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ABSTRACT

Biochar is the solid carbonaceous product obtained when plant and/or animal
biomass is subjected to pyrolysis. It is a co-product of a controlled pyrolysis
process, can be used as a tool for sequestering C in soil to offset greenhouse gas
(GHG) emissions, and as a soil amendment. Whereas the impacts of biochar
application on soil chemical properties are widely known, the research information
on soil physical properties is scarce. Biochar is increasingly being recognized by
scientists and policy makers for its potential role in carbon sequestration, reducing
greenhouse gas emissions, renewable energy, waste mitigation, and as a soil
amendment. The challenge of agricultural land depletion as a result of the pressure
driven by the ever-growing population has brought about a renewed focus on the
need for sustainable practices in agricultural production and environmental
impacts of biochar. This chapter reviews the properties of biochar; its impacts on
environment and in soil when incorporated into the soil. Relative to its original
organic form, this chapter iterates the benefits of biochar as a more sustainable
organic approach towards improving agricultural soil qualities and hence crop
yield due to its stability and duration in soils for hundreds of years. The impacts of
biochar on soil physical, chemical and biological properties through the
enhancement of soil nutrient and water-holding capacity, pH, bulk density and
stimulation of soil microbial activities are by improving aggregation, porosity,
surface area and habitat for soil microbes in biochar-amended soils. It is therefore
recommended that biochar be used as soil amendment, especially to a degraded
soil for a large and long-term carbon sink restoration.
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Introduction

Biochar is a type of black carbon produced
from a carbonaceous material through the
application of heat or chemicals (Lehmann,
2007b; Novak et al., 2009). Biochar is defined
as the carbonaceous product obtained when
plant or animal biomass is subjected to heat
treatment in an oxygen-limited environment
and when applied to soil as an amendment
(Lehmann and Joseph, 2009). Biochars made
from diverse biomass species (feedstock) are
characterized by different morphological and
chemical properties but also characteristically
differ based on specific pyrolysis conditions
i.e., final pyrolysis temperature or peak
temperature, rate of charring or ramp rate, and
duration of charring time (Zimmerman, 2012).

Black carbon in soils can be a result of
anthropogenic activities like fire pits or natural
occurrences like volcanic activity or forest
fires (Spokas et al., 2012). Biochar is
differentiated from black carbon in that it is
created with the intent to be used as a soil
ameliorant (Barrow, 2012). Specifically,
biochar is a stable substrate created from
organic material that has been combusted
under low or no oxygen conditions through
the process of pyrolysis (Atkinson et al., 2010;
Karhu et al., 2011). Biochar may increase soil
pH, nutrient retention, cation exchange
capacity (CEC), crop biomass, and many other
variables important to soil quality and
agriculture (Schnell et al., 2012; Xu et al.,
2012) in addition to increased soil C
sequestration (Lehmann, 2007a). The carbon-
rich by product that is produced when biomass
(e.g., agricultural crop residues, wood, waste,
etc.) is heated through the process of pyrolysis
in an oxygen-depleted environment is
commonly referred to as biochar. However,
biochar is a fairly loose term without any clear
definition at the moment. According to
Lehmann et al., (2006), the term “biochar” is a
relatively recent development and evolved in

conjunction with issues such as soil
management and carbon  sequestration.
Therefore, biochar is a term normally
associated with plant biomass- or biowaste-
derived materials contained within the black
carbon (BC) continuum (Schmidt and Noack,
2000). This definition can include chars and
charcoal, but excludes fossil fuel products or
geogenic carbon (Lehmann et al.,, 2006).
Biochar differs from charcoal in regard to its
purpose of use, which is not for fuel, but for
atmospheric carbon capture and storage, and
application to soil. Recently, the European
Commission (Verheijen et al.,, 2010) has
defined biochar as charcoal (biomass that has
been pyrolyzed in a zero or low oxygen
environment) for which, owing to its inherent
properties, scientific consensus exists that
application to soil at a specific site is expected
to sustainably sequester carbon and
concurrently improve soil functions (under
current and future management), while
avoiding short- and long-term detrimental
effects to the wider environment as well as
human and animal health. This ability of
biochar to amend soil quality issues, in
conjunction  with  sequestering C, has
contributed to a surge in biochar interest. The
use of biochar as a soil additive has been
proposed to  simultaneously  mitigate
anthropogenic ~ climate  change  while
improving soil fertility and enhancing crop
production (e.g., Glaser et al., 2002, 2009;
Lehmann et al., 2006; Ogawa et al., 2006).
However, the true potential of this practice in
terms of both agronomic and environmental
benefits has only been highlighted recently
(e.g., Glaser et al., 2009;Lehmann and Joseph,
2009; Lehmann et al., 2006; Sohi et al., 2010).
Biochar application to the nutrient-poor soils
is increasingly being recognized as an
attractive  option, given the potential
agronomical and environmental benefits.
Biochar is currently promoted as a way to
initiate a “doubly green revolution” (Barrow,
2012) by potentially addressing soil organic
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matter GHG emissions and food insecurity
concurrently (Jones et al., 2012; Lehmann et
al., 2006; Mukherjee and Lal, 2013; Sohi et
al., 2010). Specifically, biochar is being
targeted in tropical soils. Sustainable
agriculture in the tropics is difficult because of
the rapid degradation of soil organic matter in
some soils as a result of limited stabilizing
minerals in a hot and rainy climate (Glaser et
al., 2001).

Biochar production

Biochars are heterogeneous in their properties
due to the wide variety of feedstocks that can
be used and pyrolysis technologies. Some
common feedstocks include switchgrass,
hardwoods, peanut hulls, corn hulls, pecan
shells, bark, rice, sugarcane, leaves, paper
sludge, cow manure, poultry manure, poultry
litter, sewage sludge, and aquaculture waste
(Atkinson et al., 2010; Barrow, 2012; Spokas
et al., 2012; Xu et al., 2012). Biochar can help
eliminate the reluctance people may have to
waste stream products by removing both the
wetness and the odor through the process of
pyrolysis  (McHenry, 2011). Once the
feedstock is established, there are many
different types of pyrolysis, including slow

pyrolysis, fast pyrolysis, flash pyrolysis,
vacuum pyrolysis, hydropyrolysis,
intermediate  pyrolysis, and microwave-

assisted pyrolysis (Manya’, 2012; Tripathi et
al., 2016). In addition to the solid biochar, bio-
oil and bio-syngas are also products of
pyrolysis (Tripathi et al.,, 2016). Other
methods to create biochar include torrefaction,
flash carbonization, hydrothermal
carbonization, and gasification (Cha et al.,
2016). The combination of many feedstocks
and several pyrolysis technologies makes for a
plethora of biochars all varying in
hysicochemical properties. Once the biochar is
created, other variables need to be
documented. For instance, it is also important
to maintain records of how the biochar was

stored and if any chemical or thermal
activation occurred as these factors can affect
the surface chemistry of the biochar as well as
how resistant it is to decay within soil (Spokas
etal., 2012).

Properties of biochar

Biochars are characterized by certain
morphological and chemical properties which
are borne from the physico-chemical alteration
of the original feedstock as a result of
pyrolytic process. Characteristically, these
properties of biochar differ since they are
controlled by factors such as type of organic
material from which they are made, pyrolysis
conditions (i.e. final pyrolysis temperature or
peak temperature, rate of heat application —
slow or fast pyrolysis), rate and duration of
charring(Mukherjee 2011, Mukherjee et al.,
2011). The impact of biochar as an
amendment depends on its properties. Key
properties of biochar are the adsorptive
properties that potentially alter soils surface
area, pore size distribution, bulk density,
water-holding  capacity and penetration
resistance. Some physical properties of
biochar determined by variations in feedstock
type and pyrolysis condition are discussed
below.

Large surface area and presence of
micropores

Large surface area amendment property of
biochar contributes to the adsorptive
properties of soil and potentially improves
pore size distribution, bulk density and
consequently leading to an increase in the soil
available water needed for crop growth and
development. In addition, a strong direct
relationship exists between a biochar’s surface
area and the pore volume as measured using
N, adsorption and Braunauer-Emmett-Teller
(BET) modeling (Sweatman and Quirke,
2011; Jagiello and Thommes, 2004). It was
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reported that the surface area could also be
measured by using other compounds such as
CO, on carbonaceous materials at the
micrometer scale (Jagiello and Thommes,
2004). It was stated that understanding and
determination of the relative abundance and
stability of pores of different sizes are keys to
soil ecosystem functioning (Mukherjee and
Lal, 2014). Important among these functions
are aeration, hydrology and provision of
habitat for microbes while the finer pores
could be involved with molecular adsorption

and transport (Atkinson et al., 2010).
Differences in  production  conditions,
especially final combustion temperature,

would result to variation in surface area of
biochars even when they are produced from
the same parent biomass. The relationship
between the peak combustion temperature and
surface morphological parameters (i.e. surface
area, pore diameter and volume) of the
resulting  biochar is highly  complex
(Mukherjee and Lal, 2014). There may be
either no simple relationship between surface
area and peak temperature, or surface area
may increase with increase in peak
temperature up to a certain threshold and then
decrease (Fernandes et al., 2003). Due to
variations in reports on surface area and peak

temperature there are reports that the
mechanisms responsible for increases in
surface area with an increase in peak

temperature or heating rate are not well
understood (Mukherjee and Lal, 2014).
However, the surface area increases with an
increase in peak temperature of biochar
production (Mukherjee, 2011).

Adsorptive property

The adsorptive nature of biochar is related to
its surface area. The adsorptive capability of
biochar is determined by its surface chemical
properties and porous nature. It is an important
physical property due to its influence in the
uptake and binding effect of materials from

their surroundings (Mukherjee and Lal, 2013).
Biochar may adsorb poly aromatic
compounds, polyaromatic and poly aliphatic
hydrocarbons, other toxic chemicals, metals
and elements or pollutants in soils, sediments,
aerosols and water bodies (Schmidt and
Noack, 2000).

Stability

This important physical property makes
biochar a more sustainable soil amendment
relative to its original fresh biomass for
agricultural purpose However, degradation of
at least some components (volatile matter or
labile organic matter) of the biochar may
occur (Hammes et al., 2008). On the other
hand, the difference in sub-soil characteristics
due to variations in microbial activity and
oxygen content may affect biochar oxidation
and aging (Mukherjee and Lal, 2013). Biochar
can move into sub-soil over time to enrich the
zone. Hence, other factors associated with its
physical stability in soil include its mobility
into deeper soil profile (Mukherjee and Lal,
2013). The aggregate stability of biochar-
amended soil may also determine the
susceptibility of biochars to microbial
processes in subsoil. These factors not only
enhance the stability of soil organic matter in
the deeper profile but also improve availability
of water and nutrients to crops and decrease
erosion risks.

Restoring/improving soil properties

Biochar has the potential capacity to restore a
degraded soil when added to the soil. Biochar
mineralizes gradually over a long period of
time when applied to the soil. Nutrients from
biochar are released gradually to improve the
physical, chemical and biological conditions
of the soil. The impact of biochar as an
amendment is a function of its properties such
as large surface area and presence of
micropores (Mukherjee et al., 2011). These
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are key properties because they contribute to
the adsorptive properties of soils and
potentially alter soil physical and hydrological
properties.

Biochar and soil properties

Figure 1 illustrates the interaction between
biochar and soil. The application of biochar to
the soil will alter the physical and chemical
properties of the soil. The net effect of biochar
on the soil physical properties will depend on
its  interaction  the  physico-chemical
characteristics of the soil, the weather
conditions prevalent at the particular site and
the management of its application (Verheijen
et al., 2010). Biochar application can reduce
the bulk density of the different soils (Chen et
al., 2011). This could bring about
improvement in soil structure or aggregation,
and aeration enhancement, thus improving soil
porosity. The higher the total porosity (micro
and macropores) the higher is soil physical
quality. This is because micropores are
involved in molecular adsorption and transport
of water and nutrients while macropores affect
aeration and drainage (Atkinson et al., 2010).
Several studies have reported that as low as
0.5% (g g ') biochar application rate was
sufficient to improve water-holding capacity
and water retention(Jones et al.,, 2010 and
Uzoma et al., 2011. Hence, this can be said to
be good water-holding capacity amendment
for sandy soils which are highly porous due to
the preponderance of macropores.

Effect of biochar application on some soil
physical properties

A key determinant of soil functions and
processes is its physical properties, precisely
and most importantly, its texture. Hence, the
addition of biochar in soils with different
textures should affect the soil hydraulic
properties differently due to the fact that there
is a correlation between soil texture and soil

hydraulic properties. The impacts of biochar
as a soil amendment on some soil physical and
hydrological properties are briefly discussed
below. Soil surface area is an intrinsic
property of soil determined by the sizes of its
particles. The surface area of soils is an
important physical characteristic which plays
a vital role in water- and nutrient-holding
capacities, aeration and microbial activities
(Van et al., 2009); hence, it can be said to be
partly controlling the essential functions of
soil fertility. Biochar improves the physical
aspects of soil, including the bulk density,
particle size distribution, porosity, structure,
and texture (Ding et al., 2016; Manya’, 2012;
Xu et al., 2012). The large surface area of
biochar and its porous nature partly explain
increased retention of nutrients and water
(Atkinson et al., 2010; Barrow, 2012; Xu et
al., 2012). However, there are very few
studies on soil properties in long-term field
scale trials, so more research needs to be done
to investigate these changes and elucidate the
mechanisms (Atkinson et al., 2010).The total
porosity or pore size distribution of biochar is
a factor that can play an important role in the
alteration of the properties of biochar-
amended soils. Biochars are usually
characterized by the preponderance of
micropores, which may alter the pore size
distribution of coarse texture soil when added.
There  were significant  increases in
mesoporosity occurred at the expense of
macropores in waste-derived biochar-amended
soil compared to the control(Jones et al.,
2010). Bulk density, which is defined as the
mass of soil per its unit volume, has been
known to have a negative correlation with
surface area. The well-structured soils (fine
texture) are characterized by low bulk density
values between 1.0 and 1.3 g cm® while
poorly structured (coarse texture) soils are
known to have high bulk density values
between 1.6 and 1.8 g cm>(Oshunsanya,
2011). Though the data on aggregate stability
and penetration resistance of biochar-amended
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soils are scarce, a few studies generally
showed that low-temperature  (220°C)
hydrochar made from spent brewer’s grains (a
residue from beer brewing) responded
positively to aggregation of Albic Luvisol by
significantly increasing water-stable
aggregates as compared to the control
treatment (Mukherjee and Lal, 2013). Several
authors have reported positive response of soil
hydrological properties to biochar amendment.
This may be due to the fact that soil
hydrological properties such as infiltration
rate, moisture content, hydraulic conductivity,
water-holding capacity and water retention are
invariably related to soil surface area, bulk
density, porosity and aggregate stability
(Mukherjee et al., 2011). In other words, an
alteration in these soil physical properties as
caused by biochar application would lead to a
change in soil hydrological properties.

Biochar and soil chemical properties

Most studies of biochar as a soil amendment
have focused majorly on soil nutrient status,
taking into consideration cation exchange
capacity, nutrient content, pH, the carbon
sequestration potential of the amended soil,
and vegetative growth and yield of crops.
Biochar has the potential to improve soil CEC
due to the fact that it is often characterized by
high CEC values, due to its negative surface
charges and its high specific surface area as
was reported for biochar produced from crop
residues (Yuan, 2011). Furthermore, the
immediate beneficial effect of biochar
application on crop productivity in tropical
soils may result from increase in availability
of nitrogen, phosphorus, potassium, calcium,
copper and zinc as reported for soils amended
with secondary forest biochar (Lehmann et al.,
2003). The chemical properties of soil are also
impacted including an increase in soil carbon,
pH, and CEC (Laghari et al., 2016). Biochar
application can directly or indirectly affect
SOC dynamics. Indirectly, biochar could

affect net primary production and, thus, the
amount of biomass that may remain in
agroecosystems.  This would result to
alteration in soil carbon inputs. The higher
belowground net primary production and
increased root-derived carbon inputs after
biochar application may particularly result in
an increase in SOC (Sohi et al., 2010).
Directly, biochar can inhibit degradation
process, and as a result increase the mean
residence time (MRT) of SOC (i.e. the mean
time that a SOC-carbon atom spends in soil).
As a direct consequence, biochar application
would enhance SOC stabilization processes
and contribute to SOC sequestration.

Effect of biochar on soil microbiology

Biochar is considered recalcitrant due to its
resistance to microbial decay (Lehmann et al.,
2011). However, the high porosity can provide
additional niches for microorganisms (Barrow,
2012; Pietika“inen et al., 2000). Depending on
the biochar and soil type, biochar may also
reduce changes within the microbial
community structure and function (Anderson
et al., 2011), have no effect on species
richness or diversity (Rutigliano et al., 2014),
or increase microbial abundance (Ding et al.,
2016). Biochar application has also been
found to increase the amount of bacteria with
decreased fungi abundance (Chen et al., 2013)
or by increasing k-strategist microbial biomass
and increasing species richness (Liang et al.,
2010; O’Neill et al., 2009). It may also
increase  plant root  colonization by
ectomycorrhizal  fungi and  arbuscular
mycorrhizal fungi (Warnock et al., 2007) or
shift the microbial community to one that
prefers aromatic C (Bamminger et al., 2014).
Additionally, biochar can affect the activity of
soil enzymes by inhibiting or increasing the
contact with SOM (Thies et al., 2015). The
variety of different biochars, with varying
chemical and physical properties, in
conjunction with varying soil environments
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likely causes the wide range of microbial
responses to biochar amended soils. Studies
have shown higher microbial biomass but yet
lower microbial activity in biochar amended
soil than the neighbouring soils (Thies and
Rillig M, 2009). However, most studies have
focused on biochar interaction  with
mycorrhizal fungi (Thies and Rillig M, 2009).
Specifically, biochar has been reported to have
symbiotic relationship with the mycorrhizal
system. According to Warnock et al., 2007 the
four mechanisms by which biochar could
improve mycorrhizal abundance (40%) and
functioning are listed as follows:

Alteration of soil physico-chemical properties,

Indirect effects on mycorrhizae through
effects on other soil microbes,

Plant-fungus signalling interference, and
Detoxification of allelochemicals on biochar.
Nutrient immobilization and release

The potential benefits of biochar to improving
soil fertility through nutrient addition and
improvements in fertilizer-use efficiency are
well recognized, as stated above. However,
unintentional consequences such as nutrient
sorption, increased leaching of some nutrients,
and increased EC need consideration prior to
biochar application to soil. The changes in N
dynamics following biochar application are
not fully understood (Clough et al., 2010;
Lehmann, 2007a; Singh et al,,
2010a).However, it has been suggested that
weathering of biochar in soil can lead to
immobilization of N (Singh et al., 2010a; Yao
et al., 2009). It has been noted that biochar at
high application rates (10% or 20%, w/w) can
effectively reduce NH, leaching in contrasting
soils (Lehmann et al., 2003). But this effect
depends on biochar type and soil and their
contact time (aging). Singh et al., (2010a)

demonstrated that while freshly added
biochars had little effect on NH4 leaching,
upon aging in soil (around 5 months), the
wood- and poultry litter-based biochars
produced at 550 (Singh and Heffernan, 2002).
Biochar applications may result in increased
initial leaching of nutrients (e.g., nitrate) from
soil, especially when the biochars have high N
content (Singh et al., 2010a). As biochar alters
N dynamics in soil, it can be expected to
influence gaseous losses of N. Loss of N as
N.O provides a small, but environmentally
significant route for N loss from soil to the
atmosphere. Nitrous oxide is produced
through a range of mechanisms in soil
including nitrification, nitrifier denitrification,
and denitrification (Baggs, 2008), and it has
been suggested that biochar can play a
significant role in altering these processes
(Singh et al., 2010a; Van Zwieten et al., 2009,
2010Db). Incorporation of biochar into soil has
been reported to either stimulate or suppress
depending on initial soil moisture content
(Rondon et al, 2007; Singh et al,
2010a;Yanai et al., 2007) or make no change
in N20 emissions (Clough et al., 2010).
Different biochar—soil combinations may
show varying results. Further studies on
biochar application on N dynamics in soils are
warranted (Clough et al., 2010; Lehmann,
2007a). While the artificial aging of biochar in
the presence of humic substances resulted in
immobilization of N (Yao et al., 2009), the
availability of other nutrients, particularly P,
Ca, Mg, K increased. Sinclair et al., (2010)
noted increases in plant available P following
amendment with animal manure biochar in a
field studies on a ferrosol, a result not
observed with greenwaste biochar.
Conversely, high rates of biochar application
(4.4% and 11%, w/w) to a sandy Yellow Earth
resulted in a small but statistically significant
reduction in plant available P (Van Zwieten et
al., 2010c). It has been suggested that biochar
may increase the EC of leachate, attributed to
loss of Na and K from the biochar—soil matrix
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(Lehmann et al., 2003; Novak et al., 2009). It
is clear that impacts on nutrients are
dependent upon the properties of both soil and
biochar. The wide range of effects on nutrient
dynamics from biochar application to soil is
still poorly understood, as effects can be
highly soil and biochar specific. Given the
ability of biochar to immobilize a wide range
of organic and inorganic chemicals, it is
conceivable that by applying biochar to soil
could influence the plant uptake of a range of
organic compounds or micronutrients and
their unbalanced uptake may affect even the
quality of the produce. This aspect has not
received any attention in the literature so far.
C were able to reduce leaching of NH4 by 55—
65% in an Alfisol.

Potential drawbacks of Biochar

Despite the ability of biochar to improve a
number of soil problems, it is not a straight
forward process. An issue with the creation of
biochar is choosing a feedstock with low
moisture content. While there are some
methods that work well with wetter
feedstocks, the biochar they create has a high
oxygen-to-carbon ratio, which results in a
lower aromatic structure that is easier to
degrade in soil (Spokas et al., 2012). Due to
the difference in structure, these types of
biochar are less suited to carbon sequestration
compared to a more recalcitrant biochar.
While it is possible to dry out wetter
feedstock, this can add onto the cost and time
of production. Another important initial
feedstock characteristic is the concentration of
its elemental makeup, as the concentration of
these elements is often magnified in the final
product (Spokas et al., 2012). Therefore, a
feedstock high in elements known to cause
plant toxicity would not make a biochar that is
ideal for crop production. The process of
pyrolysis may also produce harmful
byproducts such as polycyclic aromatic
hydrocarbons (Laghari et al., 2016). Another

variable to the complex issue of biochar as a
soil amendment is the wide variety of
agriculture management practices that impact
how soils function. This includes what tillage
practices are used, the type of fertilizer, the
rate of fertilizer, the type of crop rotation, and
the agricultural history of the land under
cultivation (Karhu et al., 2011; Major et al.,
2010). Even when biochar and fertilizer are
applied, crop yields do not always increase;
therefore it is not just increasing nutrient
availability that is responsible for increased
crop yields, and other variables are also
responsible (Spokas et al.,, 2012). It is
important to establish what biochar does
within the soil because it is very stable and
nearly impossible to remove from the soil
(Barrow, 2012; Jones et al., 2012). Therefore,
if adverse effects were to occur, little could be
done to quickly remedy the situation.

Biochar and environmental remediation

The properties of biochar make it an ideal
candidate for environmental remediation of
organic and inorganic pollutants for both
contaminated water and soils due to the high
surface area, microporosity, and the negatively
and positively charged surface functional
groups (Ahmad et al., 2014). Biochar can be
used to sorb organic compounds like
pesticides and herbicides; however it reduces
the ability of microbes to break down these
substances and thereby increasing the
longevity of these contaminants in the
environment (Xie et al., 2015). For inorganic
ions, metals can be physically entrapped or
chemically sorbed onto the biochar (Inyang et
al., 2016). Unlike with organic compounds,
biochar is not inhibiting microbial breakdown
of inorganic pollutants while trapped within
the micropores (Beesley et al., 2011).
Additionally, biochar is alkaline and therefore
the increase of soil pH stabilizes metals, with
the exception of arsenic (Ahmad et al., 2014;
Beesley et al., 2011). The alkalinity may also
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cause some metals to precipitate out of
solution and onto the surface of the biochar
(Inyang et al., 2016). This can reduce the
availability of these metals to plants (Zhang et
al., 2013). There are unknowns associated
with the use of biochar as a remediation tool,
including the saturation point of biochar and
the longevity of metal immobilization
(Beesley et al., 2011). Additionally, different
biochars created at different temperatures had
varying responses to metals although high
pyrolysis temperature and an animal-derived
biochar tend to be the most -effective
(Higashikawa et al., 2016).Optimizing
feedstock and pyrolysis factors and matching
them to specific environmental contaminants
require further testing. The success of field
trials (Zhang et al., 2013) and the economic
feasibility of large-scale applications alsoneed
to be considered (Higashikawa et al., 2016).
Lastly, the combination of biochar with
phytoremediation or the growth of abioenergy
crop also needs to be further explored (Paz-
Ferreiro et al., 2014.

Greenhouse gas emissions from soil affected
by biochar amendment

The GHGs: CO2, methane (CH4), and nitrous
oxide (N.O) are the main contributors to
radiative forcing in the atmosphere (Van
Zwieten et al., (2009); Lal, 2004 and 2008).
Besides various anthropogenic activities
(fossil fuel combustion, cement production,
industrial procedures), agronomic practices
(drainage of wetlands, plowing, land use
conversion), rice (Oryza sativa) paddy fields,
fertilizers, livestock and wetlands are
important sources of GHGs such as CH4 and
N,O (Lal, 2004). Emission of GHGs from
biochar-amended soils depends on biomass
types, pyrolysis conditions (temperature,
duration), soil type, climatic conditions, and
soil physical properties (Rondon, 2007). Yet,
the application of biochar amendments may
either have no effect or even increase

emissions of GHGs (Zimmerman, 2010). In
some cases, application of biochar may
initially enhance emission of CO,. Jones et al.,
2012 argued that the initial C loss during a
short-term CO, emission is comparatively
negligible compared to the amount of C stored
within the biochar itself and thus should not
overshadow the C sequestration potential of
biochar on a long-term basis. Nonetheless,
17%-23% of biochar-C can be mineralized
leading to CO; emission [72]. Such
contradictory results of GHG emissions from
lab incubation (Rondon, 2007) versus field
observations (Scheer et al., 2011) indicate that
care should be taken in interpretation and
extrapolation of lab incubation data to large
field scale. In addition, some of the proposed
mechanisms of GHG emissions from soils are
also debatable (Lehmann, 2008).

N>O emissions from biochar-amended soils

Some field and incubation studies have
demonstrateda reduction in N,O emissions
from biochar-amended soils (Rogovska et al.,
2011). For example, a field trial withpaddy
soil (hydroagric Stagnic Anthrosol) amended
with biochar from wheat straw (Triticum
sativum)produced at 350-550 °C indicated
that CH4 emission increased by 31 and 49%
while N,O emission decreased by 50 and 70%,
at application rates of 10 and 40 Mg ha—1,
respectively(Zhang et al.,, 2012). Another
study, conducted on a fine loamy Clarion soil
amended with biochars produced from oak
(Quercus spp.) and hickory (Carya spp.) at
450-500 °C, demonstrated reduction of N,O
but enhancement of CO, emission in a long-
term column incubation experiment. In this
study, soil BD was weakly correlated with
N20 flux indicating that an increase in soil
aeration reduced N,O emission (Rogovska et
al., 2011). However, another soil incubation
study with hardwood biochar demonstrated
that N,O emission from amended sandy loam
was suppressed up to 98% compared to that of
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the control, but enhancement of soil aeration
by biochar amendment did not contribute to
this effect (Case et al., 2012). Although most

studies document N,O reduction from
biochar-amended soils, there are also
examples where biochar-amended soils

stimulated N,O emissions. For example, an
initial N,O enhancement due to higher labile
N content of biochar and microbial activity
was observed by Singh et al., 2010; however,
such a spike eventually decreased over time.
Yanai et al., 2010 observed that addition of
10% (w/w) municipal waste biochar produced
at 700 °C to a clay loam soil suppressed N,O
emission by 89% when soil was wetted up to
78% water-filled pore space (WFPS).
However, N,O emission was significantly
enhanced by up to 51% when the same soil
was re-wetted at 83% WFPS. This
phenomenon was attributed to aeration
improvements of soil that stimulates N,O-
producing microbial activity.

CO, and CH,; emissions from biochar-
amended soils

In contrast to decreases in N,O emission in
most cases, biochar-amended soils may
enhance CO;, and CH, emissions (Rondon et
al., 2005). Initial spikes in CO, release from
biochar-amended soils are caused both by
biotic and abiotic processes (Zimmerman,
2010). Liu et al., (2011) reported that CH4 and
CO; emissions were reduced by 51 and 91%,
respectively, when a paddy soil was amended
with bamboo (Bambuseae spp.) and rice straw
biochar pyrolyzed at 600 °C (Liu, et al.,
2012).

Acidic soil amended with biochar suppressed
CH; by 100% and N,O by 80% in a
greenhouse experiment. In a long-term field
study, CH,; emission was reduced from a
tropical acid savanna soil in the eastern
Colombian Plains amended with biochar
derived from mango tree(Mangifera indica)

(Rondon et al., 2005). Spokas et al., 2009
observed reduced emission of CO, from a silt
loam soil amended with wood chip biochar
compared to un-amended control, at a rate of
>20% (w/w). A 100-day incubation study
conducted by Spokas and Reicosky, 2009
demonstrated reductions in emissions of all
three GHGs when three different soil types
were amended with 16 types of biochars.
However, no consistent trends were observed
in response to types of soil and amendment.

No change in CO; or CH,4 emissions

Some studies have documented minimal
impacts or no significant differences in the net
GHG fluxes under field trials or laboratory
incubation studies with biochars. While soil
N.O fluxes decreased by up to 79% in
different biochar-treated compared to control
plots but no significant differences occurred in
CH, and CO; fluxes. A field study in Australia
carried out by Scheer et al., indicated no
significant difference in GHG fluxes from
control versus treated red Ferrosol-amended
with cattle waste biochar produced at 550 °C.

Spokas and Reicosky observed that among the
16 biochars used, eight of the biochars had no
significant change in CO, concentrations in
biochar-amended soils compared to controls.
Similarly, Singh et al., 2010a observed that
emission of N,O from wood and poultry
manure  biochars-amended  Alfisols and
Vertisols was suppressed by 73% compared to
control, while overall CO, emission was not
significant by addition of biochar. In addition,
Hilscher et al., 2009 observed that a loam soil
amended with biochar derived from pine
(Pinus sylvestris) wood had no changes in
respired CO, compared to control but
enhanced emission with biochar derived from
rye grass (Lolium  perenne)indicating
feedstock dependency on gaseous flux.
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Fig.1 Schematic representation of interactions between biochar and soil (Mukherjee and Lal,
2013)
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Mechanisms affecting GHG fluxes with
biochar amendment

The effects on GHG fluxes following
application of biochar are often contradictory.
Specific mechanisms governing such effects
are not clearly understood (Case et al., 2012).
Specific responses may be related to soil
chemical, physical (abiotic) or microbiological
(biotic) properties and associated processes
(Van et al., 2019).

N,O flux

The N,O gaseous flux is complex because
both aerobic and anaerobic processes are
involved. The mechanisms of N,O production
from unamended soils are governed by three
biotic pathways (Khalil et al., 2004):

denitrification and

Nitrification, Nitrifier

Denitrification

These pathways are related to soil physical
properties such as moisture content, and
aeration. The mechanisms of N,O reduction
from biochar-amended soils are attributed to
increased soil aeration (Yanai et al., 2007)
sorption of NH," or NOs; or presence of
microbial inhibitor compounds such as
ethylene.

In contrast, a range of pH and higher soil
aeration may have no impact on N,O emission
from biochar-amended soils, and reduction in
N.O emission is explained by physical or
biological immobilization of NO3 (Case et
al., 2012). In addition, some studies have
documented enhanced N,O emission with
biochar amendment. For example, Yanai et
al., 2007 observed N,O suppression by 89%
from clay loam soil amended with 10% (w/w)
municipal waste biochar derived at 700 °C
under 78% WFPS but re-wetting soils at 83%
WEFPS significantly enhanced N,O emission

2418



Int.J.Curr.Microbiol. App.Sci (2019) 8(11): 2408-2424

by up to 51%. This phenomenon was
attributed to aeration improvement of soil and
stimulation of N,O -producing activity of
microbes or nitrifiers (Dobbie and Smith,
2001) however, intermittent wetting is
identified as one of the causes enhancing N,O
production from various types of soils.

Thus, the mechanisms behind the biochar role
in N,O flux in soil are still unclear, and
apparently dependent on properties of both
biochar and soil and antecedent conditions
(Van, 2009).

CO, flux

Application of biochar can initially increase
CO; efflux (Smith et al., 2010) because of:

Microbial decomposition of ‘young’ or more
labile components of biochar,

Abiotic release of inorganic C and

The  ‘priming effect” by  enhanced
decomposition of existing OM or soil humus
by biochar addition.

Thus, initial CO, release by biochar addition is
due both to (i) mineralization of labile-C
added through biochar and (ii) stimulation of
microbial activity and thereby higher initial
decomposition of SOM by biochar addition is
expected.

Release of labile soluble C from biochar by
the first mechanism is due to increased
availability of the medium as microbial
substrate. In one study, initial CO, released
from biochar-amended soils was estimated to
be coming equally from microbial breakdown
of soluble or labile C as well as from the
abiotic release of mineral or carbonate C
(Jones et al., 2012). This change in CO, flux is
reported to be affected not by soil physical
properties (i.e., BD, porosity, and moisture

content) upon biochar addition into the soil,
but mostly by soil temperature regime and
land management (Scheer et al., 2011).

CHy, flux

Increase in soil aeration and porosity by
biochar amendment may decrease production
of CH, from soil as anoxic conditions created
may increase oxidation of CH; (Van et al.,
2011).

The latter depends on both diffusion and
methanotrophs activity in soil (Liu et al.,
2011). Furthermore, the aerobic, well drained
soils can be a sink for CH, due to the high rate
of CH, diffusion and subsequent oxidation by
methanotrophs (Dalal and Allen, 2008).

Clearly, two mechanisms: (i) decrease in CH,4
production, and (ii) increase in CH,4 oxidation
by methanotrophs may be operational in the
soil/biochar system depending on specific
conditions (Karhu et al., 2011).

In summary, the emissions of CO,, CH, and
N0 from biochar-amended soil are controlled
by soil physical properties such as moisture
content, aeration, porosity, OM content and
they could both be biotic (microbial response)
or abiotic (mineralization or decomposition of
SOM).

However, the responses are soil/biochar
specific, complex and mechanisms are not
clear yet.

Future research

While biochar has been the topic of much
research, there are still large knowledge gaps
that need to be addressed. The longevity of
biochar in field conditions and the long-term
impacts of biochar are two unknowns. The
mechanisms behind how biochar impacts the
soil environment, including changes in soil
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physical and chemical properties as well as the
impact of biochar on the soil microbial
communities, need to be further explored
especially in regards to changes in
biogeochemical cycles (Ding et al., 2016;
Thies et al., 2015). More research is needed to
find ways to alter biochar to further reduce
GHG emission when amended into soails,
especially in field experiments (Mandal et al.,
2016). Additionally full-scale outdoor trials of
biochar as a way to restore contaminated soils
and assess how long biochar retains the metals
as it ages in the field (Zhang et al., 2013).
Lastly, increased understanding in the creation
of designer biochars to target specific soil
deficiencies using tailored biochar feedstocks
and pyrolysis processes (Ding et al., 2016). As
biochar continues to be utilized as a soil
conditioner, these unknowns need to be
addressed given the difficulty of removing
biochar from the environment.
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