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Abstract

Agriculture is the most active ecological system in the world where the losses
are more than the gains. The soils under agriculture are more exhausted and
are having a lower organic matter due to continuous loss than the soils of other
ecological systems. The solution for this frequent loss of organic matter can be
biochar. The biochar acts as a rich source of organic matter to these soils and
acts as a long-term reservoir of carbon. There are three functions of biochar
for which its use has been highly promoted over the last few years which
includes mitigating climate change by carbon sequestration into the soils,
enhancing crop yields, and improving soil structure and functions. It can be
produced from various agricultural by-products at different temperatures
through the pyrolysis method. The study of biochar properties and the
characterization of their effect on soil properties must be done. The methods
like Diffuse Reflectance Infrared Fourier Transform Spectroscopy (FTIR),
Energy-Dispersive X-ray Spectroscopy (EDX), etc are to be used for the
physical identification of biochar. Other properties of biochar and its influence
on various soil components and properties like pH, EC, organic carbon, etc.
under its long-term field usage will be discussed in this review.

Keywords biochar, pyrolysis, Energy-Dispersive X-ray Spectroscopy (EDX),
agriculture, carbon sequestration

Introduction

The world population has surpassed 7.8 billion and projected to reach 9.7
billion by the year 2050 and restricted agricultural land area for food
production of increasing population is a chief concern [1]. To increase food
production, new technology is needed in the agricultural field to fill the gap
between demand and supply [2]. Agricultural soils are having a relatively
smaller proportion of soil carbon pool [3]. For the production of a larger
amount of crops, humans are using a larger amount of fertilizer which reduced
soil fertility and excess use of fertilizer reduced soil fertility and architecture
[1]. For the solution of this problem, biochar has a potential approach. Biochar
is a high carbon material produced from the pyrolysis of biomass. It can be
called Black Gold for agriculture [4].

Various char or charcoals like materials present in soil are considered
as a pool of soil organic carbon [5]. High fertility soils of Amazon were
created by pre-Columbian indigenous people of Amazon through the slash and
char process called terra preta. These soils have a high content of carbon with
its low turnover rate and higher soil persistence therefore the soils of Amazon
till now are among the most fertile land of the world. The plants do the
process of photosynthesis which reduces the atmospheric carbon dioxide into
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carbohydrate carbon, this stores the carbon into plant biomass which doesn’t rapidly decompose
when goes into the soil [6]. Therefore, the plant biomass when pyrolyzed leads to a decrease in the rate of
its decomposition process in the soils which leads to an increase in its residence time into the soils. The
residence time of biochar is in the range of 100 to 1000 years in the soil [4]. The assumption also supports
that 80% of biochar will remain in the soil even after the 100 years of its introduction. The preparation of
biochar must be done from the crop residues [3], so that it may lead to an increase the soil fertility and also
proves as an intelligent way to recycle organics into the soil as well as effectively reducing CO2 emission
from the soils. The study of certain cases of mean residence time (MRT) of biochar material is present in

Table 1.
Table 1. Mean residence time (MRT) of biochar in various soils [7].

(rice paddies)

SN. Place of application Biochar source Mean residence time
(MRT) of biochar
(yrs.)
1. Colombia (savanna) Charred mango wood 3,624
2. Thailand and the Philippines | Charred rice husks >1,000
(rice paddies)
3. Los Banos, Philippines Charred rice husks 100 to 1000 years

4. Russia (steppe)

Naturally-occurring fire

Turnover time 293

Slash-and-burn conversion

8.3

5. Kenya (cropland)

from forest to cropland

According to the norms of the International Biochar Initiative (IBI) biochar is a material having the
molar ratio of H to organic C up to 0.7 [8].The IBI has defined three classes based on the carbon content of
biochar. These include Class 1 biochar which contains (>60% carbon), Class 2 biochar (30 to 60% carbon),
and Class 3 biochar (10% to 30% carbon) [9], while European Biochar Certificate (EBC) states that the
biochar must have minimum 50% stable organic carbon in it. The Climate Trust, a US-based non-profit
organization written in ‘‘climate solutions for governments, utilities, and large businesses’” that ‘‘at its
maximum sustainable potential, biochar could reduce annual global GHG emissions by 12%”. There are
three functions of biochar for which its use has been highly promoted over the last few years which states
mitigating climate change by carbon sequestration into the soils, enhancing crop yields, and improving soil
structure and functions (Figure 1).

Supply plant
nutrients

Reduced GHGs SR
emission

Enhancement of
crop yield

Biochar

Improve soil
physio-chemical
properties

Figure 1. Schematic diagram of application of biochar
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Types of biomass used for biochar production

Biochar can be produced from a range of organic materials under different conditions, showing variable
properties [10]. The currently used feedstock at a commercial scale and for different research facilities may
include wood chips, wood pellets, tree bark, and agricultural wastes including crop residues like straw,
nutshells, rice hulls, switchgrass, etc. The organic wastes including paper sludge, distillers grain, sugarcane
bagasse, olive waste use of chicken litter proposed by Das et al., [11] and other biomass are dairy manure,
as well as sewage and sludge. The agricultural waste biochar does not cause any notable greenhouse gas
(GHG) emissions. There are a considerably higher yield and porosity of biochar derived from the biomass
having more lignin and lesser cellulose [12].

Preparation methods for biochar

The conversion of biomass into biochar takes place by the use of pyrolysis methods (Figure 2).The
pyrolysis of waste biomass avoids the production of greenhouse gases like CO2 and N20 and also retains
half of the carbon fixed by plants during photosynthesis. The biomass is helpful in the formation of biochar
by slow or fast pyrolysis process and it also produces bioenergy as a byproduct. Bioenergy serves as an
alternative form of fossil energy with low CO2 emissions after combustion. The production of 35% biochar
by pyrolysis, a maximum energy output of 8.7MJ kg™ has been recorded in the form of bioenergy like
liquid fuels [13]. The biochar is produced by the thermal decomposition of waste biomass at temperatures
between 200-900°C in the presence of very little or no oxygen gas [14]. There are three types of pyrolysis
fast, intermediate, and slow according to the residence time of the biomass and the temperature used for this
process.

o Fast and Slow pyrolysis H
Biomass pyroly Biochar +

Figure 2. Diagram of preparation methods for biochar

Characterization and properties of biochar

The surface chemistry of biochar can be examined in a more detailed form by using multiple techniques like
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (FTIR), Energy-Dispersive X-ray
Spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy [15]. These methods are useful in getting qualitative information about the aging
and functionalization of biochar [3]. The physical structure of biochar can be described by scanning
electron microscopy (SEM).The physicochemical properties of biochar vary with the temperature at which
it forms and the type of feedstock involve in its production. Most of the biochar is produced at the
temperature between 300°C to 500°C possess alkaline pH [16] and depending on the type of feedstocks also
the biochar prevails pH in the range of 6.1 to 11.6 which again is alkaline. This alkaline character of biochar
is due to the presence of carbonates and alkaline elements such as Na, K, Ca, and Mg present, which forms
during thermochemical conversion of the biomass. The other properties of biochar due to its alkaline nature
are the high total carbon content which is reflected in C: N ratio of 200:1 and lower total nitrogen (1.3 g kg
) [17]. The type of feedstock used for the biochar also affects the energy content of biochar which may
range from 30 to 35 MJ kg™ [18]. The Ash content of this black material also increases with increasing
temperature [3]. High microbial activity leads to diminishing the content of soil organic matter but for
biochar, this is not the case because the rate of stabilization of this substrate is higher than the ordinary
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organic matter in the soil.The total pore space or total pore volume in biochar is classified under
micropores (pores having an internal diameter of <2nm), mesopores (pores having an internal diameter in
the range of 2nm to 50nm), and macropores (pores having an internal diameter of >50nm) [19]. The
micropores present in the biochar mainly contribute to its surface area. While on the other hand macropore
present in it acts as a habitat for a cluster of the microbial population present in the soil like bacteria, fungi,
actinomycetes, and lichens (0.5um to 5pum).

Effect of biochar on soil components and properties

Effect on soil components

The biochar created at low temperatures is having the ability to control the release of fertilizer nutrients.
The plots amended with biochar and additional NPK prove to sustain a higher yield of the crop compared to
the control plot [3]. In Indonesia, the yield of maize and peanut plants got enhanced by the addition of bark
charcoal when combined with nitrogen fertilizers in the field [20]. The semi-arid soils in Australia also
showed positive results with biochar in combination with fertilizers for crop yields during pot trials [17].
Biochar has an affinity for organic compounds so it helps in the sorption of toxic products from wastewater
treatment. It also helps in increasing nutrient use efficiency of plants as well as enhancing plant growth and
also reduces the emission of nitrous oxide from soils.

Effect on soil properties

Scientists had admitted that the application of biochar considerably improves soil properties. There have
been seen changes in various soil chemical properties due to the application of different rates of biochar.
After the application of biochar, soil acidity was also reduced considerably and the essential mineral uptake
increased together with its effect in the upcoming season as well. Globally, a considered fact was there that
biochar application improves the soil pH its water-holding capacity as well as an affinity for micro or macro
plant nutrients [21]. The changes due to various rates of biochar application in the soils affecting soil
properties were reflected in the research of Chan et al., [17] in Table 2.

Effect on soil physical properties

The increase in aeration and water holding capacity [22] of different soils is being observed with the use of
biochar. The water holding capacity of the soil is increased by biochar addition so it may help to reduce
wilting of crops at higher temperature regions, where evapotranspiration rates may also be higher [23]. In
an experiment by Basso et al., [24] the use of flash pyrolyzed biochar in the sandy soils leads to an increase
in soil water holding capacity up to 23% compared to that of control. The high adsorption capacity and
porous structure of biochar lead to an increase in soil water holding capacity. As said by Glaster et al., [25]
the water retention in terra preta was 18% higher than the soil where the charcoal is absent. As with the
application of organic matter, the decrease in bulk density and the same was observed in the case of biochar
[22]. Akhtar et. al., [4] reported that the addition of biochar leads to a decrease in soil bulk density from
1.63 to 1.54 g cm-3. The specific surface area of biochar increases with the increase in temperature due to
the formation of micropores and the abundance of the carboxylic group on those surfaces. There may also
be a short-lived direct effect of biochar on soil texture because with time the biochar is further divided into
a smaller-sized silt-sized particle by abrasion, shrinking and swelling, or freezing and thawing.The soil
structure also shows remarkable changes with the addition of biochar uprooting of plants is easy in
amended soils compared to non-biochar amended soils. If we talk about soil color, due to the addition of
biochar the soil color becomes darker than normal mineral soil. Darker soils absorb more solar energy and
display higher soil temperatures which eventually accelerate nutrient cycling and also extend the growing
season in temperate regions. On a large spatial scale, it can be seen that the addition of biochar leads to
potentially reduce the albedo of the earth’s surface [3].

Effect on soil chemical properties (pH, EC, CEC and Organic Carbon)
In the pot trial conducted on radish using biochar, there is an increase in soil pH and organic carbon [17].
Most of the time with the application of biochar @ of 30 Mg ha™ there is an increase in pH of soil by 0.5-1
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Table 2. Effect of various rates of biochar on various soil physicochemical properties [13]

Biochar rate (t/ha) 0 10 50 100 Significance

level
pH 4.77 4.75 5.38 5.99 P <0.001
C (g/kg) 21.6 27.0 434 64.6 P <0.001
Total N (g/kg) 1.7 1.4 1.5 1.6 n.s.
Ex. Na (cmol/kg) 0.60 0.58 0.74 0.84 P <0.001
Ex. K(cmol/kg) 0.24 0.40 0.92 1.60 P <0.001
Ex. Ca (cmol/kg) 5.50 5.18 5.58 6.30 P <0.001
Ex. Mg (cmol/kg) 1.84 1.70 1.86 1.88 P <0.01
Ex. Al(cmol/kg) 0.25 0.23 0.10 0.10 P <0.001
eCEC (cmol/kg) 8.42 8.08 9.10 10.60 P <0.001
Colwell P 23.8 26.6 32.6 40.8 P <0.001
Field Capacity 0.255 0.244 0.270 0.320 P <0.001
(kg/100 kg)

unit [8]. If the pH is in the low range so it can limit plant growth by modifying the dynamics of
crop nutrients, hence the addition of biochar is particularly beneficial in acidic soils. There is a significant
increase in EC of the soil after the application of BC which was produced from maize stalk. Hernandez-
Soriano and Jimenez-Lopez [26] stated that BC contributes significantly to soil carbon storage, with the
addition of BC there will be a spatial reorganization of C within the soil particles. The soil respiration is
lowered in the soil amended with BC compared to soil amended with other residues. An increase in CEC
with relation to nutrient cycling can be seen as the long-term significant effect of biochar on soil
biogeochemical processes.

(A) Effect of biochar on soil phosphorus

The application of biochar to soil increases the retention of phosphorus while some studies suggested that
the availability of phosphorus in soil is influenced by the type of soil. The soils enriched with BC influences
greater P availability therefore the root hairs development may get inhibited [27]. It has been found that the
presence of multivalent cations such as AlI**, Fe**, Ca**, and Mg?* in the biochar promotes the formation of
poorly soluble phosphate compounds. Gondek et al., [28] the content of total phosphorus in soils increases
with applied BC, without considering the source from which the BC is prepared. This long-lasting
availability due to persistent phosphorus bonds present in the BC leads to the slower release of phosphorus
to plants and also reduces P losses through leaching in soils.

(B) Effect of biochar on soil nitrogen (N)

Biochar if applied in soils with nitrogenous fertilizers leads to improve soil properties together with
nitrogen use efficiency [17]. Biochar if applied alone can reduce the availability of nitrogen in soil due to its
sorption over its surfaces. The addition of biochar into the soil leads to an increase in C: N ratio which
causes N immobilization into the soil therefore reduces N uptake to the crop plants. A pot study with maize
plants shows higher biological nitrogen fixation due to the use of biochar in that study [29].

(C) Effect of biochar on soil microbial population

In terra preta soils where biochar was highly aged and there appears a distinct microbial community
structure [30]. The enhanced plant growth was recorded in various works of literature due to stimulation of
arbuscular mycorrhizal fungi using biochar [30-31]. The pyrolysis condensates and labile components of
biochar in the soil are useful for promoting the microbial responses in the short term.

Conclusion

The above study regarding the black gold biochar and its soil behavior proves that it is a very young field of
research. Therefore, initially, we need a systematic research program that will investigate the stability of
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biochar, represents various feedstocks and production methods, across the climate and soil
gradients. It has also been proved that it has the potential to improve various soil properties together with
sustainable environmental growth. A range of materials can be used in its preparation and at different
pyrolysis temperatures one can prepare it even in your backyard or on your farm. The stated chemical and
physical properties of biochar reveal the infrastructure of biochar and acts as a promotive vision for its use
in soil application to endure its advantage for enhancing soil chemical and physical properties. As we can
see that the large surface area and porosity raise the soil water holding capacity and nutrient absorption. The
research must be done in every aspect of biochar application rates, pyrolysis temperature, feedstock to be
used and in which soil up to what extent its use is feasible or not.
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