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Abstract: Due to its aromatic structure, biochar is highly stable form of carbon in the soil that contributes to
improve physicochemical and biological properties of soil and increased productivity due to the improvement
of soil attributes and nutrient-use efficiency. Biochar can also play a great role to mitigate greenhouse gas
emissions, like CO,, N,O and CH,.This paper is briefly reviewed and synthesized recent findings and
discussions regarding the agronomic benefits of biochar and its effects on global climate change and
particularly in relation to the agricultural environmental effect of biochar in soil. Therefore, suitable experimental
trials combining biochar types and different pedoclimatic conditions are needed to determine the extent to
which these reactions influence the potential of biochar as a soil amendment, crop responses for increasing

yield and instrument for carbon sequestration.
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INTRODUCTION

Plants obtain their nutrition from organic matter and
minerals found in soils. As the land is farmed, the
agricultural process disturbs the natural soil systems
including nutrient cycling and the release and uptake of
nutrients [1]. Modern agriculture is appropriate to mine
the soil for nutrients and to reduce soil organic matter
levels through repetitive harvesting of crops. This decline
of the soil continues until management practices are
improved, additional nutrients are applied, rotation with
nitrogen-fixing crops is practiced, or until a fallow period
occurs allowing a gradual recovery of the soil through
natural ecological development. As the natural stores of
the most important nutrients for plant growth decline in
the soil, growth rates of crops are inhibited. The most
extensive solution to this depletion is the application of
soil amendments in the form of fertilizers containing the
three major nutrients nitrogen (N), phosphorus (P) and
potassium (K). Inorganic or commercial fertilizers have
been the primary soil amendment since the dawn of the
industrial age. Nitrogen fertilizers are often made using the
Haber-Bosch process utilizing natural gas (CH,) for the
hydrogen and nitrogen gas (N,) from the air to form
ammonia (NH,) as the end product. This ammonia is used

as a feedstock for nitrogen fertilizers, such as anhydrous
ammonium nitrate (NH,NO;) and urea (CO(NH,),).
However, the use of these fertilizers contributes to
greenhouse gas emissions, while similarly encouraging
the depletion of the natural nutrient and minerals in
healthy soils [2].

Biochar, the solid material obtained from the
carbonization of biomass though pyrolysis, has a
potential soil amendment and carbon sequestration
medium [3]. Pyrolysis is a thermo chemical process where
biomass is heated in the absence of oxygen, whereby the
resulting char is primarily stabilized carbon [4]. Pyrolysis
can be optimized to produce a number of primary and
secondary products such as synthesis gas with differing
energy values (syngas), liquid and char [5]. When char is
intentionally produced for agricultural or environmental
use it is called biochar. When used as a soil amendment,
biochar applied to the soil has been reported to boost soil
fertility and improve soil quality resulting in increased
crop vyields. Soil benefits include raising soil pH,
increasing moisture holding capacity, attracting more
beneficial fungi and microbes, improving cation exchange
capacity (CEC) and retaining nutrients [6, 7]. These
benefits have been shown to increase yield in biomass
and crops under variable conditions [8, 9, 10].
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The term “biochar” is relatively new, yet biochars in
one form or another have been used throughout history,
mainly for soil improvement. One of the first historical
mentions of biochar use for soil improvement dates back
at least 2000 years [11]. In the Amazon Basin, there exists
evidence of extensive use of biochar in the fertile soils
known as Terra Preta (black soil) and Terra Mulata
(mulatto earth), which were created by ancient,
indigenous cultures of the time most likely to enhance
localized soil productivity. To this day, the terra preta
soils in the region remain highly fertile compared with
other soils of the region like Oxisols and Ultisols, often
containing as much as 4 times more organic matter in the
top 30 cm of the soil [12]. Thus, the objective of this paper
is to review the potential agronomic benefits and carbon
sequestration ability of biochar.

Production of Biochar from Different Biomasses:
Biochar is made from variety of biomasses that have
different physicochemical properties. The properties of
each biomass feedstock are important in thermal
conversion processes, particularly the proximate analysis
such as, ash and moisture content, fractions of fixed
carbon and volatile components percentage and
composition of inorganic substance, bulk density, particle
size and moisture content [13]. Extensive feedstock
biomasses have been used in the production of biochar,
such as bioenergy crops: willows, miscanthus and
switchgrass [14,15], forest residues: sawdust, grain crops
and nut shells) [16], organic waste: green yard waste and
animal manure [17], agricultural waste [18], kitchen waste
and sewage sludge [19]. In general, a high yield of biochar
derived from this biomass which has more lignin and less
cellulose can be expected. Biochar can be produced both

in traditional earthen charcoal kilns, where pyrolysis,
gasification and combustion process are carried out in
parallel below the earthen kiln layer and in modern
biochar, where yrolysis and combustion processes are
physically separated by a metal barrier [20].

Pyrolysis technology can be distinguished by the
residence time, pyrolytic temperature of the pyrolysis
material (slow and fast pyrolysis process), pressure, size
of adsorbent and the heating rate and method (pyrolysis
started by the burning of fuels, by electrical heating, or by
microwaves). Asensio et al. [20], differentiate pyrolysis
technology according to the pyrolytic temperature and
the residence time of the pyrolysis or carbonization
process. Slow pyrolysis (heating for seconds or minutes)
may be described as a continuous process, where purged
(oxygen-free) feedstock biomass is transferred into an
external heated kiln or furnace (gas flow removing volatile
biochar emerging at the other end); “fast” pyrolysis on
the other hand depends on very quick heat transfer,
typically to fine biomass particles at less than 650 °C with
rapid heating rate [21]. The characteristics of the biochar
product are heavily affected by the extent of pyrolysis
(pyrolytic temperature and residence pressure) and
entirely by biomass size and kiln or furnace residence
time. The rate at which volatile and gases are removed in
a kiln or furnace determines the vapour residence time.
Prolonged residence time results in secondary reactions,
notably the reactions of tar on biochar surfaces and
charring of the tar rather than additional combustion or
processing outside the kiln or furnace [22]. For
gasification in pyrolysis, the biomass feedstock to some
extent is oxidized in the gasification chamber at a
temperature of about 800°C at atmospheric or elevated
pressure [23].
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Fig. 1: Schematic of pyrolysis process for the production of biochar. Adopted from Lehmann (2007)
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Fig. 2: Carbon recovery in biochar with increasing temperature using pyrolysis of different types of biomass from [24]

The pyrolysis temperature typically changes the
yield of biochar as well as the properties of biochar. With
increasing temperature, the recovery of biochar commonly
decreases whereas the C concentration increases [25, 26].
This leads to only a slightly lower C recovery in
biochar as pyrolysis temperatures increase (Fig. 2).
The temperature dependency above 350°C is low,
since the weight loss is compensated by an almost
equivalent increase in C concentration. Therefore,
pyrolysis temperature does not significantly affect C
sequestration balances. More important than temperature
for C yields in biochar is the type of biomass used for
pyrolysis. Other factors that decrease biochar yields are
higher sweep gas flow, smaller particle sizes [27] and
higher heating rates [28].

Properties of Biochar

Physiochemical Properties of Biochar: The biochar
produced at different pyrolytic temperature had a
distinguishable honey-comb-like structure. As a result of
these well-developed pores, the biochar possessed a high
surface area. The form, type, preliminary preparation steps
and size of the biomass feedstock and type of pyrolysis
product may affect the characteristics, nature, quality and
potential use of biochar. Initially, the ratio of exposed to
total surface area of biochar will be affected by its size.
Additionally, although low pyrolytic temperature biochar
is stronger than high temperature products, it is brittle and
pores are grinded into fine fractions once incorporated
into the soil [29].

The chemical characteristics of individual feedstock
species and therefore biochar derived from the feedstock
have always been shown to vary significantly both
spatially and temporarily [30]. Biochar production is often

assessed through changes that might occur in the
elemental concentrations of C, H, O, S and N and
associated ratios [31]. It is well known that fixed carbon is
the solid combustible residue that remains after a particle
sample is carbonized and volatile matter is expelled
[32, 33]. Thus, it is used as an estimate of the number of
carbonaceous substances that will be yielded from a solid
sample. Particularly, H/C and O/C ratios are used to
determine the degree of aromaticity and maturation [34].
Elemental ratios of O/C, O/H and C/H have been found to
provide a reliable measure of both the extent of pyrolysis
and level of oxidative adjustment of biochar in the soil and
solution systems and are relatively straightforward to be
determined [35].

Biochar contains some ash content, which adds some
nutrients and typically has an alkaline pH and high cation
exchange capacity (CEC) [36]. Though different biochars
share these basic characteristics. All biochars have
different specific characteristics depending on the
properties of the starting organic material (feedstock) and
the pyrolysis parameters used for production [37]. For
instance a wood derived biochar will contain a higher
proportion of carbon than a manure biochar due to
starting differences in carbon content. In turn a manure
biochar will contain more ash than wood biochar due to
higher nutrient content in manure [38, 39]. The pyrolysis
heating temperature and duration can vary and has an
important impact on a biochar’s final chemical properties.
As production temperature increases the pH and CEC
increases, carbon content becomes concentrated,
proportion of labile carbon content decreases and
proportion of recalcitrant carbon content increases [40,
41]. Labile carbon refers to forms of carbon that are more
readily broken down in the soil and recalcitrant refers to
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Table 1: Some physicochemical properties of selected biochars [44]

Feedstock Temperature (°C) pH CEC (cmol/kg) C (%) C/N Total P (mg/kg) Ash (%) Volatiles (%) Fixed (C %) H/C o/C SSA (m7g)
Oak wood 60 3.73 182.1 47.1 444 5 0.3 88.6 11.1 1.48 0.72 -

350 4.80 294.2 74.9 455 12 1.1 60.8 38.1 0.55 0.20 450

600 6.38 75.7 87.5 489 29 1.3 27.5 71.2 0.33 0.07 642
Corn stover 60 6.70 269.4 42.6 83 526 8.8 852 6.0 1.56 0.74 -

350 9.39 419.3 60.4 51 1889 11.4 48.8 39.8 0.75 0.29 293

600 9.42 252.1 70.6 66 2114 16.7 23.5 59.8 0.39 0.10 527
Poultry litter 60 7.53 363.0 24.6 13 16,685 36.4 60.5 3.1 1.51 1.03

350 9.65 121.3 29.3 15 21,256 51.2 47.2 1.6 0.57 0.41 47

600 10.33 58.7 23.6 25 23,596 55.8 44.1 0.1 0.18 0.62 94

forms of carbon resistant to decay. As a result of
feedstock and pyrolysis variability, there is a wide
variation in physical and chemical properties of biochars,
which in turn contributes to the variability of its impact
when used as an agricultural soil amendment [38].

Nutrient Values of Biochar: Some biochars are a
potential source of nutrients (Table 1). The nutrient
content of biochar is largely determined by biomass
feedstocks [42]. Feedstocks with higher nutrient contents
such as animal manures will produce biochars with greater
nutrient value, compared with plant feedstocks [43].

Pyrolysis temperature also affects nutrient value: for
example, analysis of two biochars produced under
different temperatures (450 and 600°C) from the same
poultry litter feedstock revealed a lower total phosphorus
(21,256 mg/kg) and higher total P(23,596 mg/kg) for the
lower temperature product compared with the higher
temperature product, respectively. Furthermore, the
concentration of C and N may increase with increasing
pyrolysis temperature in plant-based biochars, but the C
and N concentrations may decrease with increasing
pyrolysis temperature for mineral-rich feedstocks, such as
manure, because less-volatile elements, including P, K, Ca
and Mg, are concentrated as the volatiles are lost.
However, information on forms and bioavailability of
nutrients present in biochars is scarce and some research
has shown that feedstock type and pyrolysis temperature
can significantly influence bioavailable fraction of
nutrients in biochars [42].

Stability of biochar: The stability of organic matter in
soils is determined by its ability to resist microbial
and  chemical decomposition, through chemical
transformations and physical interactions with soil
minerals. Biochar, has a predominantly condensed
aromatic structure that is known to be highly resistant to
microbial decomposition [45]. Additionally, interactions of
biochar with soil minerals could further increase stability
of biochar in soil [46], further contributing to long-term
carbon sequestration [3], while also adding to the health
and production outcomes of soil systems. Different
published studies have reported soil residence time of

biochars in time scales ranging from decades to centuries
to millennia [14,47]. The stability of biochar depends on
the type of biomass feedstock, charring conditions
(temperature, heating time), biochar particle size and
climatic conditions under which biochar oxidises [3, 44].
In general, the proportion of aryl-C to aliphatic-C in
biochar increases with increasing charring or pyrolysis
temperature [48]. The liability and density of the biomass
feedstock and its mineral content may also influence the
decomposition rate of biochar in soil [49].

Spectroscopic and surface chemistry analyses have
proven useful to evaluate biochar—mineral interactions
and oxidation status of biochar along a decomposition
continuum [50]. However, these approaches do not
quantify turnover time, necessary to evaluate the
residence time of biochar in soil. The rate of biochar
decomposition may vary according to the stability of the
oxidisable component, i.e. initial rapid decomposition of
surface oriented labile components of the biochar particle
(e.g. aliphatic-C) followed by slow decomposition of
condensed aromatic-C, which dominates the core
structure of biochar. This warrants long-term studies to
accurately estimate the mean residence time of biochar in
soil [44]. Furthermore, biochars can potentially stimulate
decomposition of native soil organic matter (i.e. humic and
labile components) possibly by enhancing microbial
activity [51]. However, application of biochar may also
lead to a decline in the decomposition of other organic
matter components, through the possible enhancement of
soil aggregation [52]. The “priming effect” of biochar on
organic matter decomposition in soil needs to be
accounted for to determine the magnitude of biochar
decomposed. Carbon isotope methods (“C, or "“C/"C
labeling) can be used to identify sources of C
decomposed in biochar—soil systems [53]. These methods
can be relatively easy to manage in the laboratory,
providing optimal conditions for biochar decomposition.
However, in the field, presence of plant roots, rhizosphere
processes and variable environmental conditions provide
challenges to identifying C sources with a limited number
of isotopes [47].
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Effects of Biochar on Soil Properties

Effects of Biochar on Soil Physicochemical Properties:
Soils have different physicochemical and biological
characteristics, depending on the nature of the mineral
matrix, the organic matter and the way they are associated
[54]. However, when materials with different
characteristics are present, there may be changes in the
properties of the soil, changing the characteristics. Due to
its higher specific surface area, the presence of biochar
may contribute to significant changes in the soil physical
properties by changing its texture, structure, consistency
and porosity, pore size, size distribution and density.
According to Downie et al. [36], the change in the soil
physical properties due to the presence of biochar may
result in increased plant growth because there is an
increase in water availability in the area close to the root
system that is mainly determined by the physical
composition of soil horizons. Because of its porosity and,
consequently, its high specific surface area, biochar can
significantly increase the capacity of water retention,
especially in sandy soils [55].

All of these changes in the physical soil properties
can lead to changes in the chemical and biological
properties of the soil due to the availability of chemically
reactive groups and habitats for soil microorganisms [54].
The specific surface area of soil is an extremely important
feature that influences fertility, water and air availability,
nutrient cycling and microbial activity [56]. The specific
surface area of biochar, approximately 200 to 400 m* g~',
is comparable to that of the clay fraction. The cation
exchange capacity (CEC) is associated with the specific
surface area, but it is highly dependent on chemically
reactive sites, which are formed over years during
microbial degradation, altering the chemical and physical
characteristics of biochar. According to Cohen-Ofti et al.
[55], these changes result from the increase of electric
charges arising from the oxidation of biochemical
compounds, leading to an increase in phenolic, hydroxyl,
carbonyl and quinine compounds and, consequently, an
increase in the overall negative surface charge that results
from the replacement of positive charges in the oxidation
process.

Cation exchange capacity (CEC) is a measure of the
ability of a substrate to retain positively charged ions
through electrostatic forces. Biochar has been associated
with the enhancement in CEC of some amended soils,
thereby increasing the availability and retention of plant
nutrients in soil and potentially increasing nutrient use
efficiency. However, biochars from different feedstocks
and produced under differing pyrolysis conditions may

differ in surface charge properties. Of the two biochars
from the same peanut hull biomass, the biochar produced
at 500°C had a lower CEC (4.63 cmol/kg) compared with
that produced at 400°C (14.2 cmol/kg). The reduction in
surface functional groups was suggested as the cause of
lower CEC in the biochar produced at higher temperatures.
The decline in the acidic functional groups on biochar
surfaces has been reported to be greatest between 300
and 400°C [57]. Liang et al.[58], reported that the high
charge density (CEC/specific surface area) of “aged”
biochar resulted from oxidation of the particles and
adsorption of organic matter to biochar surfaces. An
increase in the charge density on biochar surfaces as
biochar interacts with soil over time [59] could be
responsible for enhanced cation retention and
consequently reduced leaching from amended soils [49].
However, more research on the chemical interactions of
differing biochars and soils, as well as the implications for
soil nutrient retention, is needed.

Effects of Biochar on Biological Properties Soil:
The porous structure of biochar, its high internal surface
area and its ability to adsorb soluble organic matter, gases
and inorganic nutrients are likely to provide a highly
suitable habitat for microbes to colonize, grow and
reproduce, particularly for bacteria, actinomycetes and
arbuscular mycorrhizal fungi. Some members of these
groups may preferentially colonize biochar surfaces
depending upon the physical and chemical characteristics
of different biochars [60].

The pore space of pyrolysed biomass increases
during charring by several thousand folds and is related
to charring temperature and feedstock materials. Estimates
of the resulting surface area of different biochars range
from 10 to several hundred square meters per gram
(m? g7"), which provides a significantly increased surface
area for microbial colonization. Several authors have
suggested that the biochar pores may act as a refuge site
or microhabitat for colonizing microbes, where they are
protected from being grazed upon by their natural
predators or where microbes that are less competitive in
the soil environment can become established. The pore
size variation observed across biochar particles from
different feedstocks and pyrolysis conditions is such that
the microflora could, indeed, colonize and be protected
from grazing, especially in the smaller pores [61].

The high porosity of biochar may also allow it to
retain more moisture. An increase in the water holding
capacity (WHC) of biochar may result in an overall
increase in the WHC of the soils to which it is added.

1693



Am-Euras. J. Agric. & Environ. Sci., 16 (11): 1689-1700, 2016

Impacts of blochar on soll properties

-
Physical impacts «

L}
+| Chemical impacts |«

-
+ Biological impacts

« Enhance aggregate stabiity * Amelorate pH * Provide microbial habitat
* Reduce tensile strength * Increase CEC and nutnent * Abermicrobial functions,
* increase hydraulic retention s, structure, and diversity
conductivity * Increase long-term C pool * Enhance mycorthizae-plant
* Increase sod porosity * Increase nuinent supply associatons
* increase water holding * Enhance metal and organics * Promote biological nitrogen
capacity sorption fixason by legumes
Plant/Crop/Pasture
system

* Increase sod water $10rage ., ACCess hrough enhanced AQgreGason
* Enhance input efficiency: Fuel, feriliser, water

« Increase yield, plant growth

* Increase sod carbon sequestration

* Enhance dsease resience
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For biochars with a high mineral-ash content, the porosity
will continue to increase as the ash is leached out over
time; thus, the capacity of the biochar to retain water,
provide surfaces for microbes to colonize and for various
elements and compounds to become adsorbed is also
likely to increase over time. Smaller pores will attract and
retain capillary soil water much longer than larger pores
(larger than 10im to 20im) in both the biochar and the soil.
Water is the universal biological solvent and its presence
in biochar pores increases the ‘habitability’ of biochar
substantially [62].

In addition to water, a variety of gases, including
carbon dioxide (CO,) and oxygen (O,), will be dissolved in
pore water, occupy the air-filled pore space or be
chemisorbed onto biochar surfaces; this latter is due to
the defect structures present in the amorphous and micro-
graphene lattices. Depending upon the ratio of air- to
water filled pore space, the relative concentrations of the
gases, their diffusion rates and the extent of surface
sorption, either aerobic or anaerobic conditions will
predominate in the biochar pores. Where sufficient O, is
available, aerobic respiration will be the dominant
metabolic pathway for energy generation, resulting in
water (H,O) and CO, as the primary metabolic end
products. As the O, concentration decreases, facultative
aerobes will begin to use anaerobic respiratory pathways

as long as suitable terminal electron acceptors are
available. Thus, O, diffusion into biochar pores and the
terminal electron acceptor used during microbial
respiration will, in large part, determine what the remaining
pore atmosphere will contain and how hospitable this
environment is likely to be for its occupants [63].

Biochars vary considerably in their pH, depending
upon feedstock and pyrolysis temperature and, thus, will
also vary in the microbial communities that develop on
and around them. Under the extremes of pH, fungi will
probably predominate due to their wide range of pH
tolerance; most bacteria prefer circum-neutral pH. Adding
biochar to soil, whether acid or alkaline, may lead to
significant changes in the soil community composition by
changing the overall ratio of bacteria to fungi, as well as
the predominance of different genera within these
populations [3].

Biochar Application Rate to Soil and Crop Responses:
Along with improved soil health, increased crop yield is
generally reported with application of biochar to soils.
However, many of the published experiments are highly
variable and dependent on many factors, mainly the initial
soil properties and conditions and biochar characteristics.
Positive crop and biomass yield was found for biochar
produced from wood, paper pulp, wood chips and poultry
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litter [65]. In some studies corn yield was improved 140%
(Major et al., 2010), cowpea by 100%, while radishes
grown with poultry litter biochar yielded a 96% increase
[66].

A meta-analysis of the available literature performed
by Jeffery et al. [65], found a 10% mean yield increase in
crop productivity as a percentage of the control at
application rates of 10, 25, 50 and 100 t/ha. These findings
were confirmed by Biederman and Harpole [67]. Liu et al.
[68] reviewed published data from 59 pot experiments and
57 field experiments from 21 countries and found crop
productivity was increased by 11% on average. They
found benefits at field application rates typically below 30
t/ha field application and reported that increases in crop
productivity varied with crop type with greater increases
for legume crops (30%), vegetables (29%), corn (8%),
wheat (11%) and rice (7%).

Biederman and Harpole [67], analyzed the results of
371 independent studies. This meta-analysis showed that
the addition of biochar to soils resulted in increased
aboveground productivity, crop yield, soil microbial
biomass, rhizobia nodulation, plant K tissue
concentration, soil phosphorus (P), soil potassium (K),
total soil nitrogen (N) and total soil carbon (C) compared
with control conditions. They found that variability in
crop production increased with application rates.

Hossain et al. [69], applied wastewater sludge
biochar at 10 t/ha to cherry tomatoes resulting in
increased production by 64% above the control soil
conditions. The yield gains were attributed to the
combined effect of increased nutrient availability (P and
N) and improved soil chemical conditions resulting from
the biosolid based amendment. However, there appears to
be an upper limit on the application of biochar additions
and crop productivity. Lehmann et al. [6], notes that
crops respond positively to biochar additions up to 55
t’/ha, showing growth reductions only at very high
applications.

The findings of Biederman and Harpole [67] also
confirmed instances of decreasing yield due to a high
biochar application rate. When the equivalent of 165 t/ha
of biochar was added to a poor soil in a pot experiment,
yields decreased to the level of the unamended control.
Others have reported thresholds at much lower levels.
Asai et al. [70], reported greater rice yields with 4 t/ha of
biochar compared with 8 or 16 t/ha applied, with the
higher application rates providing yields not different
from the unamended control. The reasons for these
decreases are not known; further study is necessary to
determine which biochar materials are best suited for

application and at which rates to specific soils. Therefore,
the recommended application rates of biochar as a soil
amendment are quite variable given the insufficient field
data available to make general recommendations on
biochar application rates according to soil types and
crops.

Carbon Sequestration Potential of Biochar: Climate
change is one of the most critical important issues that
challenge facing the modern world. Temperature increases
have now been unequivocally proven and are occurring
with an unprecedented rate [71]). Carbon dioxide (CO,),
methane (CH,) and nitrous oxides (NO,) are important
drivers of the anthropogenic greenhouse effect, which are
released both through burning of fossil and biomass fuel
as well as decomposition of above- and belowground
organic matter. International efforts aim at reducing
avoidable greenhouse gas emissions or off-setting
unavoidable emissions through sequestration of C in the
environment. As regards sequestration, many different
strategies were discussed, ranging from wide-spread
afforestation and reforestation in terrestrial ecosystems to
pumping of CO, into deep ocean and geological layers
[72]. For terrestrial ecosystems it has been proposed that
C sequestration can be increased by increasing soil C
stocks [73, 74]. Such a proposal is sensible given the fact
that more than 80% of the terrestrial organic C stores are
contained in soils [72]. However, recent analyses urge
caution, highlighting that efforts aimed to achieve C
sequestration in soil are often off-set by other greenhouse
gas emissions and that soils generally show low potential
to accumulate C. For example, in conjunction with forest
growth [75]. The consensus appears to be that soil
represents a finite C sink at best and will only provide a
window of opportunity for reducing C emissions or
exploring other opportunities for C sequestration and that
these C sinks may have a low permanency and can be
easily depleted upon land use change [76,77].

A new approach to C sequestration in terrestrial
ecosystems through the application of biomass-derived
black C called “biochar” to soil, which offers both a large
and long-term C sink. The conversion of biomass to
biochar as a C sink has been proposed before [78] but was
not plainly linked to an application to soil. Application of
biochar to soil is not a new concept. For example, certain
dark earths in the Amazon Basin (so-called Amazonian
Dark Earths or “ferra preta”) have received large amounts
of charred materials, the residues from biomass burning
[79]. These applications were most likely a result of both
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habitation activities and deliberate soil application by
Amerindian populations before the arrival of Europeans
[80]. Large amounts of biochar derived C stocks remain in
these soils today, hundreds and thousands of years after
they were abandoned. The total C storage is as high as
250MgCha™' m™" compared to typical values of
100MgCha™" m™" in Amazonian soils derived from similar
parent material. Such C storage in soils far exceeds the
potential C sequestration in plant biomass even if bare
soil were, theoretically, restocked to primary forest
containing about 110MgCha~" above ground [79].

Mechanism and Quantification of Carbon Sequestration
in Biochar:  Conversion of biomass to biochar
fundamentally alters the transformation dynamics with
respect to C sequestration. Upon charring approximately
50% of the C contained in the biomass is immediately
released, leaving a stable biochar residue (Fig. 4A). Non
biochar material decomposing in soil will initially release
C more slowly over time. However, release of C continues
until almost all C is lost and can be estimated to be less
than 10-20% C remaining in agricultural soil after 5-10
years (depending on C quality and environment). Thus
ultimately the biochar application leads to considerably
greater amounts of C remaining in soil than application of
uncharred organic matter.

Under normal circumstances CO, is removed from the
atmosphere by photosynthesis and added to the soil in
the form of organic matter, then as the organic matter
decomposes CO, is released back into the atmosphere
though microbial respiration. The pyrolysis of organic
matter results in a form of carbon with an altered chemical
structure (aromatic C rings) that is resistant to microbial
decomposition, called recalcitrant or fixed carbon. When
added to the soil this carbon is not readily decomposed
and hence carbon remains in the soil and out of the
atmosphere [6].

Carbon dating studies measuring the age of biochar
derived carbon in the environment [80, 81] and laboratory
incubation studies measuring decomposition rates over
short periods of time [50, 44], have both demonstrated a
potential lifespan in the range of hundreds to thousands
of years for biochar derived carbon in the soil. To
highlight the difference between biochar and compost,
it has been estimated that biochar can on average
sequester 25-50% of its feedstock’s carbon for 100s to
1000s of years, whereas compost or organic residue
additions sequester 10-20% of its feedstock’s carbon for
5 -10 years [6].
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Fig. 4. A) C remaining from biomass decomposition after
100 years; C remaining after charring or pyrolysis
; bio-char C remaining after decomposition. (B)
Range of biomass C remaining after
decomposition of crop residues; estimation of
bio-char decomposition [82].

The global potential for annual sequestration of
atmospheric CO, through biochar application has been
estimated at the billion-tonne scale (Gt/year) under
present day scenarios. The greenhouse gas mitigation
potential from the application of biochar to agricultural
systems may vary widely with variation in biomass
feedstock, production technologies, product utilization
methods and environmental conditions [83].

CONCLUSIONS

The agronomic benefits of biochar as a soil
improvement for sustainable agriculture and its ability to
carbon sequestration was reviewed in this paper to some
extent.The high nutrient contents and nutrient retention
capacity of biochar lead to improved nutrient supply for
plants and reduced nutrient losses by leaching. Nutrients
are physically trapped in the fine pores of amorphous
carbonized materials and slow biological oxidation
produces carboxylic units on the edges of the condensed
aromatic backbone of the biochar which increases the
CEC. Transformation of labile plant organic matter into
stable C pools can reduce the release of the greenhouse
gas CQO, into the atmosphere during land clearing and can
increase C sequestration in the soil. There are strong
indications that biochar is very slowly mineralized in the
soil environment. Using biochar as an instrument for
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improving soil fertility, while at the same time increasing
C sequestration in soil is far from being a well-recognized
technology. However, the demonstrated positive effects
of biochar additions on soil properties and productivity
should stimulate further investigations. Future research
needs to focus on testing biochar amendments in
experimental plots and under field conditions and
achieving a better understanding of physicochemical
properties of biochar surfaces. Finally, an evaluation of
the agronomic effectiveness and the economic viability of
biochar as a soil amendment under field conditions are
needed. The decomposition rate of biochar in soil is still
poorly understood. However, quantitative prediction of
sorption capacity remains to be a challenge for biochars.
As the impacts of biochar on soil processes may change
over time, there is a need for long-term studies to assess
biochar’s potential to provide its benefits. Measures to
secure sustainable feedstock supply and novel biochar
processing technologies are needed to ensure that
biochar production delivers net environmental benefits.
Measures could include certification against an agreed
standard, similar to the sustainability certification
undertaken in the forestry sector and being developed for
bioenergy. Government
demonstration are needed to enable the technologies to
become an acceptably low-risk proposition in a free
market economy. With the possibility of multiple
environmental benefits from its use, biochar-amended
systems may become a vital tool to mitigate climate
change and enhance the sustainability and productive
capacity of global environmental systems.
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