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Biochar Carbon Sequestration in Soil - A myth or Reality?
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The soil carbon sequestration is the long-term storage of carbon in soil which could 
well be accomplished by the application of biochar as a soil amendment. Biochar 
(BC) is a fine grained, highly carbonaceous, pyrolysed (low temperature) product of 
biomass. The pyrolysis temperature strongly influences the stability of biochar in soil; 
the higher the pyrolysis temperature higher would be the stability. Biochar being highly 
stable in soil due to its aromaticity, presence of amorphous structure and turbostatic 
crystallites, rounded structures and reduced accessibility to decomposers has lot of 
potential for long-term carbon sequestration. The higher stability of biochar in soil is 
also due to strong interactions with mineral surfaces. Biochar interacts with native soil 
organic matter (SOM) in a complex way; sometimes biochar showed positive priming 
effect or negative priming effect or no effect on native SOM. This depends upon the 
feedstock type, pyrolysis temperature and organic matter level of soil. The soils richer 
in organic matter status provide positive priming effect of native SOM due to biochar 
addition and vice-versa. Biochar has high carbon sequestration potential and long-term 
influence on native SOM. Biochar has huge potential for reduction of greenhouse 
gas emission form paddy field soils. Therefore, optimisation of feedstock, pyrolysis 
temperature for preparation biochar and its application in a specific soil is extremely 
essential for stability of biochar and protection of native SOM and greenhouse gas 
reduction for long-term carbon sequestration. Thus biochar carbon sequestration is 
not a myth rather it would be a reality in near future.
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1.  Introduction	

Over the twenty first century average temperature of the 
earth surface is likely to increase 1.8-4 °C (IPCC, 2007). 
Among the major greenhouse gases, at present the carbon 
dioxide (CO2) has the higher concentration in the atmosphere 
which already touched to almost 400 ppm as compared to its 
concentration of 275-285 ppm in pre-industrial era leading 
to warming of climate with an increasing rate at about 1.4 
ppm year-1 (IPCC, 2007). The presence of black carbon in 
“Tera Preta’ soils in central Amazon in Brazil created lot of 
interests among scientific community towards its use for long 
term carbon sequestration. Carbon (C) sequestration is the 
capture and secure storage of carbon that would, otherwise, be 
emitted or remain in the atmosphere. Carbon sequestrations in 
agricultural soils is of significant importance, as it can mitigate 
atmospheric carbon dioxide (CO2) emission and enhance 
soil fertility (Glaser et al., 2002; Lehmann, 2007). Biochar is 
produced by pyrolysis and is dominantly composed of aromatic 

compounds that are largely resistant to biological degradation 
(Baldock and Smernik, 2002). Biochar is a highly carbonized 
material in which the carbon content varies depending on the 
feedstock and production conditions. It was reported that the 
total C content was highest in maize biochar (66%) followed 
by pearl millet biochar (64%), wheat biochar (64%) and rice 
biochar (60%) (Purakayastha et al., 2015). Due to its relative 
inertness, biochar application contributes to the soil refractory 
organic C pool (Glaser et al., 2001; Marris, 2006). Therefore, 
biochar application is a promising alternative to sequester more 
C compared to more traditional agricultural practices involving 
direct incorporation of biomass, which results in immediate 
and rapid mineralization, and CO2 release (Bruun et al., 2011).

Biochar interacts with native soil organic matter (SOM) in a 
complex way showing positive as well as negative priming 
effect. Optimisation of feedstock for preparation of biochar 
and its application in a specific soil (low organic matter or high 
organic matter) is extremely essential for stability of biochar and 
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protection of native SOM for long-term carbon sequestration. 
The major problem which cropped up recently with rice-wheat 
cropping system is how to dispose off large quantities of crop 
residues with special reference to rice residues left over in 
the field due to the use of mechanised combined harvester 
(Purakayastha et al., 2015). In order to clear the land ready for 
the next crop, the easiest option available to the farmers is to 
burn the residues in the field which cause losses of essential 
plant nutrients and environmental pollution by releasing 
suspended particulate matter, smoke and greenhouse gases. 
It is a matter of concern that in Indian state of Punjab alone, 
some 70 to 80 mt of rice and wheat straw are burned annually 
releasing approximately 140 mt of CO2 to the atmosphere, in 
addition to methane, nitrous oxide and air pollutants (Punia 
et al., 2008). In this scenario, biochar, a pyrolysed product of 
biomass offers a significant, multidimensional opportunity 
to transform large scale agricultural waste streams from a 
financial and environmental liability to valuable assets.

2.  Biochar and its Properties 

2.1.  What is biochar?

Biochar is a fine-grained, carbon-rich, porous product 
remaining after plant biomass, such as wood, manure or leaves 
have been subjected to thermo-chemical conversion process 
(pyrolysis) at a temperature between 350 to 600 °C in an 
environment with little or no oxygen (Amonette and Joseph, 
2009) Biochar is not a pure carbon, but rather mix of carbon 
(C), hydrogen (H), oxygen (O), nitrogen (N), sulphur (S) and 
ash in different proportions (Raveendran et al., 1995; Skodras 
et al., 2006; Bourke et al., 2007). Slow pyrolysis temperature 
≤500 °C and hydrothermal carbonization are two efficient 
methods to produce biochar in high amount (Malghani et al., 
2013). 

2.1.1.  Aromaticity

Biochar is commonly considered to be highly aromatic and 
containing random stacks of graphitic layers (Schmidt and 
Noack, 2000). Specifically, H, C and O, C ratios present are 
used to measure the degree of aromaticity and maturation. In 
general, C and O, C ratios in experimentally produced biochars 
decrease with increasing temperature (Shindo, 1991; Baldock 
and Smernik, 2002) and increased time of heating (Almendros 
et al., 2003). It was discussed and clarified the possibility of 
utilizing H/C ratios of organic materials to infer information 
about the bonding arrangements (Knicker et al., 2005).  It was 
further concluded that H and C ratio between 0.4 and 0.6 of the 
aromatic portion of chars indicates that every second to third 
carbon is connected to a proton. Fourier transform infra-red 
spectroscopy (FTIR) analysis of biochar exhibited that the 
band between 3417 and 3434 cm-1 was ascribed to the mixed 

stretching vibration absorption of amino and hydroxyl groups 
and maize stover biochar showed the maximum and wheat 
straw biochar showed the lowest absorption and the other two 
biochars were in between the above two in terms of energy 
absorption (Purakayastha et al., 2015).

2.2.  Presence of amorphous structures and turbostatic 
crystallites

Biochar is mainly characterized by amorphous structures 
and turbostratic crystallites (unordered graphene layers) that 
may contain defect structures in the graphene sheets with 
oxygen groups and free radicals (Bourke et al., 2007). Ordered 
graphene sheets were found to increase only at a carbonization 
temperature above 600 °C (Kercher and Nagle, 2003). Because 
of their unordered structure, amorphous and turbostratic 
crystallites have a high stability (Paris et al., 2005), which could 
be one reason for the stability of biochar produced at relatively 
low temperatures of less than 600 °C. In comparison, layers of 
graphene in graphite are held together by comparatively weak 
van der Waals forces.

2.3.  Presence of rounded structures

Rounded structures may be even more stable than turbostratic 
structures in biochar (Cohen-Ofri et al., 2007). The round 
structures are actually fullerenes, molecular scale spherical 
structures that include both hexagonal and pentagonal rings 
that have great stability (Harris, 2005). Simulations of the 
development of fused aromatic ring structures during charring 
show the appearance of heptagons and, with increasing 
temperature, heptagons in conjunction with folding of the 
grapheme sheets (Acharya et al., 1999; Kumar et al., 2005). 
Rounded features were also reported in biochars from German 
Chernozems with ages of 1160 to 5040 years using high-
resolution transmission electron microscopy (Schmidt et al., 
2002). The particulate form may have an important role in 
decreasing decomposition rates of biochar. The pore structure 
of biochar seen under scanning electron microscopy (SEM) 
provided physical refuge, resulting in increased abundances of 
beneficial microorganisms (Purakayastha et al., 2013).

3.  Interaction of Biochar with Soil

3.1.  Interactions with clay minerals

Biochar is reported to be found in the organo-mineral fraction 
of soil, suggesting that biochar interacts with minerals 
(Brodowski et al., 2006; Laird et al., 2008; Liang et al., 2008). 
Large particles of biochar observed under spectroscope to 
be embedded within the mineral matrix (Glaser et al., 2000; 
Brodowski et al., 2005), but can also be present as very fine, 
yet distinguishably particulate, material within aggregates. 
Rapid association of biochar surfaces with aluminium (Al) 
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and silicon (Si) and, to a lesser extent, with iron (Fe) was 
found during the first decade after addition of biochar to 
soil, which increased more slowly within biochar structures 
(Nguyen et al., 2008). Coating of biochar particles with mineral 
domains is frequently visible in soils (Lehmann, 2007), and 
suggests interactions between negatively charged biochar 
surfaces and either positive charge of variable-charge oxides 
by ligand exchange and anion exchange, or positive charges 
of phyllosilicates by cation bridging. Likewise calcium (Ca) 
can increase the biochar stability, most likely by enhancing 
interactions with mineral surfaces (Czimczik and Masiello, 
2007). Large amounts of ionic iron (Fe) and aluminium (Al) 
were also found in biochar type humic fractions (Nakamura 
et al., 2007), which may indicate that complexion between 
biochar surfaces and polyvalent metal ions could increase 
biochar stability. The energy dispersive X-ray spectroscopy 
(EDS) analysis indicated that pearl millet stalk biochar and rice 
straw biochar particles consisted of high calcium agglomerates 
(Purakayastha et al., 2015).

3.2.  Biochar stability 

The stability of biochar is of prime requisite for long-term 
sequestration of C in soil.  The mechanisms of biochar stability 
is mainly due to the composition changes through a complete 
destruction of cellulose and lignin, thus changes the appearance 
of aromatic structures (Paris et al., 2005) with furan-like 
compounds (Baldock and Smernik, 2002). These changes in the 
composition of organic bonds by pyrolysis have a significant 
effect on the stability of biochar. The conversion of organic 
matter to biochar by pyrolysis significantly increases the 
recalcitrance of C in the biomass. The principal mechanisms 
operating in soils through which biochar entering the soil is 
stabilized and significantly increase its residence time in soil 
are intrinsic recalcitrance, spatial separation of decomposers 
and substrate, and formation of interactions between mineral 
surfaces (Sollins et al., 1996). Among the four different biochar 
used for CO2 efflux study, the maize biochar was found to be 
the most stable showing reduced C mineralization to protect the 
native soil organic C (Purakayastha et al., 2015). The reduced 
C mineralization was also observed in the case of pearl millet 
and wheat biochar. Contrarily, rice biochar exhibited higher 
C mineralization.

3.3.  Effect of pyrolysis temperature on biochar stability

Increase in pyrolysis temperature from 400 °C to 600 °C 
decreased the volatile and nitrogen component of biochar, 
while it increased ash and fixed carbon content (Purakayastha 
et al., 2016). Thus biochar prepared at 600 °C had wider 
carbon and nitrogen ratio making it more stable in soil. It was 
reported that thermal alteration decreases bioavailability of 

wood (Baldock and Smernick, 2002). Crombie and Masek 
(2015) reported that after 120 days incubation 20% of the 
added organic carbon from unaltered wood (heated at 70 °C) 
was mineralized, but this value was less than 2% for samples 
heated at temperatures ≥200 °C indicating much higher stability 
of thermally altered woods. Higher temperature pyrolysis not 
only shifted energy contribution from biochar in favour of gas 
and co products but also led to increased stable carbon yields. 
The C mineralization from sugarcane bagasse applied in silty-
clay loam soil from Rothamsted was substantially decreased 
when pyrolysis temperature increased from 350 °C to 450 °C 
than from 450 °C to 550 °C (Figure 1) (Cross and Sohi, 2011). 
In contrast to this, Zimmerman et al. (2011) reported that C 
mineralization from biochar prepared from Eastern gamma 
grass (Tripsacum dactyloides L.) (250 and 400 °C) was greater 
than expected as compared to the biochar prepared from hard 
wood at hogher pyrolysis temperature (525 and 650 °C). The 
biochar prepared from Eucalyptus saligna at 550 °C resulted 
in greater stabilisation of the native SOC in clay-rich soils than 
the 450 °C biochar (Fang et al., 2015).

3.4.  Reduced accessibility to decomposers

The principal mechanisms operating in soils through which 
biochar entering the soil is stabilized and significantly increase 
its residence time in soil are intrinsic recalcitrance, spatial 
separation of decomposers and substrate, and formation of 
interactions between mineral surfaces (Sollins et al., 1996). 
Biochar has been preferentially found in fractions of SOM 
that reside in aggregates rather than as free organic matter 
(Brodowski et al., 2006; Liang et al., 2008), which is considered 
to reduce its accessibility to decomposers. It was reported that 
no difference in mineralization between biochar rich soils with 
27, 10 and 0.3% clay, suggesting that greater aggregation in the 
finer-textured soils had no influence on biochar mineralization 
(Liang et al., 2008). Moreover, microorganisms can be spatially 
associated with biochar in soils as porous structure of biochar 
invites microbial colonization. 

4.  Biochar and Soil Carbon Sequestration 

4.1.  Influence of biochar on native soil organic carbon

Due to relative inertness, biochar application contributes to 
the soil refractory organic C pool (Glaser et al., 2001; Marris, 
2006). Therefore, biochar application is a promising alternative 
to sequester more C compared to more traditional agricultural 
practices involving direct incorporation of biomass, which 
results in immediate and rapid mineralization, and CO2 
release (Bruun et al., 2011). However, both suppression and 
stimulation of native SOC decomposition by biochar have 
been reported by previous studies (Liang et al., 2010; Cross 
and Sohi, 2011; Luo et al., 2011), the inconsistent results were 
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probably due to differences in the nature of biochar and soil, 
and incubation conditions used in different studies (Jones et 
al., 2011). Measured mineralization rates greater than predicted 
indicate positive priming of a specific C source, whereas 
measurements of mineralized C lower than that predicted 
indicate negative priming. In general, low temperature (250 
and 400 °C) biochar-C mineralization was positively primed 
during early incubation (Zimmerman et al., 2011). On the 
contrary, grass 650 biochar-C mineralization was reduced by its 
interaction with soil during both early and late incubation stages 
as was Grass 400 biochar-C during late stages. During the early 
incubation stage, the presence of Grass 250 biochar strongly 
reduced SOC mineralization in both soils, whereas other grass 

biochars had little effect on SOC respiration. During the late 
incubation stage, however, SOC mineralization was reduced 
(by 12-90%) due to its interaction with biochar in all cases 
except that of Grass 400 biochar in SF922 soil (Table 1). Field 
experiments, with addition of biochar (derived from Eucalyptus 
saligna wood) or freshly picked Tithonia diversifolia leaves as 
green manure along with control showed that in carbon poor 
soils, CO2 evolution was 29% less with biochar addition than 
control indicating lesser mineralization of pre-existing SOC 
due to biochar (Kimetu and Lehmann, 2010). This could be 
due to the reduced accessibility of carbon in microbes and 
their enzymes caused by sorption of labile carbon to the added 
biochar. The priming effect of biochar is greatly influenced by 

Table 1: Comparison of measured (includes priming) and predicted (neglects priming) C mineralization (C min.) rates (in mg 
C g-1 y-1) attributable to biochar and soil organic carbon (OC) in incubations of biochar+soil, Source (Zimmerman et al., 2011)
Incubation type Early incubation Late incubation

(soil+biochar) Soil OC min. Biochar C min. Soil OC min.
Meas.a Pred.b Meas.a Pred.b Meas.a Pred.b Meas.a Pred.b

SF33+Grass 250 3.6 0.7 0.1 1.3 0.7 0.5 0.1 1.3
SF33+Grass 400 4.0 2.8 1.6 1.3 0.4 0.9 0.5 1.3
SF33+Grass 650 1.2 1.3 1.4 1.3 0.0 0.7 0.2 1.3
SF922+Grass 250 8.6 0.7 1.8 10.1 1.1 0.5 1.2 2.8
SF922+Grass 400 5.3 2.8 9.0 10.1 0.8 0.9 4.7 2.8
SF922+Grass 650 0.2 1.3 8.0 10.1 0.3 0.7 2.5 2.8
SF33: Alfisol; SF922: Mollisol
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soda lime method (expressed on a soil wet weight basis). Production characteristics for each biochar are also shown. Error 
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biochar type, pyrolysis temperature and most importantly soil 
type. In general, the priming effect was more negative (in the 
Entisol, Oxisol and Vertisol) or less positive (in the Inceptisol) 
from the 550 °C biochar than the 450 °C biochar prepared 
from Eucalyptus saligna (Fang et al., 2015). In a recent study 
Purakayastha et al. (2016) reported that wheat straw biochar 
preated at 600 °C showed positive priming in Alfisol, while 
the same biochar showed negative priming in Mollisol. The 
corn stover biochar showed negative priming in Mollisol but 
sugarcane bagasse biochar prepared at 400 °C and 600 °C did 
not show any priming effect. 

4.2.  Carbon sequestration and greenhouse gas emission 

Biochar is carbon negative and thus resulting in long-term 
removal of carbon from the atmosphere. Mitigation of carbon 
emissions is obtained not only from biochar soil application, 
but also from substitution of fossil fuel by the produced bio-oil. 
As discussed, the stability biochar could be increased by raising 
the pyrolysis temperature, but this will be at the expense of 
the quantity produced. This inverse relation makes it possible 
to determine the pyrolysis temperature that gives the highest 
carbon sequestration. Interestingly, the highest biochar carbon 
sequestration is achieved at 500 °C, despite the fact that biochar 
made at higher temperatures is relatively more recalcitrant than 
low temperature biochars. 

Biochar is highly stable against microbial decomposition 
and applying this to farmland has the potential to mitigate 
greenhouse gases emissions. Feng et al. (2014) reported that 
paddy CH4 emissions significantly decreased under corn 
stalk biochar amendments, which, interestingly, didn’t result 
from the inhibition of methanogenic archaeal growth. qPCR 
further revealed that biochar amendments (1) increased 
methanotrophic proteobacterial abundances significantly, and 
(2) decreased the ratios of methanogenic to methanotrophic 
abundances greatly. Case et al. (2015) reported that adding 
biochar to agricultural soil with mineral fertilisers can suppress 
N2O emissions without suppressing the activity of soil biota 
involved in N transformation processes such as mineralisation 
or nitrification. Biochar application decreased both cumulative 
N2O (52-84%) and NO (47-67%) emissions compared to a 
corresponding treatment without biochar after urea and nitrate 
fertilizer application, and only NO emissions after ammonium 
application (Nelissen et al., 2014). N2O emissions were more 
decreased at high compared to low pyrolysis temperature.

Recently Woolf et al. (2010) estimated the maximum 
sustainable technology potential of biochar in the world is 
2.27 Pg C year-1. They also indicated that among the beneficial 
feedbacks, the largest is due to avoided CH4 emissions from 
biomass decomposition (14-17 Pg CO2-Ce), predominantly 

arising from the diversion of rice straw from paddy fields. 
The next largest positive feedbacks, in order of decreasing 
magnitude, arise from biochar-enhanced NPP on cropland, 
which contributes 9-16 Pg CO2-Ce to the net avoided emissions 
(if these increased crop residues are converted to biochar), 
followed by reductions in soil N2O emissions (4.0-6.2 Pg CO2-
Ce), avoided N2O emissions during biomass decomposition 
(1.8-3.3 Pg CO2-Ce) and enhanced CH4 oxidation by dry 
soils (0.44-0.8 Pg CO2-Ce ). The two most important factors 
contributing to the avoided emissions from biochar are carbon 
stored as biochar in soil (43-94 Pg CO2-Ce) and fossil-fuel 
offsets from coproduction of energy (18-39 Pg CO2-Ce). 
Biochar when applied to soil, it remains in soil for centuries 
and securely store C for long-term C sequestration. The total 
soil C (TSC) at the end of one year of C mineralization in an 
incubation study showed that the TSC increased in the range 
of 41 to 65% in biochar treated Inceptisol of Delhi (Figure 2) 
(Purakayastha et al., 2015). The TSC was highest in maize 
stover and wheat straw biochars treated soils, while it was 
observed lowest in the case of rice straw biochar treatment. 

International biochar initiative (IBI) has developed a simple 
model to predict the carbon removing power of sustainable 
biochar systems. Counting only the impacts of biochar burial in 
soil, and without considering the displacement of energy from 
fossil fuels, we can conservatively offset one quarter of a Pg 
of C annually by 2030. Optimistically, it is possible to achieve 
one Pg of offsets annually before 2050. In the “Optimistic 
Plus” scenario, reductions in nitrous oxide emissions and the 
feedback effect of increased biochar production that may arise 
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Figure 2: Effect of different biochar on total soil carbon at the 
end of one year of carbon mineralization, the bars with different 
lower case letters are significant according to Duncan’s multiple 
range test at p=0.05, Source (Purakayastha et al., 2015)
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from increased plant growth in soils enhanced with biochar 
have been taken into account. Keeping in view the entire 
discussion, it would be better to consider biochar-carbon 
sequestration as a reality rather than a myth.

It has been projected that in India about 309 mt of biochar 
(eqv. to 154 mt of biochar C) could be produced annually, the 
application of which might offset about 50% of C emission 
(292 Tg C yr-1 ) from fossil fuel (Lal, 2005). Additionally both 
heat and gases can be captured during production of biochar 
by pyrolysis to produce energy carriers such as electricity, 
bio-oil, or hydrogen and certain other valuable co-products.

The potential of biochar application for soil organic carbon 
(SOC) sequestration may be 1 Pg C yr-1 (Sohi et al., 2010) 
or more (Lehmann et al., 2006). Biochar can have ≥60-80% 
carbon composition that is equivalent to ≥2.20-2.94 t carbon 
dioxide sequestered t-1 biochar (Verma et al., 2014).

5.  Conclusion

Stability of biochar carbon increases with pyrolysis temperature 
making it suitable for the purpose of carbon sequestration in 
soil. To derive the maximum possible benefit of carbon 
sequestration by soil application, both yield and stability of 
the biochar should be optimized. Carbon sequestration by 
biochar is likely to be less in soils relatively higher in carbon 
than in soils lower in carbon. The knowledge on mechanism of 
biochar induced reduction in greenhouse gas emission can be 
applied to develop a more effective greenhouse gas mitigation 
process for paddy fields. The potential of biochar application 
for soil organic carbon (SOC) sequestration may be 1 billion 
t carbon year-1 or more. 

6.  Acknowledgement

The authors are extremely grateful to the Indian Council of 
Agricultural Research for providing necessary fund in the 
form of National Initiative on Climate Resilient Agriculture 
(NICRA) project to carry out part of work and develop this 
manuscript.

7.  References 

Acharya, M., Strano, R.F., Mathews, J.P., Billinge, J.L., Petkov, 
V., Subramoney, S., Foley, H.C., 1999. Simulation of 
nanoporous carbons: A chemically constraint structure. 
Philosophical Magazine 79, 1499-1518.

Almendros, G., Knicker, H., González-Vila, F.J., 2003. 
Rearrangement of carbon and nitrogen forms in peat 
after progressive thermal oxidation as determined by 
solid–state 13C and 15N-NMR spectroscopy. Organic 
Geochemistry 34, 1559-1568.

Amonette, J., Joseph, S., 2009. Characteristics of biochar: 

Micro-chemical properties. In: Lehman, J., Joseph, S. 
(Eds.), Biochar for Environmental Management: Science 
and Technology. Earth Scan Publisher Limited, 33-52. 

Baldock, J.A., Smernik, R.J., 2002. Chemical composition 
and bioavailability of thermally altered Pinus resinosa 
(red pine) wood. Organic Geochemistry 33, 1093-1109.

Bourke, J., Manley-Harris, M., Fushimi, C., Dowaki, K., 
Nonoura, T., Antal, M.J., 2007. Do all carbonized 
charcoals have the same chemical structure? 2. A 
model of the chemical structure of carbonized charcoal. 
Industrial and Engineering Chemistry Research 46, 
5954-5967.

Brodowski, S., Amelungb, W., Haumaiera, L., Abetzc, C., 
Zecha, W., 2005. Morphological and chemical properties 
of black carbon in physical soil fractions as revealed by 
scanning electron microscopy and energy-dispersive 
X-ray spectroscopy. Geoderma 128, 116-129.

Brodowski, S., John, B., Flessa, H., Amelung, W., 2006. 
Aggregate-occluded black carbon in soil. European 
Journal of Soil Science 57, 539-546.

Bruun, E.W., Hauggaard-Nielsen, H., Ibrahim, N., Egsgaard, 
H., Ambus, P., Jensen, P., A., Dam-Johansen, K., 2011. 
Influence of fast pyrolysis temperature on biochar labile 
fraction and short-term carbon loss in a loamy soil. 
Biomass and Bioenergy 35, 1182-1189.

Case, S.D.C, McNamara, N.P., Reay, D.S., Stott, A.W., 
Grant, H.K., Whitaker, J., 2015. Biochar suppresses N2O 
emissions while maintaining N availability in a sandy 
loam soil. Soil Biology and Biochemistry 81, 178-185.

Cohen-Ofri, I., Popovitz-Niro, R., Weiner, S., 2007. Structural 
characterization of modern and fossilized charcoal 
produced in natural fires as determined by using electron 
energy loss spectroscopy. Chemistry A European Journal 
13, 2306-2310.

Crombie, K., Masek, O., 2015. Pyrolysis biochar systems, 
balance between bioenergy and carbon sequestration. 
Global Change Biology Bioenergy 7(2), 349-361.

Cross, A., Sohi, S.P., 2011. The priming potential of biochar 
products in relation to labile carbon contents and soil 
organic matter status. Soil Biology and Biochemistry 
43, 2127-2134.

Czimczik, C.I., Masiello, C.A., 2007. Controls on black carbon 
storage in soils. Global Biogeochemical Cycle l21, 3005.

Feng, Y., Xu, Y., Yu, Y., Xie, Z., Lin, X. 2012. Mechanisms 
of biochar decreasing methane emission from Chinese 
paddy soils. Soil Biology and Biochemistry 46, 80-88. 

Glaser, B., Balashov, E., Haumaier, L., Guggenberger, G., 
Zech, W., 2000. Black carbon in density fractions of 
anthropogenic soils of the Brazilian Amazon region. 

Purakayastha et al., 2015

628



© 2015 PP House

Organic Geochemistry 31, 669-678. 
Glaser, B., Balashov, E., Haumaier, L., Guggenberger, G., 

Zech, W., 2001. ‘The Tera Preta’ phenomenon: a 
model for sustainable agriculture in the humid tropics. 
Naturwissenchaften , 88, 37-41.

Glaser, B., Lehmann, J., Zech, W., 2002. Amelioratin physical 
and chemical properties of highly weathered soils in the 
tropics with charcoal-a review. Biology and Fertility of 
Soils 35, 219-230.

Harris, P.J.F., 2005. New perspectives on the structure of 
graphitic carbons. Critical Reviews in Solid State and 
Materials Sciences 30, 235-253.

IPCC, 2007. Climate change impacts adaptation and 
vulnerability working group II contribution to the 
4th assessment report. Cambridge University Press, 
Cambridge, UK.

Jones, D.L., Murphy, D.V., Khalid, M., Ahmad, W., Edwards-
jones, G., DeLuca, T.H., 2011. Short term biochar- 
induced increase in soil CO2 release is both biotically and 
abiotically mediated.  Soil Biology and Biochemistry 43, 
1723-1731. doi:  10.1016/j.soilbio.2010.12.015. 

Kercher, A.K., Nagle, D.C., 2003. Microstructural evolution 
during charcoal carbonization by X-ray diffraction 
analysis. Carbon 41, 15-27.

Kimetu, J.M., Lehmann, J., 2010. Stability and stabilisation of 
biochar and green manure in soil with different organic 
carbon contents. Australian Journal of Soil Research 
48, 577-585.

Fang, Y., Singh, B., Singh, B.P., 2015. Effect of temperature 
on biochar priming effects and its stability in soils. Soil 
Biology Biochemistry 80, 136-145.

Knicker, H., Totsche, K.U., Almendros, G., Gonzalez-Vila, 
F.J., 2005. Condensation degree of burnt peat and plant 
residues and the reliability of solid-state VACP MAS 13C 
NMR spectra obtained from pyrogenic humic material. 
Organic Geochemistry 36, 1359-1377.

Kumar, A., Lobo, R.F., Wagner, N.J., 2005. Porous amorphous 
carbon models from periodic gaussian chains of 
amorphous polymers. Carbon 43, 3099-3111.

Lal, R., 2005. Carbon sequestration and climate change with 
specific reference to India. Proc. Int. Conf. on Soil, Water 
and Environmental Quality-Issues and Strategies. Indian 
Soc. Soil Sci., Division of SS and AC, IARI, New Delhi, 
India, 295-302.

Laird, D.A., Chappell, M.A., Martens, D.A., Wershaw, R.L., 
Thompson, M., 2008. Distinguishing black carbon 
from biogenic humic substances in soil clay fractions. 
Geoderma143, 115-122.

Lehmann, J., 2007. A handful of carbon. Nature 447, 143−144.

Lehmann, J., Gaunt, J., Rondon, M., 2006. Bio-char 
sequestration in terrestrial ecosystems a review. 
Mitigation and Adaptation Strategies for Global Change 
II 403-427.

Liang, B., Lehmann, J., Solomon, D., Sohi, S., Thies, J.E., 
Skjemstad, J.O., Luizao, F.J., Engelhard, M.H., Neves, 
E.G., Wirick, S., 2008. Stability of biomass-derived black 
carbon in soils. Geochmica et Cosmochimica Acta 72, 
6078-6096.

Liang, B., Lehmann, J., Sohi, S.P., Thies, J.E., O’Neill, B., 
Trujillo, L., Gaunt, J., Solomon, D., Grossman, J., Neves, 
E.G., Luizao, F.J., 2010. Black carbon affects the cycling 
of non-black carbon in soil. Organic Geochemistry 41, 
206-213. 

Luo, Y., Durenkamp, M., De, Nobili, M., Lin, Q., Brookes, 
P.C., 2011. Short term soil priming effects and the 
mineralisation of biochar following its incorporation 
to soils of different pH. Soil Biology and Biochemistry 
43, 2304-2314.

Malghani, S., Gleixner, G., Trumbore, E., Susane, 2013. 
Chars produced by slow pyrolysis and hydrothermal 
carbonisation vary in carbon sequestration potential 
and greenhouse gases emissions. Soil Biology and 
Biochemistry 62, 137-146. 

Marris, E., 2006. Putting the carbon back: black is the new 
green. Nature 442, 624-626.

Nakamura, S., Hiraoka, M., Matsumoto, E., Tamura, K., 
Higashi, T., 2007. Humus composition of amazonian 
dark earths in the middle Amazon, Brazil. Soil Science 
and Plant Nutrition 53, 229-235.

Nelissen, V., Saha, B.K., Ruysschaert, G.,  Boeckx, P., 2014. 
Effect of different biochar and fertilizer types on N2O 
and NO emissions. Soil Biology and Biochemistry 70, 
244-255.

Nguyen, B., Lehmann, J., Kinyangi, J., Smernik, R., Engelhard, 
M.H., 2008. Long-term black carbon dynamics in 
cultivated soil. Biogeochemistry 89, 295-308.

Paris, O., Zollfrank, C., Zickler, G.A., 2005. Decomposition 
and carbonisation of wood biopolymers -a microstructural 
study of softwood pyrolysis. Carbon 43, 53-66.

Punia, Milap, Nautiya, V.P., Kant, Y., 2008. Identifying 
biomass burned patches of agriculture residue using 
satellite remote sensing data. Current Science 94, 9-10.

Purakayastha, T.J., Pathak, H., Kumari, Savita. 2013. Stability 
of biochar carbon- Its implication on carbon sequestration 
and microbial activities in soil. In: Proceedings of 100th 
Indian Science Congress, Part II, Abstracts of Oral 
Presentation University of Calcutta, Kolkata. 287-288.

Purakayastha, T.J., Kumari, Savita, Pathak, H., 2015. 
Characterization, stability and microbial effects of four 

629

International Journal of Bio-resource and Stress Management 2015, 6(5):623-630



© 2015 PP House

biochar produced from crop residues. Geoderma 239-
240, 293-303.

Purakayastha, T.J., Das, K.C., Julia, G., Keith, H., Smith, J.L., 
Kumari, Savita. 2016. Effect of pyrolysis temperatures 
on stability and priming effects of C3 and C4 biochars 
applied to two different soils Soil and Tillage Research 
155, 107-115.

Purakayastha, T.J., Das, K.C., Julia, G., Keith, H., Smith, J.L., 
Kumari, Savita. 2016. Effect of pyrolysis temperatures 
on stability and priming effects of C3 and C4 biochars 
applied to two different soils. Soil and Tillage Research 
155, 107-115.

Raveendran, K., Ganesh, A., Khilart, K.C., 1995. Influence 
of mineral matter on biomass pyrolysis characteristics. 
Fuel 74, 1812-1822.

Schmidt, M.W.I., Noack, A.G., 2000. Black carbon in soils 
and sediments: Analysis, distribution, implications, and 
current challenges. Global Biogeochemical Cycle 14, 
777-793.

Schmidt, M.W.I., Skjemstad, J.O., Jäger, C., 2002. Carbon 
isotope geochemistry and nanomorphology of soil 
black carbon Black Chernozemic soils in central 
Europe originate from ancient biomass burning. Global 
Biogeochemical Cycle 16, 1123.

Shindo, H., 1991. Elementary composition, humus composition, 
and decomposition in soil of charred grassland plants. 

Soil Science and Plant Nutrition 37, 65‑657.
Skodras, G., Grammelis, P., Basinas, P., Kakaras, E., 

Sakellaropoulos, G. 2006. Pyrolysis and combustion 
characteristics of biomass and waste-derived feedstock. 
Industrial and Engineering Chemistry Research, 45, 
3791-3799.

Sohi, S.P., Krull, E., Lopez-Capel, E., Bol, R., 2010. A review 
of biochar and its use and function in soil. Advances in 
Agronomy 105, 47-87.

Sollins, P., Homann, P., Caldwell, B.A., 1996. Stabilization 
and destabilization of soil organic matter mechanisms 
and controls. Geoderma 74, 65-105.

Verma, M., M’hamdi, N., Dkhili, Z., Brar, K.S., Misra, K., 
2014. Thermo-chemical transformation of agro-biomass 
into biochar simultaneous carbon sequestration and soil 
amendment, biotransformation of waste biomass into 
high value. Biochemicals, 51-70.

Woolf, D., Amonette, J.E., Alayne Street-Perrott, F., Lehmann, 
J., Joseph, S., 2010. Sustainable biochar to mitigate 
global climate change. Nature Communications 1:56, 
1-9. DOI:10.1038/ncomms1053.

Zimmerman, A.R., Gao, B., Ahn, M.Y., 2011. Positive and 
negative carbon mineralization priming effects among 
a variety of biochar-amended soils. Soil Biology and 
Biochemistry 43, 1169-1179.

Purakayastha et al., 2015

630


