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Abstract: Given its high pore volume and adsorption capacity, and when applied as an agricultural soil amendment, its ability
to enhance the soil’s nutrient- and water- holding capacities, biochar has become a focus of research interest. In most applica-
tions, crop productivity is significantly increased after agricultural soils are amended with biochar. In addition to increasing soil
quality, the biochar amendments sequester carbon within the soil. However, the long-term effects of amending agricultural soils
with biochar are difficult to predict, because the mechanisms behind the increase in productivity of biochar amended soils are
not yet fully understood. Long-term detrimental effects on soil and the environment can occur if biochar is applied haphazardly.
Current knowledge and the additional experimental work required to thoroughly understand the influence of biochar amend-
ment on the behavior of agricultural soils processes are reviewed. Further, studies on the post production processing of biochar
are discussed in the context of the possible engineering of biochar for particular states of soil degradation.
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Résumé : Etant donné son volume de pores élevé et sa capacité d’adsorption, et lorsqu’appliqué comme un amendement de sol
agricole, sa capacité a améliorer la substance nutritive du sol et sa capacité de rétention d’eau, le biocharbon fait I'objet d’intérét
enrecherche. Dans la plupart des applications, la productivité des cultures agricoles a augmenté de facon significative aprés que
les sols agricoles soient amendés au moyen du biocharbon. En plus d’augmenter la qualité du sol, les amendements au
biocharbon séquestrent le carbone dans le sol. Cependant, les effets a long terme de 'amendement des sols agricoles au moyen
du biocharbon sont difficiles a prévoir, car les mécanismes sous-jacents a ’'augmentation de la productivité des sols amendés par
le biocharbon ne sont pas encore entiérement compris. Les effets néfastes a long terme sur le sol et ’environnement peuvent se
produire si le biocharbon est appliqué de facon fortuite. On fait le point sur les connaissances actuelles ainsi que le travail
expérimental supplémentaire requis afin de bien comprendre les effets de ’'amendement au biocharbon sur le comportement
des processus des sols agricoles. De plus, on analyse les études sur le traitement post-fabrication du biocharbon dans le cadre de
I'ingénierie du biocharbon aux fins d’états particuliers de dégradation du sol. [Traduit par la Rédaction]

Mots-clés : fabrication de biocharbon, post-fabrication, propriétés physiques du sol, fertilité, cultures agricoles, séquestration de
carbone.

carbon (C). There are more than 2500 articles on the effect of
biochar on agricultural soil processes and crop production pub-
lished between 2009 and the present; the number of studies be-
fore 2009 is very small. This growing interest indicates that
amending the soil with biochar is likely to become a common-
place practice. However, accurately predicting the total behavior
of biochar-amended agricultural soils remains problematic. It is
virtually impossible to remove the biochar once it has been ap-
plied to a soil, because it is chemically very inert (Johannes et al.
2015). Given the irreversibility of biochar applications, and their
undocumented but potential detrimental effects on crops and on
human health, their impacts on soil processes should be carefully
assessed.

Biochar amendment of soils also raises interest with respect to
climate change mitigation. As biochar locks up carbon during its

Introduction

“Terra Preta” refers to a particularly fertile anthropogenic soil
discovered near the ruins of a pre-Columbian civilization located
in the Amazon basin. This soil contrasts sharply with typical
Amazonian jungle soils, which are often nutrient deficient. The
nutrient poor soils are the result of excessive rain dissolving nu-
trients from the topsoil and precipitating them into deeper soil
strata, subsurface environments which are inaccessible to rooting
crops. Some two thousand years ago the current Terra Preta soils
were generated by enrichment of the native jungle soils with a
carbonaceous material (Glaser and Birk 2012). Terra Preta soils
have remained highly fertile and crops used to grow vigorously in
them because they harbor large microbial communities (Kim
et al. 2007). The indigenous Terra Preta people produced these

carbonaceous materials by burying biomass in pits, where they
smoldered and decomposed for days (Johannes et al. 2015) although
this is still conjecture.

Nowadays, researchers are trying to mimic “Terra Preta” by
applying biochar (charcoal-like material) to agricultural soils.
Amendment of soils with biochar is considered both as a way of
building the soil’s organic fraction and as a means to sequester

production process, the carbon release to the atmosphere might
be reduced by sequestering the biochar in soils and thus reducing
our current release of greenhouse gases (GHGs) (Hansen et al.
2015). The objectives of this literature review are to highlight the
current knowledge of biochar’s characteristics and their influ-
ences on the amended soils’ physicochemical properties and their
longer term effects on soil processes and the environment.
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Table 1. Influence of biomass feedstock and pyrolysis temperature on biochar surface area and pore

volume
Pyrolysis Pore Surface

Feedstock temperature (°C) volume (cm?3/g) area (m?/g) References

Malt spent Rootlets 400 3.4 0.016 Manariotis et al. (2015)
800 340 0.21

Hardwood 300 0.06 N/A Xiao and Pignatello (2015)
500 0.21 N/A

Wheat 400 0.016 10.15 Manna and Singh (2015)
600 0.034 20.38

Biosolids 650 N/A 395 Kaudal et al. (2015)

Wood 350 N/A 1 Brewer et al. (2014)
800 N/A 317

Rice husk 350 N/A 32.7 Claoston et al. (2014)
650 N/A 261.72

Empty fruit bunch 350 N/A 11.76
650 N/A 28.2

Rubber wood 300 0.0034 1.399 Shaaban et al. (2014)
700 0.0097 5.49

Medicinal herbs 300 4.45 0.0075 Yuan et al. 2014
700 11 0.0178

Coal tailings 400 N/A 2.7 Tremain et al. (2014)
800 N/A 75.3

Pine needle 100 N/A 0.65 Tang et al. (2013)
700 N/A 490.8

Cotton seed hulls 350 N/A 4.7
800 N/A 322

Oakwood 350 N/A 450
600 N/A 642

Corn Stover 350 N/A 293
600 N/A 527

Broiler litter manure 350 N/A 59.5
700 N/A 94.2

Soybean stalk 300 N/A 144.17
700 N/A 250.23

Pine needles 300 N/A 4.09 Ahmad et al. (2013)
700 N/A 390.52

Sewage sludge 400 N/A 33.44 Méndez et al. (2013)
600 N/A 37.18

Switchgrass 450 N/A 5.89 Kim et al. (2013)
800 N/A 52.27

Bagasse 400 0.03 14.4 Kameyama et al. (2012)
800 0.16 219

Switchgrass 250 N/A 0.4 Ippolito et al. (2012)
500 N/A 62.2

Maize 300 N/A 1 Wang et al. (2015)
600 N/A 70

Note: N/A, data not available.

Biochar production

Biochar can be produced by the pyrolysis of biomass material in
the absence of oxygen at temperatures in the range of 250 °C to
700 °C (Yuan et al. 2014). The raw material or the feedstock for
biochar production can originate from a variety of biomass types
including wood, woodchips, crop residues, manure, and other
animal wastes. The efficacy of biochar for soil amendment de-
pends on the type of feedstock used and the pyrolysis conditions
used (Table 1). Both the feedstock properties and the pyrolysis
conditions contribute to the biochar’s characteristics including
the chemical composition, surface chemistry, nutrient composi-
tion, adsorption capacity, cation exchange capacity (CEC), pH, and
the physical structure (Cimo et al. 2014). The physical characteris-
tics of biochar including the pore number and size are also influ-
enced by the biochar processing conditions (Ronsse et al. 2013).
For example, the biochar produced at temperatures exceeding
450 °C and then added to soil may improve the internal drainage
of the soil and render the water available to plants, whereas a soil

amended with a biochar produced at lower temperature (<450 °C)
sometimes repels water (Page-Dumroese et al. 2015).

Biochar created at temperatures less than 300 °C contain cellu-
lose compounds, because higher temperatures break down the
structure and chemistry of such cellulose compounds (Antal and
Gronli 2003). Therefore, the soil amendments using biochar pro-
duced at lower temperatures retains more soil nutrients because
they contain more surface area for nutrient to be adsorbed (nutri-
ent retention sites) (Glaser et al. 2002). On the other hand, the
porosity of biochar increases with the temperature of pyrolysis
due to the volatilization of tars present within the pores and the
escape of gases at the higher pyrolysis temperatures (Cantrell
et al. 2007).

Processing of biochar

Biologically-activated biochar
For biochar to become biologically active and enrich the soil, it
needs to be activated, such that the particle surface area is in-
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creased and the pores are opened, and become a medium for
beneficial soil microorganisms. Activation of biochar in soils oc-
curs naturally and it can take from months to years to complete.
During this time, biochar may increase the soil’s ability to adsorb
and retain nutrients and water, thereby making these resources
more available to the plants (Cross and Sohi 2013). The natural
process of biochar activation in soils can be sped up by mixing
biochar with compost or manure (Dias et al. 2010; Jindo et al.
2012). It has been found that the biochar generated at lower tem-
peratures and which has not received further activation or pro-
cessing will have lesser adsorption capacity and surface area than
biologically activated biochar (Plaza et al. 2014). The surface area
of non-activated biochar is approximately 10 m? kg-! compared to
200-1000 m? kg for activated biochar (Dehkhoda et al. 2016).

Chemically activated biochar

Numerous methods are available for activating the freshly pro-
duced biochar. Activating biochar to generate greater absorption
capacity requires specific catalytic chemicals, such as potassium
hydroxide (KOH), to be loaded onto the carbon surfaces of biochar.
The residual carbon in activated biochar is porous but has a low
surface area. To generate a large surface area, a second thermal
treatment in the presence of chemicals is applied to biochar after
pyrolysis. This is often followed by a washing step using water to
remove the activating chemicals or the unwanted ash from the
activated biochar (Kirk et al. 2012). Another way of activating
biochar is to use sewage sludge or zinc chloride to enhance the
surface area (Chen et al. 2002). Comparatively, the biochar acti-
vated using undigested sludge has greater carbon content, lesser
ash content, greater surface area, and better phenol adsorption
characteristics than the biochar activated using inorganic chemi-
cals (Tay et al. 2001).

Alternatively, the room temperature treatment of biochar us-
ing organic acids has been shown to be an effective way to rapidly
oxidize its surface, thereby significantly increasing the number of
acidic oxygenated groups (e.g., carboxylic acid groups) on the sur-
face. Carboxylic acid groups are essential in improving a biochar’s
nutrient holding capacity (Park et al. 2013). Polarizing the acidic
nature of oxidized biochar will be suited for the retention of basic
ions such as ammonium (NH,*) and other cations. A strong corre-
lation exists between the quantity of NH,* adsorbed by the oxi-
dized biochar and the concentration of acid groups on biochar
(Kastner et al. 2012). Due to the extra step required to biologically-
activate the biochar, in some cases, it would not be economical to
use biochar for soil amendment (Kuppens et al. 2014).

Fortifying biochar with nutrients

Hydrogen sulfide (H,S) is a toxic gas present in biogas, which
increases the rate of corrosion in engines using biogas. This cor-
rosion may be prevented by separating and removing H,S from
the biogas (Powell et al. 2012). In turn, H,S can biologically activate
biochar, wherein the surface of the activated biochar serves as a
site where the H,S is completely converted into elemental sulfur
and sulfate compounds. Such a system provides an environmen-
tally sustainable method for disposing of H,S from agricultural
soils (RiceCenter 2012). Camphor-derived biochar resulting from
pyrolysis under temperatures varying between 100 and 500 °C
have been shown to be effective in H,S sorption. Pyrolysis temper-
ature and surface pH were the production variables showing sig-
nificant influence on H,S sorption capacity of biochar (Shang et al.
2012). Given their greater surface area, activated carbon shows
greater adsorption and retention of sulfur, and additional heat
treatment further enhanced their capacity for the adsorption and
retention of sulfur (Wenguo et al. 2005). These observations are
helpful for designing biochar as an engineered sorbent for the
removal of H,S from biogas production units.
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Biochar pelletizing

Pelletizing biochar might lead to specifically engineering biochar
for a particularly degraded soil and in reducing its dustiness
(Andrenelli et al. 2016 and Karl and Alzena 1990). Handling and
applying biochar to soils poses a health risk associated with inhal-
ing small airborne particles of biochar. Pellets not only reduce
dust but also gives the product a uniform shape and size thus
allowing the biochar to be more uniformly distributed in the soil
(Reza et al. 2011).

Earlier attempts to pelletize biochar using binders without
wood flour failed to yield a cohesive pellet (Dumroese et al. 2011).
The addition of binders like starch and polylactic acid (PLA) to
achieve biochar pellet integrity could provide more resistance to
stresses developed during the water sorption and swelling of
biochar in the soil (Dumroese et al. 2011). Similarly, adding canola
oil at a rate of 3% by mass improved the rheology of the blend,
pellet output rate, and integrity (Dumroese et al. 2011). Most re-
search in pelletizing biochar has focused on densifying pellets to
obtain higher packing efficiencies. However, the less dense the
pellet, the greater will be the swelling coefficient of biochar pellet.
During pellet formation, use of a large die diameter and shorter
die length could reduce pellet density, but maintaining biochar
porosity (Reza et al. 2014). The biochar pellets can be amended
with nutrients to further enhance the pellet’s performance as a
soil amender. Biochar pellets have been produced by blending
and pelletizing switchgrass (Panicum virgatum L.) biochar, lignin,
and potassium (K) and phosphorus (P) fertilizers (Kim et al. 2014).

Future studies on the use of additives to biochar to increase the
coherence and resistance of the pellets for better transportation
and application to soils are required. The best pretreatment con-
ditions for making coherent biochar pellets should be assessed by
measuring (1) the pellets’ resistance to abrasion and immersion,
(2) their modulus of elasticity, and (3) the uniformity in pellet’s
moisture content. Calculations of the modulus of elasticity and
compressibility of biochar pellets are needed to develop analytical
standards. Similar to manure, minerals, and compost, the effi-
ciency of soil amendment material varies according to how they
are applied and incorporated into the soil (e.g., surface applied,
banded, or broadcasted). Biochar application techniques, espe-
cially with pelletized biochar, should be investigated to achieve
the highest possible application efficiency.

Influence of biochar addition to agricultural soils

Biochar amendments alter the physicochemical properties of
soils, including bulk density, porosity, CEC, and pH (Atkinson
et al. 2010). It also influences soil processes, such as water- and
nutrient- holding capacities and consequently influences the crop
production.

Soil-biochar mix and its physical characteristics

The average density of biochar particles measures less than that
of the soil particles (Sharma et al. 2014). Consequently, adding
biochar decreases the bulk density of the soil. The soils with lower
bulk density reduce the energy requirement of mechanical tillage
(Carter 1990). However, when fine particles of biochar are applied,
or when the larger biochar particles disintegrate in arable soils
under the influence of tillage and cultivation operations (Wang
et al. 2013), the disintegrated fine particles can fill up small pores
in the soil leading to increased bulk density in the biochar-soil
mix. Biochar particle size is likely to be reduced by mechanical
disturbances such as plowing in agricultural areas or by freeze—
thaw cycles (Saran et al. 2009). Little has been published about the
agricultural practices that could affect the biochar particle’s deg-
radation, where small biochar fractions also might lead to the
closing of the soil pores and lead to the formation of a subsurface
hardpan (Verheijen et al. 2010). Roots elongation and proliferation
are affected by mechanical impedance within the soils. Denser
soil will increase the mechanical impedance, decrease root growth,
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and reduce crop productivity (Otto et al. 2011). An obvious risk of soil
compaction occurs through the very application of biochar itself. If
biochar is applied using heavy machinery while the water-filled soil
pores are near saturation, the risk of compaction increases (Carlos
et al. 2012).

In soils vulnerable to compaction, positive and (or) negative
consequences in adding biochar may occur, both in the topsoil
and subsoil. Biochar has a diminished elasticity, as measured by
the relaxation ratio which is the ratio of the bulk density of the
test material under a specified stress to the bulk density after the
stress has been removed. Comparatively, straw has a greater elas-
ticity ratio, and when the straw is charred and applied as biochar,
the resilience of the soil to compaction loads decreases.

Biochar amendments alter soil porosity and increase the soil
surface area. A soil-biochar mix tends to improve the soil’s water-
holding capacity (WHC) (Basso et al. 2013). A comparison of soil
water retention curves has shown an increase in the soil WHC
with the application of biochar (Abel et al. 2013). Nevertheless,
this additional water held by the soil may not be readily available
to the plants, because the water in the very small saturated pores
is too tightly held against the plant’s uptake forces (Sohi et al.
2010). As the percentage of biochar increases, so does the total
volumetric water content, largely due to the alteration of micro-
pores in the soil (Ngelique 2011). In a study by Ventura et al. (2013),
biochar produced from vegetable bio-products and applied to soil
at a rate of 60 Mg ha~! showed inconsistencies in the soil’s water
retention capability. These inconsistencies were attributed to the
soil non-homogeneity in porosity and to the method by which soil
samples were prepared. In the laboratory, large soil samples in the
pressure plate apparatus reduced this uncertainty. Also, the hy-
drophobicity of biochar might also have had an influence on the
results. Biochar produced at temperatures higher than 400 °C
have greater infiltration and water retention at their saturation
point than the biochar produced at lower temperatures. This
might be attributable to high biochar production temperatures
influencing biochar pore volume and pore tortuosity (Kameyama
et al. 2014). Soil hydrology is affected by the reductions in organic
matter resulting from intensive agricultural practices (Laird et al.
2010). Studies have shown that, applying biochar to the sandy soil
at a rate of 60 Mg ha! resulted in a significant increase in soil
water retention capacity, which was attributed to the biochar’s
porous structure (Ulyett et al. 2014). In a study by Kameyama et al.
(2014), a biochar amendment at a rate of 5 t ha! increased the
water retention in sandy loam soil, resulted in a 12% reduction
in the cumulative evaporation (Kg,, ,ter/M?s.;;) from the soil. Fur-
ther, the sandy loam soil’s water holding capacities at saturation
and the field capacity relatively increased by 30% and 16%, respec-
tively.

Soil water content increased with an increase in the quantity of
biochar added to the soil (Ibrahim et al. 2013). The soil amended
with woodchip biochar had greater water content than the soil
amended with dairy manure biochar (Lei and Zhang 2013). The
biochar produced from dairy manure or woodchips and mixed at
5% dry weight basis (d.w.b) with soil, led to an increase in hydrau-
lic conductivity (k) of the amended soils. The kg, of the soil
amended with woodchip biochar was greater than the soil
amended with dairy manure biochar. This was attributed to the
high ash content of woodchip biochar (Lei and Zhang 2013). Gen-
erally, the changes in electrical charge on the clay particles cause
rearrangement of the structure, increase in secondary macro-
porosity, and an increase in k,,, of the soils.

Biochar produced at pyrolytic temperatures less than 450 °C
contain more water repelling organic compounds (Kinney et al.
2012;Yi et al. 2015), which may lead to reduced plant growth in the
soils (Fang et al. 2014). This hydrophobicity of biochar may also
lead to soil erosion due to increased water overflow. The hydrophobicity
of biochar can be controlled by appropriate selection of feedstock
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and pyrolytic conditions. If necessary, post-pyrolysis treatments
can be used to decrease biochar hydrophobicity (Yi et al. 2015).

Systems and methods, such as using artificially aged soil-
biochar mix, are required to be developed that mimic the long-
term behavior of the soil amended with biochar (Song et al. 2013),
to understand how the physical nature of the biochar influences
the soil processes over time; and also to investigate the effect of
different biochar feedstocks, pyrolysis conditions, biochar applica-
tion rates, different soil types, environmental and agricultural
conditions on the responses of biochar addition to the soil. How-
ever, at present, controlled long-term studies are not available in
the literature. Moreover, conservation methods, such as no-till,
cover crops, complex crop rotations, mixed farming systems, and
agroforestry, are needed to be considered with the biochar amend-
ment to the soil. The effects of biochar amendment to the soils
that are prone to compaction and its consequent influence on the
soil processes and root systems have not been investigated. Simi-
larly, the effects of biochar on friction and cohesion between the
soil particles and the biochar have not been fully quantified. Very
little information is available on how the large-scale addition of
biochar to the soil impacts the frequency and the intensity of
irrigation. Soil hydrology may also be affected by the partial or the
total blockage of soil pores by the smallest particle size fraction of
biochar that decreases the water infiltration into the soil. Thus,
the biochar application can be beneficial or detrimental depend-
ing on the particle size of the biochar and on the texture of the
soil.

Soil-biochar mix fertility

The difference in chemical composition of biochar and the soil
(Yuan et al. 2016) has an impact on plant growth due to the alter-
ation in soil chemistry and changes in the availability of nutrients
to the roots. Biochar derived from animal wastes had significantly
increased the soil’s pH and CEC from acid-free drained soils
(Uzoma et al. 2011; Wang et al. 2014).

Biochar adsorbs soil nutrients, decreases their leaching into
groundwater (Kameyama et al. 2012), and makes them readily
available to plants (Rogovska et al. 2014). On the other hand, if
biochar is incorporated without activation into the soil, its high
adsorption capacity will result in the adsorption and fixing of
available nutrients from the soil, thereby barring the crops from
soil nutrients. Thus, an initial inhibition of crop growth might
occur immediately after the amendment of agricultural soils with
inactivated biochar (Lehmann et al. 2011).

Microorganisms have higher reproductive and retention rates
in biochar amended (versus non-amended) soils (Lehmann et al.
2011). Microorganisms housed in biochar’s micropores multiply
more rapidly as they are sheltered from their predators. Appar-
ently, the soil organic matter and microbial activity were en-
hanced due to the high pore structure of biochar and the presence
of degradable components in the biochar. Thus, biochar is a bind-
ing agent that improves the soil macro-aggregates (Lu et al. 2014).

To conclude, the general relationship between the soil organic
content, the type of biochar amendment required and the result-
ing crop yield is poorly understood. The investigation to compre-
hend the correlation between the effects of changes in soil
physical properties on the change in soil chemistry, such as oxi-
dation of nutrients due to increased porosity of soil-biochar mix,
should receive more attention to quantify the physicochemical
behavior of the soil-biochar mix.

Crop production in soil-biochar mix

A number of studies have reported positive effects of biochar
amendment on crop productivity (Wang et al. 2012; Baronti et al.
2014; Revell et al. 2012; Uzoma et al. 2011; Jeffery et al. 2011;
Galinato et al. 2011; Blackwell et al. 2010; Graber et al. 2010; Asai
et al. 2009; Hossain et al. 2010). Statistical meta-analysis showed
that the biochar amendment resulted in an increase in crop pro-
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ductivity, as high as 13%, in acidic and neutral pH soils where the
biochar amendment increased the pH value of the soil (liming
effect) and led to a greater crop productivity (Hass et al. 2012).
Application of biochar produced from flax straw fines to loamy
soils at a rate of 1 t ha~! had shown significant effects on wheat
growth (Ahmed and Schoenau 2015).

Crop production increase in soils with a coarse or medium tex-
ture and amended with biochar was due to the improved WHC
and nutrient availability of the soil (Jeffery et al. 2011). Plants
exhibit thinner and more extensively branched roots in the soils
with increased biochar amendment, due to the soil’s increased
WHC and the reduced leaching of nitrogen (N) and phosphorus (P)
from the soil (Bruun et al. 2014; Ventura et al. 2013).

Given the great variety of biochar feedstocks available, along
with the changes in inherent biophysical characteristics and ag-
ronomic practices of different study sites, it is difficult to gener-
alize the benefits from biochar amendment. In experimental field
trials, it is often difficult, or impossible, to control all the environ-
mental variables, especially the variability in meteorological fac-
tors. This can lead to weakness in the data obtained from such
experiments, and reduce accuracy when extrapolating the results
to other environmental conditions. Therefore, more scientific ev-
idences regarding effects of biochar on soil processes are highly
needed before a developed policy of large-scale implementation
can be proposed.

Environmental implications of biochar production
and application to agricultural soils

Decomposition of biochar in soil

Interest has grown in biochar application to soils not only for its
benefits as an organic fertilizer but also for the need to address the
climate change (Woolf et al. 2010). If organic wastes (OW) are left
to decompose naturally, they release carbon into the atmosphere
in the form of CO,, which is one of the GHGs (Thomazini et al.
2015). Due to the lack of oxygen in the pyrolysis process, the
carbon from the OW is locked away into the biochar. Thus, apply-
ing the biochar to the soil sequesters carbon and thus decreases
the emission of GHGs into the atmosphere (Zhang et al. 2016).

Biochar amended soils contain as much as 35% d.w.b soil or-
ganic carbon (SOC) in the form of biochar (McHenry 2011). Inor-
ganic nitrogen in the biochar amended soils comes from minerals
and is added to soil through precipitation, or as fertilizers.

Biochar is considered highly resistant to biological degradation,
because of the presence of aromatic carbon in its composition.
The reported residence time for wood-derived biochar in the soil
before complete degradation is in the range of 1000-12 000 years
(Woolf et al. 2010). Biochar produced at low temperatures is less
stable and could return significant amounts of carbon to the at-
mosphere within a few hundred years after it is added to the soil
(Kinney et al. 2012). More research is needed to optimize the tem-
perature and residence time during the pyrolysis process to pro-
duce biochar not only with a high aromatic carbon content but
also make them stable in soils.

Biochar applied to the surface soil relocates to subsoil through
tillage, as well as due to shrinkage-swelling of the soil (Eckmeier
et al. 2007). Laboratory-based studies using freshly-made biochar
tend to show some mass loss — sometimes quite large — over a
period of days to years. Estimation of the long-term stability of
biochar in soils based on the measurable short-term decomposi-
tion suggests that the biochar comprises both stable and degrad-
able components (Kimetu and Lehmann 2010).

Combustion conditions during pyrolysis as well as the type of
feedstock are influential in determining the proportion of labile
and stable components in the biochar products (Singh et al. 2012).
Measuring the influence of biochar production process on the
properties of biochar is essential for the optimization of pyrolysis
conditions for maximum net carbon sequestration (Alvarez et al.
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2014). The chemical composition of biochar confers its high level
of stability and is reflected in its elemental composition: highly
aromatic and with a very high carbon content (Quilliam et al.
2013). It is likely that biochar stability is associated with its phys-
ical properties and structure. If the biotic and abiotic processes
determining the fate of biochar are the same as those for other
soil organic matter, higher soil temperature, moisture availabil-
ity, lower clay content, and intensive tillage will accelerate its
decomposition rate (Masek et al. 2013).

Estimation of soil production of carbon dioxide is essential in
assessing the quantity of carbon losses to the atmosphere from
the soil (Saran et al. 2009). Since the measurement of the total
quantity of soil carbon in an area is difficult and expensive due to
its variability and complexity, the practical way to study the effect
of various agronomic treatments on soil carbon content is through
computer modeling. Assessing the potential impact of amending
agricultural soils with biochar on environmental risk and sustain-
ability of agricultural soils amended with biochar, with simula-
tion models is lacking in the literature. If the dynamics of biochar
are quantified then the rate and mode of application of biochar to
soil can be optimized.

To conclude, biochar loss and mobility through the soil profile
and into the water resources have not been researched adequately
and transport mechanisms are very unclear. More research should
be done to enable the prediction of likely rates of breakdown of
biochar in soil. At the moment, there is insufficient data in the liter-
ature to compare the responses between short- and long-term stabil-
ity under different climates and in different soil types. Therefore, the
possible effects of biochar addition to soil on the environmental and
human health are not fully understood.

Suppression of greenhouse gas release from the soil

Biochar application reduces the emission of nitrous oxide (N,0)
and CO, from soils and thus reduces the overall emission of green-
house gases (GHG) into the atmosphere (Woolf et al. 2010). Shrub
willow biochar decreased N,O and CH, fluxes from loamy soils
(Hangs et al. 2016). Moreover, the soil aeration which increases
following the biochar amendment to soil contributes in suppress-
ing the soil N,O from releasing into the atmosphere (Case et al.
2012; Suddick and Six 2013). Cumulative N,O production was con-
sistently suppressed by at least 50% when a soil was amended with
hardwood biochar at a rate of 22 Mg ha-! (Case et al. 2012). The
microbial or physical immobilization of nitrate (NO;") in soil fol-
lowing the biochar addition may significantly contribute to the
suppression of soil N,O emissions. However, the enhancement of
soil aeration by biochar incorporation made only a minimal con-
tribution to the suppression of N,O emissions from a sandy loam
soil. The suppression of N,O emissions from soil might be due to
the biochar increasing soil aeration at relatively high moisture
contents by increasing the soil’s WHC (Van et al. 2009). However,
when biochar is applied to soil it initially leads to the decomposi-
tion of soil organic matter and hence increases the CO, release to
the atmosphere (Augustenborg et al. 2012). The net suppression
and release of GHGs from soil have not fully been quantified.

References

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M., and Wessolek, G. 2013.
Impact of biochar and hydrochar addition on water retention and water
repellency of sandy soil. Geoderma, 202-203: 183-191. d0i:10.1016/j.geoderma.
2013.03.003.

Ahmad, M., Lee, S.S., Rajapaksha, A.U., Vithanage, M., Zhang, M., Cho, J.S., et al.
2013. Trichloroethylene adsorption by pine needle biochars produced at var-
ious pyrolysis temperatures. Bioresour. Technol. 143: 615-622. doi:10.1016j.
biortech.2013.06.033. PMID:23838320.

Ahmed, H.P., and Schoenau, J.J. 2015. Effects of biochar on yield, nutrient recovery,
and soil properties in a canola (Brassica napus L}wheat (Triticum aestivum L) rota-
tion grown under controlled environmental conditions. BioEnergy Res. 8(3): 1183
1196. do0i:10.1007/s12155-014-9574-x.

Alvarez, C., Alvarez, CR., Costantini, A., and Basanta, M. 2014. Carbon and
nitrogen sequestration in soils under different management in the semi-arid
Pampa (Argentina). Soil Tillage Res. 142: 25-31. d0i:10.1016/j.stil1.2014.04.005.

< Published by NRC Research Press


http://dx.doi.org/10.1016/j.geoderma.2013.03.003
http://dx.doi.org/10.1016/j.geoderma.2013.03.003
http://dx.doi.org/10.1016/j.biortech.2013.06.033
http://dx.doi.org/10.1016/j.biortech.2013.06.033
http://www.ncbi.nlm.nih.gov/pubmed/23838320
http://dx.doi.org/10.1007/s12155-014-9574-x
http://dx.doi.org/10.1016/j.still.2014.04.005

500

Andrenelli, M.C., Maienza, A., Genesio, L., Miglietta, F., Pellegrini, S.,
Vaccari, F.P., and Vignozzi, N. 2016. Field application of pelletized biochar:
Short term effect on the hydrological properties of a silty clay loam soil.
Agric. Water Manage. 163: 190-196. doi:10.1016/j.agwat.2015.09.017.

Antal, MJ., and Gronli, M. 2003. The art, science, and technology of charcoal
production. Indust. Eng. Chem. Res. 42: 1619-1640. d0i:10.1021/ie0207919.
Asai, H.S., Benjamin, K.S., Haefele, M., Songyikhangsuthor, K., Homma, K.,
Kiyono, Y., et al. 2009. Biochar amendment techniques for upland rice pro-
duction in Northern Laos. Soil physical properties, leaf SPAD and grain yield.

Field Crops Res. 111(1-2): 81-84. d0i:10.1016/j.fcr.2008.10.008.

Atkinson, C.J., Fitzgerald, ].D., and Hipps, N.A. 2010. Potential mechanisms for
achieving agricultural benefits from biochar application to temperate soils:
A review. Plant Soil, 337(1-2): 1-18. d0i:10.1007/s11104-010-0464-5.

Augustenborg, C.A., Hepp, S., Kammann, C., Hagan, D., Schmidt, O., and
Miiller, C. 2012. Biochar and earthworm effects on soil nitrous oxide and
carbon dioxide emissions. J. Environ. Qual. 41(4): 1203-1209. PMID:22751063.

Baronti, S., Vaccari, F.P., Miglietta, F., Calzolari, C., Lugato, E., Orlandini, S., et al.
2014. Impact of biochar application on plant water relations in Vitis vinifera
(L.). Eur. J. Agron. 53: 38-44. doi:10.1016(j.eja.2013.11.003.

Basso, A.S., Miguez, F.E., Laird, D.A., Horton, R., and Westgate, M. 2013. Assessing
potential of biochar for increasing water-holding capacity of sandy soils. GCB
Bioenergy, 5(2): 132-143. do0i:10.1111/gcbb.12026.

Blackwell, P., Krull, E., Butler, G., Herbert, A., and Solaiman, Z. 2010. Effect of
banded biochar on dryland wheat production and fertilizer use in south-
western Australia: An agronomic and economic perspective. Aust. J. Soil Res.
48(6-7): 531-545. doi:10.1071/SR10014.

Brewer, C.E., Chuang, V.J., Masiello, C.A., Gonnermann, H., Gao, X., Dugan, B.,
et al. 2014. New approaches to measuring biochar density and porosity.
Biomass Bioenergy, 66: 176-185. doi:10.1016/j.biombioe.2014.03.059.

Bruun, E.W., Petersen, C.T., Hansen, E., Holm, ].K., and Hauggaard-Nielsen, H.
2014. Biochar amendment to coarse sandy subsoil improves root growth and
increases water retention. Soil Use Manage. 30(1): 109-118. doi:10.1111/sum.
12102.

Cantrell, K., Ro, K., Mahajan, D., Anjom, M., and Hunt, P.G. 2007. Role of ther-
mochemical conversion in livestock waste-to-energy treatments: obstacles
and opportunities. Ind. Eng. Chem. Res. 46: 8918-8927. d0i:10.1021/ie0616895.

Carlos, G., Estela, A., and Inmaculada, B. 2012. Relationship among compaction,
moisture content and penetration resistance in horticultural soil. Interna-
tional Conference of Agricultural Engineering. CIGR-Ageng 2012 (8-12 July,
2012, Valencia, Spain). Available: http://cigr.ageng2012.org/images/fotosg/
tabla_137_C0913.pdf. [Accessed 8 January 2016.]

Carter, M.R. 1990. Relative measures of soil bulk density to characterize compac-
tion in tillage studies on fine sandy loams. Can. J. Soil Sci. 70(3): 425-433.
doi:10.4141/cjss90-042.

Case, S.D.C., McNamara, N.P., Reay, D.S., and Whitaker, J. 2012. The effect of
biochar addition on N20 and CO2 emissions from a sandy loam soil - The role
of soil aeration. Soil Biol. Biochem. 51: 125-134. do0i:10.1016/j.s0ilbio.2012.
03.017.

Chen, X., Jeyaseelan, S., and Graham, N. 2002. Physical and Chemical Properties
Study of the Activated Carbon made from Sewage Sludge. Waste Manage.
22(7): 755-760. doi:10.1016/S0956-053X(02)00057-0.

Cimo, G., Kucerik, J., Berns, A.E., Schaumann, G.E., Alonzo, G., and Conte, P.
2014. Effect of heating time and temperature on the chemical characteristics
of biochar from poultry manure. J. Agric. Food Chem. 62(8): 1912-1918. doi:
10.1021/jf405549z. PMID:24506474.

Claoston, N., Samsuri, AW., Ahmad, M.H., and Mohd, A.M.S. 2014. Effects of
pyrolysis temperature on the physicochemical properties of empty fruit
bunch and rice husk biochars. Waste Manage. Res. 32(4): 331-339. d0i:10.1177/
0734242X14525822.

Cross, A., and Sohi, S.P. 2013. A method for screening the relative long-term
stability of biochar. GCB Bioenergy, 5(2): 215-220. doi:10.1111/gcbb.12035.
Dehkhoda, A.M., Ellis, N., and Gyenge, E. 2016. Effect of activated biochar porous
structure on the capacitive deionization of NaCl and ZnCl2 solutions. Micro-
porous Mesoporous Mater. 224: 217-228. doi:10.1016/j.micromeso.2015.11.041.

Dias, B.O., Silva, C.A., Higashikawa, F.S., Roig, A., and Sdnchez-Monedero, M.A.
2010. Use of biochar as bulking agent for the composting of poultry manure:
Effect on organic matter degradation and humification. Bioresour. Technol.
101(4): 1239-1246. doi:10.1016/j.biortech.2009.09.024. PMID:19796932.

Dumroese, R.K., Heiskanen, J., Englund, K., and Tervahauta, A. 2011. Pelleted
biochar: Chemical and physical properties show potential use as a substrate
in container nurseries. Biomass Bioenergy, 35(5): 2018-2027. doi:10.1016j.
biombioe.2011.01.053.

Eckmeier, E., Gerlach, R., Skjemstad, J.O., Ehrmann, O., and Schmidt, M.W.L
2007. Only small changes in soil organic carbon and charcoal concentrations
found one year after experimental slash-and-burn in a temperate deciduous
forest. Biogeosci. Discuss. 4(1): 595-614. d0i:10.5194/bgd-4-595-2007.

Fang, Q., Chen, B., Lin, Y., and Guan, Y. 2014. Aromatic and hydrophobic surfaces
of wood-derived biochar enhance perchlorate adsorption via hydrogen bond-
ing to oxygen-containing organic groups. Environ. Sci. Technol. 48(1): 279-
288. doi:10.1021/es403711y. PMID:24289306.

Environ. Rev. Vol. 24, 2016

Feng, W., Kwon, S., Borguet, E., and Vidic, R. 2005. Adsorption of Hydrogen
Sulfide onto Activated Carbon Fibers: Effect of Pore Structure and Surface
Chemistry. Environ. Sci. Technol. 39: 9744-9749. do0i:10.1021/es0507158.
PMID:16475362.

Galinato, S.P., Yoder, J.K., and Granatstein, D. 2011. The economic value of
biochar in crop production and carbon sequestration. Energy Policy, 39(10):
6344-6350. d0i:10.1016/j.enpol.2011.07.035.

Glaser, B., and Birk, J.J. 2012. State of the scientific knowledge on properties and
genesis of Anthropogenic Dark Earths in Central Amazonia (terra preta de
Indio). Geochim. Cosmochim. Acta, 82: 39-51. doi:10.1016/j.gca.2010.11.029.

Glaser, B., Lehmann, J., and Zech, W. 2002. Ameliorating physical and chemical
properties of highly weathered soils in the tropics with charcoal: A review.
Biol. Fert. Soils, 35: 219-230. doi:10.1007/s00374-002-0466-4.

Graber, E.R., Harel, Y.M., Kolton, M., Cytryn, E., Silber, A., David, D.R., et al. 2010.
Biochar impact on development and productivity of pepper and tomato
grown in fertigated soilless media. Plant Soil, 337(1-2): 481-496. doi:10.1007/
$11104-010-0544-6.

Hangs, R.D., Ahmed, H.P., and Schoenau, ].J. 2016. Influence of willow biochar
amendment on soil nitrogen availability and greenhouse gas production in
two fertilized temperate prairie soils. Bioenergy Res. 9(1): 157-171. doi:10.1007/
$12155-015-9671-5.

Hansen, V., Muller-Stover, D., Ahrenfeldt, J., Holm, ]J.K., Henriksen, U.B., and
Hauggaard-Nielsen, H. 2015. Gasification biochar as a valuable by-product for
carbon sequestration and soil amendment. Biomass Bioenergy, 72: 300-308.
d0i:10.1016/j.biombioe.2014.10.013.

Hass, A., Gonzalez, J.M., Lima, .M., Godwin, H.W., Halvorson, ].J., and
Boyer, D.G. 2012. Chicken Manure Biochar as Liming and Nutrient Source for
Acid Appalachian Soil Source. J. Environ. Qual. 41(4): 1096-1106. doi:10.2134/
jeq2011.0124. PMID:22751051.

Hossain, M.K., Strezov, V., Chan, K.Y., and Nelson, P.F. 2010. Agronomic proper-
ties of wastewater sludge biochar and bioavailability of metals in production
of cherry tomato (Lycopersicon esculentum). Chemosphere, 78(9): 1167-1171.
doi:10.1016/j.chemosphere.2010.01.009. PMID:20110103.

Ibrahim, H.M., Al-Wabel, M.L,, Usman, A.R.A., and Al-Omran, A. 2013. Effect of
conocarpus biochar application on the hydraulic properties of a sandy loam
soil. Soil Sci. 178(4): 165-173. doi:10.1097/SS.0b013e3182979eac.

Ippolito, J.A., Novak, J.M., Busscher, W.]J., Aedna, M., Rehrah, D., and Watts, D.W.
2012. Switchgrass biochar affects two aridisols. J. Environ. Qual. 41(4): 1123—
1130. doi:10.2134/jeq2011.0100. PMID:22751054.

Jeffery, S., Verheijen, F.G.A., van der Veldea, M., and Bastos, A.C. 2011. A quanti-
tative review of the effects of biochar application to soils on crop productiv-
ity using meta-analysis. Agric. Ecosyst. Environ. 144: 175-187. doi:10.1016/j.
agee.2011.08.015.

Jindo, K., Suto, K., Matsumoto, K., Garcia, C., Sonoki, T., and Sanchez-Monedero, M.A.
2012. Chemical and biochemical characterization of biochar-blended com-
posts prepared from poultry manure. Bioresour. Technol. 110: 396-404. doi:
10.1016/j.biortech.2012.01.120. PMID:22377478.

Johannes, L., Samuel, A., Markus, K., Genxing, P., Bhupinder, P.S., Saran, P.S.,
and Andrew, R.Z. 2015. Persistence of biochar in soil. In Biochar for environ-
mental management, Science and technology. New York, NY 10017.

Kameyama, K., Miyamoto, T., Shiono, T., and Shinogi, Y. 2012. Influence of
sugarcane bagasse-derived biochar application on nitrate leaching in cal-
caric dark red soil. J. Environ. Qual. 41(4): 1131-1137. do0i:10.2134/jeq2010.
0453. PMID:22751055.

Kameyama, K., Miyamoto, T., and Shiono, T. 2014. Influence of biochar incorpo-
ration on TDR-based soil water content measurements. Eur. J. Soil Sci. 65(1):
105-112. doi:10.1111/ejss.12083.

Karl,V., and Alzena, M. 1990. Method for dry-pelletizing carbon black and equip-
ment to implement the method. United States Patent. Patent number
4980103. Available: http://www.patentgenius.com/patent/4980106.html.
[Accessed 8 January 2016.]

Kastner, J.R., Miller, J.G., Daniel, P., Locklin, J.K., Lawrence, H., and Johnson, T.
2012. Catalytic esterification of fatty acids using solid acid catalysts generated
from biochar and activated carbon. Catal. Today, 190(1): 122-132. doi:10.1016/
j.cattod.2012.02.006.

Kaudal, B.B., Chen, D., Madhavan, D.B., Downie, A., and Weatherley, A. 2015.
Pyrolysis of urban waste streams: Their potential use as horticultural media.
J. Anal. Appl. Pyrolysis, 112: 105-112. doi:10.1016(j.jaap.2015.02.011.

Kim, J., Sparovek, G., Longo, R.M., De Melo, W J., and Crowley, D. 2007. Bacterial
diversity of terra preta and pristine forest soil from the Western Amazon. Soil
Biol. Biochem. 39(2): 684-690. doi:10.1016/j.50ilbi0.2006.08.010.

Kim, P., Johnson, A.M., Essington, M.E., Radosevich, M.K., Kwon, W.-T., Lee, S.H.,
et al. 2013. Effect of pH on surface characteristics of switchgrass-derived
biochars produced by fast pyrolysis. Chemosphere, 90(10): 2623-2630. doi:10.
1016/j.chemosphere.2012.11.021. PMID:23246725.

Kim, P., Hensley, D., and Labbé, N. 2014. Nutrient release from switchgrass-
derived biochar pellets embedded with fertilizers. Geoderma, 232: 341-351.
doi:10.1016[j.geoderma.2014.05.017.

Kimetu, J.M., and Lehmann, J. 2010. Stability and stabilization of biochar and
green manure in soil with different organic carbon contents. Aust. J. Soil Res.
48(6-7): 577-585. d0i:10.1071/SR10036.

Kinney, T.J., Masiello, C.A., Dugan, B., Hockaday, W.C., Dean, M.R.,
Zygourakis, K., and Barnes, R.T. 2012. Hydrologic properties of biochars pro-

< Published by NRC Research Press


http://dx.doi.org/10.1016/j.agwat.2015.09.017
http://dx.doi.org/10.1021/ie0207919
http://dx.doi.org/10.1016/j.fcr.2008.10.008
http://dx.doi.org/10.1007/s11104-010-0464-5
http://www.ncbi.nlm.nih.gov/pubmed/22751063
http://dx.doi.org/10.1016/j.eja.2013.11.003
http://dx.doi.org/10.1111/gcbb.12026
http://dx.doi.org/10.1071/SR10014
http://dx.doi.org/10.1016/j.biombioe.2014.03.059
http://dx.doi.org/10.1111/sum.12102
http://dx.doi.org/10.1111/sum.12102
http://dx.doi.org/10.1021/ie0616895
http://cigr.ageng2012.org/images/fotosg/tabla_137_C0913.pdf
http://cigr.ageng2012.org/images/fotosg/tabla_137_C0913.pdf
http://dx.doi.org/10.4141/cjss90-042
http://dx.doi.org/10.1016/j.soilbio.2012.03.017
http://dx.doi.org/10.1016/j.soilbio.2012.03.017
http://dx.doi.org/10.1016/S0956-053X(02)00057-0
http://dx.doi.org/10.1021/jf405549z
http://www.ncbi.nlm.nih.gov/pubmed/24506474
http://dx.doi.org/10.1177/0734242X14525822
http://dx.doi.org/10.1177/0734242X14525822
http://dx.doi.org/10.1111/gcbb.12035
http://dx.doi.org/10.1016/j.micromeso.2015.11.041
http://dx.doi.org/10.1016/j.biortech.2009.09.024
http://www.ncbi.nlm.nih.gov/pubmed/19796932
http://dx.doi.org/10.1016/j.biombioe.2011.01.053
http://dx.doi.org/10.1016/j.biombioe.2011.01.053
http://dx.doi.org/10.5194/bgd-4-595-2007
http://dx.doi.org/10.1021/es403711y
http://www.ncbi.nlm.nih.gov/pubmed/24289306
http://dx.doi.org/10.1021/es0507158
http://www.ncbi.nlm.nih.gov/pubmed/16475362
http://dx.doi.org/10.1016/j.enpol.2011.07.035
http://dx.doi.org/10.1016/j.gca.2010.11.029
http://dx.doi.org/10.1007/s00374-002-0466-4
http://dx.doi.org/10.1007/s11104-010-0544-6
http://dx.doi.org/10.1007/s11104-010-0544-6
http://dx.doi.org/10.1007/s12155-015-9671-5
http://dx.doi.org/10.1007/s12155-015-9671-5
http://dx.doi.org/10.1016/j.biombioe.2014.10.013
http://dx.doi.org/10.2134/jeq2011.0124
http://dx.doi.org/10.2134/jeq2011.0124
http://www.ncbi.nlm.nih.gov/pubmed/22751051
http://dx.doi.org/10.1016/j.chemosphere.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20110103
http://dx.doi.org/10.1097/SS.0b013e3182979eac
http://dx.doi.org/10.2134/jeq2011.0100
http://www.ncbi.nlm.nih.gov/pubmed/22751054
http://dx.doi.org/10.1016/j.agee.2011.08.015
http://dx.doi.org/10.1016/j.agee.2011.08.015
http://dx.doi.org/10.1016/j.biortech.2012.01.120
http://www.ncbi.nlm.nih.gov/pubmed/22377478
http://dx.doi.org/10.2134/jeq2010.0453
http://dx.doi.org/10.2134/jeq2010.0453
http://www.ncbi.nlm.nih.gov/pubmed/22751055
http://dx.doi.org/10.1111/ejss.12083
http://www.patentgenius.com/patent/4980106.html
http://dx.doi.org/10.1016/j.cattod.2012.02.006
http://dx.doi.org/10.1016/j.cattod.2012.02.006
http://dx.doi.org/10.1016/j.jaap.2015.02.011
http://dx.doi.org/10.1016/j.soilbio.2006.08.010
http://dx.doi.org/10.1016/j.chemosphere.2012.11.021
http://dx.doi.org/10.1016/j.chemosphere.2012.11.021
http://www.ncbi.nlm.nih.gov/pubmed/23246725
http://dx.doi.org/10.1016/j.geoderma.2014.05.017
http://dx.doi.org/10.1071/SR10036

Ahmed et al.

duced at different temperatures. Biomass Bioenergy, 41: 34-43. doi:10.1016/
j-biombioe.2012.01.033.

Kirk, D.W, Graydon, J.W., and White, A.J. 2012. Production of biochar adsorbent
from anaerobic digestate. WIPO Patent Pub. No.: W0/2012/094736. Available:
http://[www.sumobrain.com/patents/wipo/Production-biochar-absorbent-
from-anaerobic/W02012094736.html.

Kuppens, T., Van Dael, M., Vanreppelen, K., Carleer, R., Yperman, J., Schreurs, S.,
and Van Passel, S. 2014. Techno-economic assessment of pyrolysis char pro-
duction and application - a review. Chem. Eng. Trans. 37: 67-72. d0i:10.3303/
CET1437012.

Laird, D.A., Fleming, P., Davis, D.D., Horton, R., Wang, B., and Karlen, D.L. 2010.
Impact of biochar amendments on the quality of a typical Midwestern agri-
cultural soil. Geoderma, 158(3-4): 443-449. doi:10.1016/j.geoderma.2010.
05.013.

Lehmann, J., Rillig, M.C., Thies, J.M., Masiello, C.A., Hockaday, W.C., and
Crowley, D. 2011. Biochar effects on soil biota - A review. Soil Biol. Biochem.
43(9): 1812-1836. doi:10.1016j.s0ilbio.2011.04.022.

Lei, O., and Zhang, R. 2013. Effects of biochars derived from different feedstocks
and pyrolysis temperatures on soil physical and hydraulic properties. J. Soils
Sediments, 13(9): 1561-1572. doi:10.1007/s11368-013-0738-7.

Lu, S., Sun, F., and Zong, Y. 2014. Effect of rice husk biochar and coal fly ash on
some physical properties of expansive clayey soil (Vertisol). Catena, 114:
37-44. doi:10.1016/j.catena.2013.10.014.

Manariotis, I.D., Fotopoulou, K.N., and Karapanagioti, H.K. 2015. Preparation
and Characterization of Biochar Sorbents Produced from Malt Spent Root-
lets. Ind. Eng. Chem. Res. 54(39): 9577-9584. doi:10.1021/acs.iecr.5b02698.

Manna, S., and Singh, N. 2015. Effect of wheat and rice straw biochars on
pyrazosulfuron-ethyl sorption and persistence in a sandy loam soil. J. Environ.
Sci. Health - Part B Pesticides Food Contamin. Agric. Wastes, 50(7): 463-472.
doi:10.1080/03601234.2015.1018757.

Masek, O., Brownsort, P., Cross, A., and Sohi, S. 2013. Influence of production
conditions on the yield and environmental stability of biochar. Fuel, 103:
151-155. d0i:10.1016/j.fuel.2011.08.044.

McHenry, M.P. 2011. Soil organic carbon, biochar, and applicable research re-
sults for increasing farm productivity under Australian agricultural condi-
tions. Commun. Soil Sci. Plant Anal. 42(10): 1187-1199. doi:10.1080/00103624.
2011.566963.

Méndez, A., Terradillos, and M., and Gasc6, G. 2013. Physicochemical and agro-
nomic properties of biochar from sewage sludge pyrolysed at different tem-
peratures. J. Anal. Appl. Pyrolysis, 102: 124-130. doi:10.1016/j.jaap.2013.03.
006.

Ngelique, Z. 2011. Effect of biochar on selected soil physical properties of sandy
soil with low agriculture stability. M.Sc. Thesis, Department of soil science.
University of Stellenbosch.

Otto, R., Silva, A.P., Franco, H.CJ., Oliveira, E.C.A., and Trivelin, P.C.O. 2011. High
soil penetration resistance reduces sugarcane root system development. Soil
Tillage Res. 117: 201-210. doi:10.1016/j.still.2011.10.005.

Page-Dumroese, D.S., Robichaud, P.R., Brown, R.E., and Tirocke, J.M. 2015. Water
repellency of two forest soils after biochar addition. Trans. ASABE, 58(2):
335-342. d0i:10.13031/trans.58.10586.

Park, J., Hung, I, Gan, Z., Rojas, O.J., Lim, K.H., and Park, S. 2013. Activated
carbon from biochar: Influence of its physicochemical properties on the
sorption characteristics of phenanthrene. Bioresour. Technol. 149: 383-389.
doi:10.1016/j.biortech.2013.09.085. PMID:24128401.

Plaza, M.G., Gonzdlez, A.S., Pis, ].J., Rubiera, F., and Pevida, C. 2014. Production of
microporous biochars by single-step oxidation: Effect of activation condi-
tions on CO2 capture. Appl. Energy, 114: 551-562. doi:10.1016/j.apenergy.2013.
09.058.

Powell, D., Stapley, L., Hughes, J., and Brown, E. 2012. Controlling the formation
of a non-sulfur based black powder within a new natural gas processing
plant’s waste heat recovery unit and minimizing any threats of a possible
metal dusting corrosion mechanism within process tubing. NACE - Interna-
tional Corrosion Conference Series, 5: 3481-3495.

Quilliam, R.S., Rangecroft, S., Emmett, B.A., Deluca, T.H., and Jones, D.L. 2013. Is
biochar a source or sink for polycyclic aromatic hydrocarbon (PAH) com-
pounds in agricultural soils? GCB Bioenergy, 5(2): 96-103. doi:10.1111/gcbb.
12007.

Revell, K.T., Maguire, R.O., and Agblevor, F.A. 2012. Influence of poultry litter
biochar on soil properties and plant growth. Soil Sci. 177(6): 402-408. doi:10.
1097/SS.0b013e3182564202.

Reza, M.T., Lynam, ].G., Vasquez, V.R., and Coronella, C.J. 2011. Pelletization of
biochar from hydrothermally carbonized wood. Environ. Prog. Sustain.
Energy, 31(2): 225-234. d0i:10.1002/ep.11615.

Reza, M.T., Uddin, M.H., Lynam, ].G., and Coronella, C.J. 2014. Engineered pellets
from dry torrefied and HTC biochar blends. Biomass Bioenergy, 63: 229-238.
doi:10.1016/j.biombioe.2014.01.038.

RiceCenter. 2012. Activated Biochar big winner of Innovator Idol 4. Available:
http:/[riccentre.ca/2012/06/activated-biochar-big-winner-of-innovator-idol-4/.
[Accessed 8 January 2016.]

Rogovska, N., Laird, D.A., Rathke, S.J., and Karlen, D.L. 2014. Biochar impact on
Midwestern Mollisols and maize nutrient availability. Geoderma, 230-231:
34-347. doi:10.1016[j.geoderma.2014.04.009.

501

Ronsse, F., van Hecke, S., Dickinson, D., and Prins, W. 2013. Production and
characterization of slow pyrolysis biochar: influence of feedstock type and
pyrolysis conditions. GCB Bioenergy, 5(2): 104-115. doi:10.1111/gcbb.12018.

Saran, S., Elisa, L., Evelyn, K., and Ronald, B. 2009. Biochar climate change and
soil: A review to guide future research. CSIRO Land and Water Science Report
05/09. Available: http://csiro.au/en/Portals/Publications.aspx. [Accessed
8 January 2016.]

Shaaban, A., Se, S., Dimin, M.F,, Juoi, ].M., Mohd, Husin, M.H., and Mitan, N.M.M.
2014. Influence of heating temperature and holding time on biochars derived
from rubber wood sawdust via slow pyrolysis. J. Analyt. Appl. Pyrolysis, 107:
31-39. doi:10.1016/j.jaap.2014.01.021.

Shang, G., Shen, G., Wang, T., and Chen, Q. 2012. Effectiveness and mechanisms
of hydrogen sulfide adsorption by camphor-derived biochar. J. Air Waste
Manage. Assoc. 62(8): 873-879. doi:10.1080/10962247.2012.686441.

Sharma, A., Wang, S., Pareek, V., Hong, Y., and Dongke, Z. 2014. CFD modeling of
mixing/segregation behavior of biomass and biochar particles in a bubbling
fluidized bed. Chem. Eng. Sci. 106: 264-274. doi:10.1016/j.ces.2013.11.019.

Singh, B.P., Cowie, A.L., and Smernik, R.J. 2012. Biochar carbon stability in a
clayey soil as a function of feedstock and pyrolysis temperature. Environ. Sci.
Technol. 46(21): 11770-11778. doi:10.1021/es302545b. PMID:23013285.

Sohi, S.P., Krull, E., Lopez-Capel, E., and Bol, R.A. 2010. Review of biochar and its
use and function in soil. Adv. Agron. 105: 47-82.

Song, Y., Wang, F., Kengara, F.O., Yang, X., Gu, C., and Jiang, X. 2013. Immobili-
zation of chlorobenzenes in soil using wheat straw biochar. J. Agric. Food
Chem. 61(18): 4210-4217. d0i:10.1021/jf400412p. PMID:23578388.

Suddick, E.C., and Six, J. 2013. An estimation of annual nitrous oxide emissions
and soil quality following the amendment of high temperature walnut shell
biochar and compost to a small scale vegetable crop rotation. Sci. Total
Environ. 465: 298-307. doi:10.1016/j.scitotenv.2013.01.094. PMID:23490323.

Tang, J., Zhu, W., Kookana, R., and Katayama, A. 2013. Characteristics of biochar
and its application in remediation of contaminated soil. ]. Biosci. Bioeng.
116(6): 653-659. doi:10.1016j.jbiosc.2013.05.035. PMID:23810668.

Tay, J.H., Chen, X.G., Jeyaseelan, S., and Graham, N.A. 2001. A Comparative Study
of Anaerobically Digested and Undigested Sewage Sludges in Preparation of
Activated Carbons. Chemosphere, 44: 53-57. d0i:10.1016/S0045-6535(00)00384-2.
PMID:11419759.

Thomazini, A., Spokas, K., Hall, K., Ippolito, J., Lentz, R., and Novak, J. 2015. GHG
impacts of biochar: Predictability for the same biochar. Agric. Ecosyst. Environ.
207: 183-191. doi:10.1016/j.agee.2015.04.012.

Tremain, P., Zanganeh, J., Hugo, L., Curry, S., and Moghtaderi, B. 2014. Charac-
terization of “chailings”: A char created from coal tailings. Energy Fuels,
28(12): 7609-7615. d0i:10.1021/ef501829f.

Ulyett, J., Sakrabani, R., Kibblewhite, M., and Hann, M. 2014. Impact of biochar
addition on water retention, nitrification and carbon dioxide evolution from
two sandy loam soils. Eur. J. Soil Sci. 65(1): 96-104. doi:10.1111/ejss.12081.

Uzoma, K.C., Inoue, M., Andry, H., Fujimaki, H., Zahoor, A., and Nishihara, E.
2011. Effect of cow manure biochar on maize productivity under sandy soil
condition. Soil Use Manage. 27(2): 205-212. doi:10.1111/§.1475-2743.2011.00340.x.

Van, Z.L., Singh, B., Jospeh, S., Kimber, S., Cowie, A., and Chan, K.Y. 2009. Biochar
and emissions of non-CO2 greenhouse gases from soil. In Biochar for envi-
ronmental management: Science and technology. Edited by J. Lehmann and
S. Joseph. Earthscan, London. pp. 227-249.

Ventura, F., Salvatorelli, F., Piana, S., Pieri, L., and Pisa, P.R. 2013. The effects of
biochar on the physical properties of bare soil. Earth Environ. Sci. Trans. R.
Soc. Edinburgh, 103(1): 5-11. doi:10.1017/S1755691012000059.

Verheijen, F., Jeffery, S., Bastos, A.C., Van der Velde, M., and Diafas, I. 2010.
Biochar Application to Soils. A Critical Scientific Review of Effects on Soil
Properties, Processes and Functions. JRC Scientific and Technical Reports.
EUR 24099 EN. Available: http://eusoils.jrc.ec.europa.eu/ESDB_Archive/
eusoils_docs/other/EUR24099.pdf. [Accessed 8 January 2016.]

Wang, D., Zhang, W., Hao, X., and Zhou, D. 2013. Transport of biochar particles
in saturated granular media: Effects of pyrolysis temperature and particle
size. Environ. Sci. Technol. 47(2): 821-828. do0i:10.1021/es303794d. PMID:
23249307.

Wang, J., Pan, X, Liu, Y., Zhang, X., and Xiong, Z. 2012. Effects of biochar amend-
ment in two soils on greenhouse gas emissions and crop production. Plant
Soil, 360: 287-298. d0i:10.1007/s11104-012-1250-3.

Wang, L., Butterly, C.R., Wang, Y., Herath, H.K,, Xi, Y., and Xiao, X. 2014. Effect of
crop residue biochar on soil acidity amelioration in strongly acidic tea gar-
den soils. Soil Use Manage. 31(1): 119-128. d0i:10.1111/sum.12096.

Wang, X., Zhou, W., Liang, G., Song, D., and Zhang, X. 2015. Characteristics of
maize biochar with different pyrolysis temperatures and its effects on
organic carbon, nitrogen and enzymatic activities after addition to fluvo-
aquic soil. Sci. Total Environ. 538: 137-144. doi:10.1016/j.scitotenv.2015.08.
026. PMID:26298256.

Woolf, D., Amonette, J.E., Street-Perrott, F.A., Lehmann, J., and Joseph, S. 2010.
Sustainable biochar to mitigate global climate change. Nat. Commun. 1(5):
56-55. PMID:20975722.

Xiao, F., and Pignatello, J.J. 2015. Interactions of triazine herbicides with biochar:
Steric and electronic effects. Water Res. 80:179-188. doi:10.1016/j.watres.2015.
04.040. PMID:26001283.

< Published by NRC Research Press


http://dx.doi.org/10.1016/j.biombioe.2012.01.033
http://dx.doi.org/10.1016/j.biombioe.2012.01.033
http://www.sumobrain.com/patents/wipo/Production-biochar-absorbent-from-anaerobic/WO2012094736.html
http://www.sumobrain.com/patents/wipo/Production-biochar-absorbent-from-anaerobic/WO2012094736.html
http://dx.doi.org/10.3303/CET1437012
http://dx.doi.org/10.3303/CET1437012
http://dx.doi.org/10.1016/j.geoderma.2010.05.013
http://dx.doi.org/10.1016/j.geoderma.2010.05.013
http://dx.doi.org/10.1016/j.soilbio.2011.04.022
http://dx.doi.org/10.1007/s11368-013-0738-7
http://dx.doi.org/10.1016/j.catena.2013.10.014
http://dx.doi.org/10.1021/acs.iecr.5b02698
http://dx.doi.org/10.1080/03601234.2015.1018757
http://dx.doi.org/10.1016/j.fuel.2011.08.044
http://dx.doi.org/10.1080/00103624.2011.566963
http://dx.doi.org/10.1080/00103624.2011.566963
http://dx.doi.org/10.1016/j.jaap.2013.03.006
http://dx.doi.org/10.1016/j.jaap.2013.03.006
http://dx.doi.org/10.1016/j.still.2011.10.005
http://dx.doi.org/10.13031/trans.58.10586
http://dx.doi.org/10.1016/j.biortech.2013.09.085
http://www.ncbi.nlm.nih.gov/pubmed/24128401
http://dx.doi.org/10.1016/j.apenergy.2013.09.058
http://dx.doi.org/10.1016/j.apenergy.2013.09.058
http://dx.doi.org/10.1111/gcbb.12007
http://dx.doi.org/10.1111/gcbb.12007
http://dx.doi.org/10.1097/SS.0b013e3182564202
http://dx.doi.org/10.1097/SS.0b013e3182564202
http://dx.doi.org/10.1002/ep.11615
http://dx.doi.org/10.1016/j.biombioe.2014.01.038
http://riccentre.ca/2012/06/activated-biochar-big-winner-of-innovator-idol-4/
http://dx.doi.org/10.1016/j.geoderma.2014.04.009
http://dx.doi.org/10.1111/gcbb.12018
http://csiro.au/en/Portals/Publications.aspx
http://dx.doi.org/10.1016/j.jaap.2014.01.021
http://dx.doi.org/10.1080/10962247.2012.686441
http://dx.doi.org/10.1016/j.ces.2013.11.019
http://dx.doi.org/10.1021/es302545b
http://www.ncbi.nlm.nih.gov/pubmed/23013285
http://dx.doi.org/10.1021/jf400412p
http://www.ncbi.nlm.nih.gov/pubmed/23578388
http://dx.doi.org/10.1016/j.scitotenv.2013.01.094
http://www.ncbi.nlm.nih.gov/pubmed/23490323
http://dx.doi.org/10.1016/j.jbiosc.2013.05.035
http://www.ncbi.nlm.nih.gov/pubmed/23810668
http://dx.doi.org/10.1016/S0045-6535(00)00384-2
http://www.ncbi.nlm.nih.gov/pubmed/11419759
http://dx.doi.org/10.1016/j.agee.2015.04.012
http://dx.doi.org/10.1021/ef501829f
http://dx.doi.org/10.1111/ejss.12081
http://dx.doi.org/10.1111/j.1475-2743.2011.00340.x
http://dx.doi.org/10.1017/S1755691012000059
http://eusoils.jrc.ec.europa.eu/ESDB_Archive/eusoils_docs/other/EUR24099.pdf
http://eusoils.jrc.ec.europa.eu/ESDB_Archive/eusoils_docs/other/EUR24099.pdf
http://dx.doi.org/10.1021/es303794d
http://www.ncbi.nlm.nih.gov/pubmed/23249307
http://dx.doi.org/10.1007/s11104-012-1250-3
http://dx.doi.org/10.1111/sum.12096
http://dx.doi.org/10.1016/j.scitotenv.2015.08.026
http://dx.doi.org/10.1016/j.scitotenv.2015.08.026
http://www.ncbi.nlm.nih.gov/pubmed/26298256
http://www.ncbi.nlm.nih.gov/pubmed/20975722
http://dx.doi.org/10.1016/j.watres.2015.04.040
http://dx.doi.org/10.1016/j.watres.2015.04.040
http://www.ncbi.nlm.nih.gov/pubmed/26001283

502

Yi, S., Witt, B., Chiu, P., Guo, M., and Imhoff, P. 2015. The origin and reversible
nature of poultry litter biochar hydrophobicity. J. Environ. Qual. 44(3): 963-
971. doi:10.2134/jeq2014.09.0385. PMID:26024276.

Yuan, H,, Lu, T., Wang, Y., Huang, H., and Chen, Y. 2014. Influence of pyrolysis
temperature and holding time on properties of biochar derived from medic-
inal herb (radix isatidis) residue and its effect on soil CO2 emission. J. Anal.
Appl. Pyrolysis, 110(1): 277-284. doi:10.1016/j.jaap.2014.09.016.

Environ. Rev. Vol. 24, 2016

Yuan, H., Lu, T., Wang, Y., Chen, Y., and Lei, T. 2016. Sewage sludge biochar:
Nutrient composition and its effect on the leaching of soil nutrients.
Geoderma, 267: 17-23. doi:10.1016[j.geoderma.2015.12.020.

Zhang, Y., Lin, F., Wang, X., Zou, J., and Liu, S. 2016. Annual accounting of net
greenhouse gas balance response to biochar addition in a coastal saline

bioenergy cropping system in China. Soil Tillage Res. 158: 39-48. doi:10.1016/
j.still.2015.11.006.

< Published by NRC Research Press


http://dx.doi.org/10.2134/jeq2014.09.0385
http://www.ncbi.nlm.nih.gov/pubmed/26024276
http://dx.doi.org/10.1016/j.jaap.2014.09.016
http://dx.doi.org/10.1016/j.geoderma.2015.12.020
http://dx.doi.org/10.1016/j.still.2015.11.006
http://dx.doi.org/10.1016/j.still.2015.11.006

Copyright of Environmental Reviews is the property of Canadian Science Publishing and its
content may not be copied or emailed to multiple sites or posted to alistserv without the
copyright holder's express written permission. However, users may print, download, or email
articlesfor individua use.



