; Lima, I.D.S.; Santos, J.C.D.J.; Andrade, R.S.D. Nitrogen and
phosphorus uptake efficiency in Indian mustard cultivated during three growth cycles in a copper contaminated soil treated with
biochar. Ciência Rural. 2019, 49, 1. [CrossRef]

66. Bashir, S.; Shaaban, M.; Mehmood, S.; Zhu, J.; Fu, Q.; Hu, H. Efficiency of C3 and C4 Plant Derived-Biochar for Cd Mobility,
Nutrient Cycling and Microbial Biomass in Contaminated Soil. Bull Environ. Contam. Toxicol. 2018, 100, 834–838. [CrossRef]

67. Angst, T.E.; Six, J.; Reay, D.S.; Sohi, S.P. Impact of pine chip biochar on trace greenhouse gas emissions and soil nutrient dynamics
in an annual ryegrass system in California. Agric. Ecosyst. Environ. 2014, 191, 17–26. [CrossRef]

68. Li, B.; Bi, Z.; Xiong, Z. Dynamic responses of nitrous oxide emission and nitrogen use efficiency to nitrogen and biochar
amendment in an intensified vegetable field in southeastern China. GCB Bioenergy 2017, 9, 400–413. [CrossRef]

69. Madiba, O.F.; Solaiman, Z.M.; Carson, J.K.; Murphy, D.V. Biochar increases availability and uptake of phosphorus to wheat under
leaching conditions. Biol. Fertil. Soils 2016, 52, 439–446. [CrossRef]

70. Ahmad, M.; Rajapaksha, A.U.; Lim, J.E.; Zhang, M.; Bolan, N.; Mohan, D.; Vithanage, M.; Lee, S.S.; Ok, Y.S. Biochar as a sorbent
for contaminant management in soil and water: A review. Chemosphere 2014, 99, 19–33. [CrossRef]

71. Anawar, H.M.; Akter, F.; Solaiman, Z.M.; Strezov, V. Biochar: An Emerging Panacea for Remediation of Soil Contaminants from
Mining, Industry and Sewage Wastes. Pedosphere 2015, 25, 654–665. [CrossRef]

72. Sahin, O.; Taskin, M.B.; Kaya, E.C.; Atakol, O.; Emir, E.; Inal, A.; Gunes, A.; Nicholson, F. Effect of acid modification of biochar on
nutrient availability and maize growth in a calcareous soil. Soil Use Manag. 2017, 33, 447–456. [CrossRef]

73. Hardie, M.A.; Oliver, G.; Clothier, B.E.; Bound, S.A.; Green, S.A.; Close, D.C. Effect of Biochar on Nutrient Leaching in a Young
Apple Orchard. J. Environ. Qual. 2015, 44, 1273–1282. [CrossRef]

74. Gul, S.; Whalen, J.K. Biochemical cycling of nitrogen and phosphorus in biochar-amended soils. Soil Biol. Biochem. 2016, 103, 1–15.
[CrossRef]

75. Liu, Q.; Zhang, Y.; Liu, B.; Amonette, J.E.; Lin, Z.; Liu, G.; Ambus, P.; Xie, Z. How does biochar influence soil N cycle? A
meta-analysis. Plant Soil 2018, 426, 211–225. [CrossRef]

76. Karim, A.A.; Kumar, M.; Singh, S.K.; Panda, C.R.; Mishra, B.K. Potassium enriched biochar production by thermal plasma
processing of banana peduncle for soil application. J. Anal. Appl. Pyrolysis 2017, 123, 165–172. [CrossRef]

77. Subedi, R.; Taupe, N.; Pelissetti, S.; Petruzzelli, L.; Bertora, C.; Leahy, J.J.; Grignani, C. Greenhouse gas emissions and soil
properties following amendment with manure-derived biochars: Influence of pyrolysis temperature and feedstock type. J.
Environ. Manag. 2016, 166, 73–83. [CrossRef]

78. Taghizadeh-Toosi, A.; Clough, T.J.; Sherlock, R.R.; Condron, L.M. Biochar adsorbed ammonia is bioavailable. Plant Soil 2011, 350,
57–69. [CrossRef]

79. Luo, K.; Xie, C.; Yuan, X.; Liu, S.; Chen, P.; Du, Q.; Zheng, B.; Fu, Z.; Wang, X.; Yong, T.; et al. Biochar and biofertilizer reduced
nitrogen input and increased soybean yield in the maize soybean relay strip intercropping system. BMC Plant Biol. 2023, 23, 38.
[CrossRef]

80. Xu, Y.; Qi, F.; Bai, T.; Yan, Y.; Wu, C.; An, Z. A further inquiry into co-pyrolysis of straws with manures for heavy metal
immobilization in manure-derived biochars. J. Hazard. Mater. 2019, 380, 120870.1–120870.9. [CrossRef]

81. Mandal, S.; Donner, E.; Smith, E.; Sarkar, B.; Lombi, E. Biochar with near-neutral pH reduces ammonia volatilization and improves
plant growth in a soil-plant system: A closed chamber experiment. Sci. Total Environ. 2019, 697, 134114. [CrossRef] [PubMed]

82. Xia, L.; Chen, W.; Lu, B.; Wang, S.; Xiao, L.; Liu, B.; Yang, H.; Huang, C.L.; Wang, H.; Yang, Y.; et al. Climate mitigation potential
of sustainable biochar production in China. Renew. Sustain. Energy Rev. 2023, 175, 113145. [CrossRef]

83. Lu, H.; Wang, Y.; Liu, Y.; Wang, Y.; He, L.; Zhong, Z.; Yang, S. Effects of Water-Washed Biochar on Soil Properties, Greenhouse
Gas Emissions, and Rice Yield. CLEAN-Soil Air Water 2018, 46, 1700143. [CrossRef]

84. Shi, Y.; Liu, X.; Zhang, Q. Effects of combined biochar and organic fertilizer on nitrous oxide fluxes and the related nitrifier and
denitrifier communities in a saline-alkali soil. Sci. Total Environ. 2019, 686, 199–211. [CrossRef]

85. Clough, T.; Condron, L.; Kammann, C.; Müller, C. A Review of Biochar and Soil Nitrogen Dynamics. Agronomy 2013, 3, 275–293.
[CrossRef]

86. Dewi, W.S.; Wahyuningsih, G.I.; Syamsiyah, J. Mujiyo Dynamics of N-NH4
+, N-NO3

−, and total soil nitrogen in paddy field with
azolla and biochar. IOP Conf. Ser. Earth Environ. Sci. 2018, 142, 012014. [CrossRef]

87. Cayuela, M.L.; Sànchez- Monederol, M.A.; Roig, A.; Hanley, K.; Enders, A.; Lehmann, J. Biochar and denitrification in soils:
When, how much and why does biochar reduce N2O emissions? Sci. Rep. 2013, 3, 1–6. [CrossRef]

88. Zhang, A.F.; Cui, L.Q.; Pan, G.X.; Li, L.; Hussain, Q.; Zhang, X.; Zheng, J.; Crowley, D. Effect of biochar amendment on yield and
methane and nitrous oxide emissions from a rice paddy from Tai Lake plain, China. Agric. Ecosyst. Environ. 2010, 139, 469–475.
[CrossRef]

89. Zheng, Q.; Wang, W.; Wen, J.; Wu, R.; Wu, J.; Zhang, W.; Zhang, M. Non-additive effects of bamboo-derived biochar and
dicyandiamide on soil greenhouse gas emissions, enzyme activity and bacterial community. Ind. Crops Prod. 2023, 194, 116385.
[CrossRef]

90. Yanai, Y.; Toyota, K.; Okazaki, M. Effects of charcoal addition on N2O emissions from soil resulting from rewetting air- dried soil
in short- term laboratory experiments. Soil Sci. Plant Nutr. 2007, 53, 181–188. [CrossRef]

91. Efthymiou, A.; Grønlund, M.; Müller-Stöver, D.S.; Jakobsen, I. Augmentation of the phosphorus fertilizer value of biochar by
inoculation of wheat with selected Penicillium strains. Soil Biol. Biochem. 2018, 116, 139–147. [CrossRef]

http://doi.org/10.1590/0103-8478cr20170592
http://doi.org/10.1007/s00128-018-2332-6
http://doi.org/10.1016/j.agee.2014.03.009
http://doi.org/10.1111/gcbb.12356
http://doi.org/10.1007/s00374-016-1099-3
http://doi.org/10.1016/j.chemosphere.2013.10.071
http://doi.org/10.1016/S1002-0160(15)30046-1
http://doi.org/10.1111/sum.12360
http://doi.org/10.2134/jeq2015.02.0068
http://doi.org/10.1016/j.soilbio.2016.08.001
http://doi.org/10.1007/s11104-018-3619-4
http://doi.org/10.1016/j.jaap.2016.12.009
http://doi.org/10.1016/j.jenvman.2015.10.007
http://doi.org/10.1007/s11104-011-0870-3
http://doi.org/10.1186/s12870-023-04058-5
http://doi.org/10.1016/j.jhazmat.2019.120870
http://doi.org/10.1016/j.scitotenv.2019.134114
http://www.ncbi.nlm.nih.gov/pubmed/31487592
http://doi.org/10.1016/j.rser.2023.113145
http://doi.org/10.1002/clen.201700143
http://doi.org/10.1016/j.scitotenv.2019.05.394
http://doi.org/10.3390/agronomy3020275
http://doi.org/10.1088/1755-1315/142/1/012014
http://doi.org/10.1038/srep01732
http://doi.org/10.1016/j.agee.2010.09.003
http://doi.org/10.1016/j.indcrop.2023.116385
http://doi.org/10.1111/j.1747-0765.2007.00123.x
http://doi.org/10.1016/j.soilbio.2017.10.006


Sustainability 2023, 15, 4861 15 of 15

92. Nair, V.D.; Nair PK, R.; Dari, B.; Freitas, A.M.; Chatterjee, N.; Pinheiro, F.M. Biochar in the Agroecosystem-Climate-Change-
Sustainability Nexus. Front Plant Sci. 2017, 8, 2051. [CrossRef]

93. Nguyen, D.H.; Scheer, C.; Rowlings, D.W.; Grace, P.R. Rice husk biochar and crop residue amendment in subtropical cropping
soils: Effect on biomass production, nitrogen use efficiency and greenhouse gas emissions. Biol. Fertil. Soils 2016, 52, 261–270.
[CrossRef]

94. Mandal, S.; Donner, E.; Vasileiadis, S.; Skinner, W.; Smith, E.; Lombi, E. The effect of biochar feedstock, pyrolysis temperature,
and application rate on the reduction of ammonia volatilisation from biochar-amended soil. Sci. Total Environ. 2018, 627, 942–950.
[CrossRef]

95. Wang, T.; Camps-Arbestain, M.; Hedley, M. The fate of phosphorus of ash-rich biochars in a soil-plant system. Plant Soil 2013, 375,
61–74. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fpls.2017.02051
http://doi.org/10.1007/s00374-015-1074-4
http://doi.org/10.1016/j.scitotenv.2018.01.312
http://doi.org/10.1007/s11104-013-1938-z

	Introduction 
	Preparation and Characterization of Biochar 
	Preparation of Biochar 
	Characteristics of Biochar 

	Impact of Biochar on the Soil Environment 
	Effects of Biochar on Soil Physicochemical Properties 
	Effects of Biochar on Soil Physical Properties 
	Effects on Soil Chemical Properties 

	Effect of Biochar on Soil Microbial Properties 

	Effect of Biochar on Soil Metal Pollution and Soil Remediation 
	Effect of Biochar on Soil Metal Pollution 
	Impact of Biochar on Farmland Restoration 

	Effect of Biochar on Soil Nutrient Content and Plant Nutrient Uptake and Utilization 
	Effect of Biochar on Soil Fertility 
	Effect of Biochar on Soil Nitrogen 
	Effect of Biochar on Soil Trace Elements 

	Biochar Impacts on Greenhouse Gas Emissions from Agricultural Land 
	Effect of Biochar on Plant Nutrient Absorption and Utilization 

	Conclusions 
	References

