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Abstract

Biodhar is the carbon-rich lid product resulting from the heating of biomass in an oxygen-
limited environment. Due to its highly aromatic structure, it is chemically and biologically nore
stable compared with the organic material from which it is made. This paper reviews sdected
pioneering research work sdone outsde Nigeria on the propertiesand effects of biocharson soil,
plant and environment. The review indicates that when biocdhar is incorporated into the soll, it
can, anong other things, increase available nutrients and prevent their leaching, ginmulate
activity of agriculturally important soil micro-organisms act as effective carbon sink for several
hundred years, displace or greatly reduce requirement for mineral fertilizers, sequester
atmospheric CO; in the il, suppress emissions of other greenhouse gases (GHGS), diminate
the inefficient dash-and-burn fallow form of agriculture and mitigate off-set effects from
agrochemicals The paper notes that the manifold bendits of biochar technology are anecdotal
in Nigeria. It therefore emphaszes the need to initiate systematic biochar research work in the
country. The paper condudes by reorting on the resardch effort being made at Bowen
University at producing biochars from different feedstocks and at characterizing them with a
view to assessng themfor their agronomic effects.

Ke ywords: Biochar, biomass, feedg0, sequester, greenhousegases

Introduction

Biochar is the carbon-rich product obtained whemraiss such as wood, manure or leaves, 5
heated in a closed container with little or no &lale air (oxygen) (Lehmann and Joseph 2009a).
It has been proposed as a technology which playsedul role in building soil health and
mitigating climate change. Lehmann and Joseph @088d Flannery (2009) describe biochar
as the most potent “engine” of atmospheric cleanihg@ most single important initiative for
humanity’s environmental future and an opportuhdysustainable development of agriculture.
According to Rosillo-Callet al (2009), it is a technique that could prove paiicly relevant in
parts of sub-Saharan Africa where increased saldymtivity could provide an important
dmension of sustanable rural development.

When added to soil, biochar has been reportedcrearse available nutrients and prevent ther
leaching, stimulate activity of agriculturally imgant soil micro-organisms, act as effective
carbon sink for several hundred years, displacegreatly reduce requirement for mineral
fertiizers, sequester atmospheric £®soi, suppress emissions of other GHGs,elineindihe
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inefficient slash-and-burn fallow form of agricutuand mitigate off-sets from agrochemicak
(Lehmann 2007b; Yanat al 2007; Chan and Zu 2009; T hies and Rillig 2009; igaund Cowie
2009).

Extensive research results therefore exist in tieeature on the multiple positive effects of

biochar. But with many potential raw materials @etocks) and varying possible conditions of
production, properties of biochar vary widely (Ledmn and Joseph 2009a). Consequently,
variability is high on the manifold effects of biwar on soil, plant and environment (Lehmanhn

al 2003b; McLaughlinet al 2009; Read 2009; Zwietesh al 2009).

Because of such non-uniformity, a universal answeriochar effects on soil, plant and
environment has not been, and probably will nofdend. Besides, the picture is not so clear,
and there are still many knowledge gaps and missgilans, as to the specific properties of
biochar and the mechanisms which are responsiblgsfanany be neficial effects in agriculture
and climate change mitigation.

The questions that have been and are still beikgdasiclude : What exactly is biochar? What s
the precise nature of biochar and extent of itecd®f Is biochar a consumable raw material or
just a “catalyst” in the soil system? How stablesail is biochar? What are the long-term effects
on soil? How does biochar behave in different sqies? Are the effects of biochar due to its
organic carbon, its nutrients, the charring, s asto a combination of these? What role does
the parent feedstock (biomass) play on the quaditypiochar as a sustainable soil organic
conditioner? Is the application of biochar to smlonomically viable?

There is no pretence in this review to answer definall of the questions raised above. But our
aim is rather to state our present knowledge ichao technology in such a way as to stimulate
future research work on the potential of biochaameffective organic soil amendment. The goal
of this paper is therefore to review existing ketyilautes and behaviour of biochar in the soil
system and to point to some aspects of the tecgpolat require future research work. We also
briefly review the characteristics and productiootemtial constraints of tropical soils using
Nigerian soils as an example. This is becausedperted manifold benefits of biochar are most
evident on the highly weathered tropical soils sashwe have in Nigeria. We conclude by
mentioning that a modest research effort is bemitgated at Bowen University and making a
few remarks. The challenge of the work is to pramlibchar technology as a viable alternative
to the existing farming systems in the countrycpicable at farmer’s level and adoptable by the
resource-poor peasant farmers that constitute ukeobfood producers in the country.

The Nigerian Soils

The Nigerian soils are highly variable and are tdgaf supporting a wide range of crops at
least in the short run (Babalola 2002). The sevajomtypes of soil are: () Entisols — loose
sandy soils on the coast and in Chad basin, (@gphsols — brown and reddish brown soils
found commonly under sparsely vegetated northermtspaf the Sudan Savannah,
(ii)Hydromorphic and alluvial soils (Fadama soits)soils found in the river valleys and flood
plains and the wastal and deltaic swamps, (vi)aflgic soils — these are ultisols which are
intensely weathered, highly kached soils with higdntent of low-activity clay mineral
(Kaolinite) (v) Ferrisols — these are mainly Alfisp(vi) Highly Ferruginous soils — these are
mainly Alfsols and patches of Ultisols which coeas extending from the forest zone to the
Sudan savannah, (vii) Vertisols — these are higldyey soils which have swelling shrinking
characteristics, dark coloured, commonly associa#¢h depressions in the Chad Basin area.
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Theirproduction potential constraints

Most of the above listed soils have basic physacal che mical limitations which are not always
realized by the lyman. T he sails, like any tropgails, are inherently infertile. This is largely
because they are highly weathered. Conse quendly, lthve high acidity, low cation exchange
capacity (CEC) due to dominance of low activityyckinerals and very low organic matter
content, especially after the vegetative cover leen removed under cultivation. Low organic
matter content makes the soils behave like “sievestaining little water during rainfall and
irigation and little nutrients. Also, the very lowrganic matter content, especially after the
vegetative cover has been removed under cultivatiaw organic matter content makes the
soils behave like “sieves”, retaining little waturing rainfall and rrigation and little nutrients
Also, the very low organic matter content confereeak structure on the soils. Thus, the soils
are fragile and their aggregates collapse readiljev the impact of raindrops, making them
highly susceptible to soil erosion. In the semégrarts of the country, many of the soils have a
strong liability to surface crusting or sealing einreduces rainfall intake, encourage runoff and
soll erosion (Fagbenro 1990, Babalok 2002).

Efforts to re move orminimize the constraints

0] Chemical fertilization
The inherent capacity of the soils to provide plantrients is usually suppkemented
through the application of chemical fertilizer. Bihe fertilizers have not had desired
impact on food production in Nigerian agricultuFarstly, it has been reported that less
chemical fertilizers are being applied per unitdamea in Africa than in other regions of
the world (FAO 1989; Brady 1993). Secondly, therpobuffered tropical soils cannot
tolerate a high dose of chemical fertilizers unlikeir temperate counterparts. Thirdly,
akthough chemical fertilizers can initially raiseop yields, they have been found not
sustainable in the long run as their continous iepbn had been known to deplete soill
organic matter, without a corresponding applicabborganic materials (Madeley 1990),
leading to reduction in crop yield and serious saglgradation and decline in soil
productivity (Parret al 1984; Zake 1993). Figure 1 is a diagrammaticatersgntation of
the soil constraints on crop production.

OUR SOIL

INHERENTLY INFERTILE, LOW YIELDING

Mined Through Cropping

LOW YIELD
OUR SOIL

I Degraded
OUR SOIL MUCH LOWER YIELD

Chemical Fertilization (Ilnadequate), Wrong
Timing, Continuous Applcation, etc.

OUR SOIL STILL LOW YIELD

Fig.1. A diagrammatical representation of the soihstraints on crop production
Source: Babalola (2002)
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(i) Use ofOrganic input
Ancther important mechanism being used in im prouimg fertility of the tropical soil s
through the use of applied organic inputs suchrdmal manure, green manure and crop
residue. But their sole use has also not been fosustainable. Firstly, most of the
organic materials are becoming increasingly scdmreuse by peasant farmers. For
instance, the availability of animal manure candgamranteed only on farms which are
involved in mixed farming (Fagbenro and Olunnga 99&econdly, in many tropical
cropping systems, enough crop residues are notusest or retained to maintain the
fertility of the soil on a sustained basis (Lal 898ouwman 1990b; Aduayi 1991).
Thirdly, most organic materials are low in planttments and therefore cannot be used as
the sok source of nutrients for optmum crop proiduc(Djokoto and Stephens 1961),
except a large quantity is added to soil which mal be feasible in practical situations.
Fourthly, these organic materials when added tbdeiompose very fast in the humid
tropics (Jenkinson and Ayanaba 1977; Tieseeal 1994; Bolet al 2000), so that ther
benefits are often short-lived.

We believe that incorporating biochar into thesdélssoan improve, restore and sustain ther
productivity in view of the beneficial effects obbhar reported in this review.

What Biocharis

Biochar is a term used to designate a carbon-riollyct obtained when a biomass is heated in a
closed container with little or no available oxygérehmann and Jose ph 2009a). It can therefore
be characterized as “thermally-modified biomass”c(Mughlin et al 2009). It is a charcoal or
biocarbon destined for addition to soils. AccordiingWVikipedia encyclopedia (2009), biochar s
charcoal created by pyrolysis of biomass. Therefbogh charcoal and biochar are carbonaceous
residues of pyrolysis. As such, the process of pcaty biochar is often similar to the production
of charcoal (Harris 1999). But biochar is produsgecifically for application to soil as part of
agronomic or environmental management (Brown 200%e term biochar also emphasizes
biological origin, distinguishing it from charredlaptics or other non-biological material
(Lehmann and Joseph 2009a).

Biochar production

Biochar is produced from a variety of biomass commigoreferred to feedstock. Potential

feedstocks include all materials of biological (ang) origin, such as wood, wood chips, saw
dust, municipal waste, paper mill wastes, cropdess, forest residues, lignocellulosic dedicated
tree crops and animal manures (Amonette & Jose[®®)2d hese organic materials are plentiful
locally in most countries in the humid tropics. Baitall these organic materials, lignocellulosic

feedstock is an obvious choice as the primary fameds because it is the most abundant
bologically produced material.

A viable and sustainable biochar production is hegrecritically dependent on the quality of
feedstock and its sustainable supply (Venuto andi®a2010). According to Glover (2009), f
biocharand its biofuek and gas are made from giterdy farmed foodor wood grade feedstocks,
like in the first generation liquid biofuels secttheir overall benefit to sustainability is likety

be limited. Besides, there is currently a contreyeon using the limited fertile land resources to
produce biomass for bioenergy and for food needs ajrowing global human population
(Buchmann 2010). Glaset al (2002a) also cautioned that biochar (called chaljcproduction
for fertilization purposes will only be economigalieasible if only organic waste products are
charred and applied as fertilizer. This is why Faglm et al (2011) advocated the
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use of biomass of shrub and tree legumes and adtganic wastes such as municipal waste
materials that do not appear to have any highe resiurce value in Nigeria thanto be converted
to biochar and bio-fuels. It is the belief of thetlaors that the conversion of municipal waste to
biochar will afford Nigeria an opportunity to redudhe cost of, or develop income from,
management of the wastes that have become envinatamgollution and eyesore in her cities
and sub-urbans.

Biochar s produced by heating feedstock undertémiisupply of oxygen, and at relatively low
tem peratures of below 780 (Antaland Gronli 2003; Lehmann and Jose ph 200Bag result i

a highly aromatic organic material with carbon cemcations of about 70 to 80% (Lehmagin

al 2002). Thermal degradation processes that are ammyrused to convert biomass to biochar
include hydrothermal conversion, torrefaction, fastolysis, slow pyrolysis, gasification and
various permutations (Amonette and Joseph 2009 s@&processes are distinguished chiefly by
the presence or absence of free water, feedstai#leece time, availability of atmospheric,0
heating rate, gas environment (e.g. the presenggtiafgen or steam), and the temperatures and
pressures used.

The process of producing biochar often mirrors pheduction of charcoal (Harris 1999). No
standard currently prescribes the composition adpction of biochar to distinguish it from
charcoal produced as fuel (Lehmann and Joseph 2008&ch is the most ancient industrial
technology developed by mankind (Harris 1999). Adimg to Brown (2009), the earliest
charcoal Kilns consisted of temporary pits or maynadhich have the virtue of simplicity and
low cost. These are what we refer to as traditi@@then mound kilns, without energy capture,
being used by local charcoal producers. Howevenyversion of biomass to biochar using this
method will more likely range around 30 to 40% asiast the use of modern techniques of
pyrolysis having temperature, pressure and resigéinte controls built into the pyrolyser that s
likely to give an average recovery of 54% of thétiah carbon in the biomass (Lehmaenal
2002). According to the authors, improvements & wood-to-biochar conversion efficiency are
feasible with changes in the geometry of the pitgpi®es and in management of the air supply
during the charring process.

Propertie s ofbiochar

Structure

According to Lehmann and Joseph (2009a), the qoe sts to what biochar actually is from a
chemical point of view rather than from a productipoint of view is much more difficult to
answer due to the wide variety of feedstock andrighg conductions used. One of the
challenges in characterizing biochar as a clasmaferials is that it is new and unique in the
world of material testing (McLaughliret al 2009).

Nevertheless, the defining property is that theamig portion of biochar has a high C content
which mainly comprises so-called aromatic compouacliaracterized by rings of six C atoms
linked together wihout oxygen (O) or hydrogen (H)ntil now, biochar-type materials have

largely escaped full characterization due to tle@imple xity and variability (Schmidstand Noack
2000). The structure of biochar-type organic matteas only successfully investigated by
Rosalind Franklin in the late 1940s. While effdrbsc haracterize thechemistry ofbiocharare on-
going, McLaughlinet al (2009) alerted us to the fact that fundam entafedéfnces exist between

biochars because of the pyrolysis methods, evemviite starting feedstock is exactly the same.
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Nutrient conte nt

Two factors, feedstock and process conditions, mdrihe amount and distribution of mineral
matter in biochars (Amonette and Joseph, 2009). mheeral ash content of feedstocks varies
signfficantly (Table 1).

Table 1. Ash content and e le mental composition odpre sentative feedstock

Feedstock Ashcontent Al Ca Fe Mg Na k P S
(Wt%) < (Mgkg >

Coconut shel 0.7 70 1500 120 390 012@00 90 260

Maize cob 2.8 8- 180 20 1700 140 9400 50 9900

Maize staks 6.8 1900 4700 205 5900 6500 30 2100 13,000

Cotton gin waste 5.4 - 3700 750 4900300 7100 740 13,000

Ground nut shell 5.9 3600 13,000 1108500 470 18,000 280 11,000

Milet husk 18.1 -6,300 100011,000 1400 3900 1300 150,000

Rice husk 23.5 -1800 530 1600 130 9100 340 220,000

Rice straw 19.8 - 4800 200 6300 5100 5400 7570,000

Forest residue 1.2 4900 130,000 10,0000094200 - - -
Saw dust 0.44 9,800 170,000 29,00027,00000, - - -
Willow wood 1.1 20 3,900 30 360 150 1400 340 -

Meat and
Bone meal 10.4 7600 260,000 4,900 13,08(800 23,000 1000,000 -

Note a = No data reported
Source Amonette and Joseph (2009).

Woody feedstocks generally have low (<1 percentveyght) ash contents, whereas grass, straw
and grain husks, which have high silica contentayrhave as much as 24 percent by weightash
(Raveendraret al, 1995). Much of the mineral content in the feed&tds carried over into the
biochar where it is concentrated due to loss oHGNnd O during pyrolysis.
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Biochars from manures and other high quality organaterials (in terms of their N content)
typically have very high ash contents (Table 2).

Table 2. Ele mental composition ofsome biochars

Biochar Production References
Feedstocks pH C N P K C/N  conditions
+— gkg* >

Poutry liter 9.9 380 20 252 221 19 4%D Chanet al (2007)

Sewage sludge _a 470 64 56 - 7 %50 Bride and
Pritchard (2004)

Broier liter - 258 75 48 30 34 78D and  Lima and

activated Marshall (2005)

Bark of Acacia

Mangium 74 398 104 - - 38 26 -36°C  Yamatoet al (2006)

Rice straw - 490 132 - - 37 5m Tsaiet al (2006)

Coconut shell - 690 94 - - 74 50 Tsaiet al (2006)

Soybean cake - 500 782 - - 75 %50 Uzun et al (2006)

Eucalyptus

deglupta 7% 824 574 06 - 144 380 Rondorgt al (2007)

Unknown 9.6 905 56.4 2.7 51 16 Unknown Topolianet al
(2005)

Note a = Data not avaiable
b = pH measured in 0.01M cacl
¢ = pH measured in 1IMKCI
d = pH measured in de-ionized water

Chicken-litter biochars, for example, can have aplb percent mineral matter (Koutcheiioal
2007), and bone biochars may have as much as &&memineral matter (Purevsureh al
2004). But the question is: does biochar serve amgmificant source of nutrients irrespective of
other inputs?

It is important to note that biochar is somewhapdeed in a number of essential nutrients
occasioned by the nature of the pyrolysis or oxa@hatprocess that generates it (D el wgtaal
2009). Heating causes some nutrients to volatigpeeially at the surface of the material while
other nutrients become concentrated in the remgibinc har. Individual elements are potentially
lost to the atmosphere, fixed into recalcitrantnfier or liberated as soluble oxides during the
heating process. In the case of wood-based biotdnared under natural conditions, carbon (C)
begins to volatize around 1%D, N above 20fC, S above 37&, and K and P between 7
and 800C. The volatization of magnesium (Mg), calcium (Gad manganese (Mn) occurs at
temperature above 10®D (Nearyet al 1999; Knoeppet al 2005). Biochar produced from
sewage sludge pyrolysed at 4680contained over 50 percent of the original N (althh not in a
readily bioavailable form) and all of the origiral(Bridle and Pritchard 2004). As noted above,
N is the most sensitive of all macronutrients tatliry, thus the N content of high-temperature
biochar is extremely low (Tyron 1948). Nevertheleb®char additions to soil do provide a
modest contribution of nutrients depending, in pagon the nature of the feedstock (wood
versus manure) and upon the temperature under wthiehmaterial is formed (Bridle and
Pritchard 2004; Gundale and DelLuca 2006).
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As a measure of the direct nutrient value of biosha s not the total content but, rather, the
availabilty of the nutrient that is an importanbrsideration (Chan and Zu 2009). But
considering the long residence time of a typicadchar in the soil system, because of its
aromatic structure that makes the compound registamicrobial degradation (Goldberg 1985),
biochar is probably more important as an organid sonditioner and driver of nutrient
transformations and kss so as a primary sourceutfents (Glasegt al 2002; Lehmanrg al
2003b).

Biochars can be produced at almost any pH betweeandl 12 (Lehmann 2007b) and can
decrease to a pH value of 2.5 after short-term bation of four months at #0 (Chenget al,
2006). The higher the pyrolysis temperature of bacproduction, the higher the pH of the
biochar. Carbon contents in biochars range betwldeand 90.5% (coefficient of variation, CV
= 106.5percent). The ranges are even larger ircalse of total N (0.18 to 5.64%), total P (0.27 to
48.0%) and total K (0.1 to 5.8%), all with GXL00 percent (Chan and Xu, 2009).

Change s and stability ofbiochar in soll

Much of the current understanding of the properd&biochar is derived from studies centred on
the phenomenon known as ‘Terra Preta”. Terra pflgtrally black earth in P ortuguese) refers
to expanses of very dark, fertile anthropoge nid¢ssmiostly found in the Amazon Basin in Brazil.
It is characterized by the presence of low-tempamtharcoal (biochar) in high concentrations
(Wikipedia encyclopedia 2009). The majority of thimchar applied and incorporated within the
soil in this region of the Amazon over centuriesderwent various changes and became
macroscopically unrecognizable, while enriching theil with nutrients and changing soll
properties (Hammes and Schmidst 2009). This imptiest biochar, when added to soil,
undergoes changes slowly but surely, over the ye@tsnges in soil properties have been
recorded for different soils to which biochar waddad and include increasing the cation
exchange capacity and pH of the soil (Liagigal 2006; Chenggt al 2008).

The macro-molecular structure of biochar is domadalby aromatic C, thus making biochar more
recalcitrant to microbial decomposition than theepd organic materials (Baldock and Smernik
2002). But when a fresh biochar s added to sbd, labile fraction of C in the biochar (ca 25%)
is mineralized abiotically or biotically to CQvithin a short period of time (Joseghal 2009).
The mineralization of biochar typically shows a tpbased dynamic: a rapid mineralization
followed by a slow mineralization. This initial radomineralization occurs within a few weeks to
a few months for incubations at ®0 to 30@C. The mineralization (oxidation) produces
carboxylic groups on the edges of the aromatic baok, which increases the nutrient retention
capacity of the biochar (Glaseat al 2002a). The abiotic and biotic mineralization dfet
remaining 75% portion is extremely slow in natuealvironments hence the long residence time
of biochar in the soil (Shneour 1966). However,iacreasing number of studies confirm that
significant microbial-induced changes take placeiochar in the long term and that the initial
abiotic oxidation could actually facilitate furthemicrobial oxidation (Hammes and Schmidt
2009). Therefore, biochar is mineralized in soildathere is no doubt that biochar is not a
permanent sink of atmospheric @@therwise the earth’s surface would be converted
charcoal within a period of time of <100,000 years.

Manifold Be nefits of Biochar
Biochar has the potential to deliver a variety afstainability outcomes, including carbon
sequestration, improved soil fertilty, mitigatioof off-site effects from agrochemicals and
renewable energy (Lehmann 2007b). However, the fiilengf biochar need to be viewed from a
systems perspective in order to fully capture thermmic benefits and costs, environmental
complexity and energy of the technology.
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Biochar systems can be different from each othénoiCes are guided by the availability of
biomass, the need for soil improvement or the deinfim energy. For example, if biochar s
added to soil, there are at least four possible@ues, namely improve ments of soils and crop
production, mitigation of climate change, reductioinoff-site pollution and waste management
on an economically viable basis. When a choice wit@me is made, that outcome will be the
main objective while others become secondary amdHar production is mainly optimized for
that outcome.

In this review, the focus 5 on using biochar tgpimve soil productivity and crop production.
Therefore, what folows is based on this outcome.

On soil physical property

Our understanding of the influence of biochar ori physical properties is still incomplete
(Gaunt and Cowie 2009). However, recent evidencewshthat biochar can influence soll
structural properties affecting soil strength, gase soil specific surface area, improve soil
surface drainage, soil moisture-holding capacitgl ailtration. Charet al (2007) reported that
the incorporation of biochar at 50 t-hamproved soil moisture-holding capacity and rediice
tensile strength of soil. However, the extent ohrpes recorded will depend upon the porosity
characteristics of different biochars and applwatirates (Zweiten et al 2009). Besides, an
important disadvantage of using organic residudbds large amounts, between 50 and 200t ha
1 were required to obtain substantial improve meintdoth soil water retention capacity and
structural stability. For practical field applicatis, these rates are not realistic (Piccolo et al,
1996). Soil water retention increased by 18% oterdontrol upon addition of 45% (by volume)
charcoal to a sandy soil (Tryon 1948). Only in spaedil did the addition of charcoal increase
the available moisture (Table 3).

Table 3. Effe ct of charcoa on perce ntage ofavalide moisture in soils on volume basis

Soil 0% 15% 30% 45%
Charcoal Charcoal Charcoal Charcoal
Sand 6.7 7.1 7.5 7.9
Loam 10.6 10.6 10.6 10.6
Clay 17.8 16.6 15.4 14.2

Source: Tryon (1948)

In loamy soil, no changes were observed, and iyeasoil, the available soil moisture even
decreased with increasing coal additions, probadie to hydrophobicity of the charcoal
Therefore, improvements of soil water retentioncimarcoal additions may only be expected in
coarse-textured sois or sois wih large amourftsnacropores (Glaseetal 2002a).

However, Lehmanret al (2003b) reported that biochar can indirectly rexlucater mobility in
chy soils through increased plant biomass and eredive surfaces. Biochar addition to soil has
been reported to reduce soil bulk density in linghwapplication rates (Wattet al 2005) and
favour soail aggregation (Warnoait al 2007; Chenggt al 2006).
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Influences of biochar on soil chemical propetties ra nutrient availability and
transformation

Direct influe nce

Additions of biochar to soil have shown definiteieases in the availability of major cations and
phosphorus as well as in total nitrogen concemregi Glaseetal 2002; Lehmanet al, 2003a).
Both CEC and pH are also frequently increased tghauch applications by up to 40% of initial
CEC and by one pH unit respectively (Tryon 1948;pdlantzet al 2005). Higher nutrient
availability for plants is the result of both th&ett nutrient additions by the biochar and greater
nutrient retention (Lehmangt al 2003a).

Application of biochar may, indeed, lead to N imnilization (Lehmanret al 2003b; Rondom

al 2007) due to the presence of a small portion effteshly produced biochar that is relatively
easily mineralizable because of its high C/N raHawever, the bulk of the remaining organic C
(with even higher C/N) does not cause mineralizairmnmobilization reactions because of its
high degree of biological recalcitrance. The apgtlion of biochar can decrease the Al saturation
of acid soils which often i a major constraint famoductive cropping in highly weathered soils
of the humid tropics (Cochrane and Sanchez 198838 on several studies, biochar is effective
in reducing the leaching of all essential nutrieras least in the short term (Lehmaehal
2003b).

Indirect influe nce

Review of literature has shown that biochar haspghbtential to modify N, P and S in mineral
soils. Its addition to soil has been reported toréase net nitrification in acid forest soils that
otherwise demonstrate little or no nitrification glund & al 2004). Gundale and DelLuca
(2006) reported that biochar addition to soil calseduced ammonification compared to the
control. This is possibly due to NyHadsorption to biochar (Berglurel al 2004). There have
been no studies that have directly evaluated tthéemce of biochar on NgWolatization.

But biochar has the potential to catalyze the déicition process in the soil (DeLucet al
2009). This is because an increase in net nitttidgcain acid forest soils when biochar is added
would be expected to increase its potential foritdéication under anaerobic conditions where
available C is high. Biochar addition to soil akignificantly increased Nfixation compared to

a control (Rondomt al, 2007). T he study further indicates that bioc haxyratim ulate N fixation

as the result of increased availability of tracetat® such as nickel (Ni), iron (Fe), boron (B),
titanium (Ti) and molybdenum (Mo). Phosphorus isvasll transformed in the soil in the
presence of biochar. Gundale and DeLuca (2006) deirated this with an increased e xtractable
PO from soil amended with biochar made from bark aale samples of Douglas-fir and
ponderosa pine trees. In addition to directly reirg soluble P, biochar can have a high ion
exchange capacity (Liargf al 2006), and may alter P availability by providingi@an exchange
capacity or by influencing the activity of cationsat interact with P. Furthermore, biochar
additions to mineral soils may directly or indirgcaffect S sorption reactions and S reduction
(Stevenson and Cole 1999). Organic matter additionsoil are known to reduce the extent of
SO sorption in acid forest soils (Johnson 1984). Efiere, biochar amendments may act to
increase solution concentrations of P and S in &aomrich soils common in the humid tropics.



Environtropica -An Intenaional Journal of the Tropical Environmert

Effects on soil micro-organisms

Decades of research have shown that biochar sttesuthe activity of a variety of agriculturally
important soil micro-organisms (Ogavehal 1983). The presence and size distribution of pores
in biochar provides a suitable habitat for many miécganisms by protecting them from
predation and desiccation and by providing manthefir diverse carbon (C), energy and mineral
nutrient needs (Warnocdt al 2007). However, the biochar partickes themselvesiat appear to
act as significant substrates for microbial metémolas a result of their stability in the soil
which ranges from hundreds to thousands of yeatead, the residual bio-oils on the biochar
surface appear to be the only substrates availdblde short term- to support microbial growth
and metabolism (Steineat al 2008).

In the Amazonian Dark Earths, w hich are rich indsiar, microbial community activity, biomass
and com position are significantly different fromoste in adjace nt unamended soils (Liang 2008).
Jin & al (2008), in field studies where mineral soil wasearded with varying rates of maize
stover derived biochar (0, 1, 3, 12 and 30f)haeported that total microbial respiration and th
respiratory rate decreased wih increasing bioatdded. According to Thies and Rillig (2009),
the observed decreased respiratory activity inoasp to adding biochar to soil could indicate
that the biochar is inhibiting the activity of biear—colonizing microorganisms, changing
bacterial to fungal ratio (or population structur@creasing C-use effciency, and decreasing
population abundance or some combination of thespanses. Changes may also result from
chemisorption of respired CQo the biochar surface. Which of these scenariothé primary
driving mechanism for reduced GQelease from biochar amended soils is yet to lselved.
Nevertheless, available research evidence suggbhatsmicrobial abundance increases in soils
rich in biochar; thus, decreased abundance is maingy the driving mechanisms (Zackrissen

al 1996). Besides, biochar additions to mineral gmhance M fixation by rhizobia-nodulating
Phaseolus Vulgarisand colonization ofirbuscular mycorrhizal fungi (Rondon et al 2007).

Effects on plant growth and de velopment

Posiive and, to a lesser extent, negative plaspoases as a result of biochar application to soils
have been reported for a wide range of crops aadtplin different parts of the world (Chan and
Xu 2009) (Table 4).

Positive yield responses

Posiive responses by plant to biochar additiomiperal soil can be very significantand can be
in terms of increase in seed germination, plantwghoand crop yields (Glasegt al 2002).
Chidumayo (1994) reported generally better seechgetion (30% enhancement), shoot heights
(24%) and biomass production (13%) among severgemdius woody plants on soils under
charcoal kilns compared to the undisturbed soilsopCyield responses as related to relevant
biochar properties are indicated in Table 4.
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Table 4. Crop yield responses as related to relevahiochar properties

Feedstock for Crops/ Reponses Reasons for Refees
Biochar and Plants responses
Rate of applicaton given by the

authors
Unknown wood Soybean Biomass increased Wateirgpld Iswaranet d,1980
(0.5t ha) by 51% capacity and

black colour on

temperature
Unknown wood Yield reduced pH-induced Kis himand
(5t ha-land 15 tHa  Soybean by 37 and 71% micronutrient Sugiueas 1

Respectively deficiency

Wood for charcoal Vegetation in  Tree density and  Negative responses Mikan and
Production (unknown charcoal hearth basal area was due to changes in Abrams, 1995
rates) and non-hearth reduced by 40% soil pieger

areas compared
after 110 years

Secondary Forest Rice, Cowpea Biomass of rice olnaak P,k and Lehmand al,
Wood 68t C hd) and oats increased by 17% possibly Cu 2003b;
13t C ha)) cowpea by 43% Glaseral,
2002
Bark ofAcacia Maize, Cowpea Responseonly at Increase in MNand Yamatoetal,
mangium (37t hat) and peanut at  one site (less fettile) and redoatif 2006
two sites with200% increase exchangeablé Al
(fertlized) arbuscular mycorrhizal

(AM) fungal

Colonization
Secondary forest Rice and Litle response with Nated Steineet al,
Wood (11 t hd) Sorghum biochar alone, but with 2007

a combination of biochar
and inorganic fertilizer
yeelded as much

as 880% more than
plots with fetrtilizer

alone.
Rice husk Maize, 10 —40% vyield Not clearly EET
(10t hat) Soybean increases understood, 2007

dependent upon
sail, crop and
other nutrients

It should be noted that the effect of biochar canplproductivity de pends on a number of factors
which include the properties and quantity of biocaalded, soil properties, concurrent nutrie nt
and organic matter additions, and plant specie$iftaenn and Rondon 2006). Legumes appear to

thrive under greater biochar additions more thangdomineae species. Amongst the studies
presented in Table 4, Lehmaenhal (2003b) reported that using wood biochar at ratfe68t C
hal to 135t C ha increased rice biomass by 17 per cent and cow yed3bper cent in a pot
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experiment (in the absence of leaching). As to wlattribute of biochar is responsible for the
observed plant positive response is yet to be frdlyolved. For example, out of the authors of
studies reported in Table 3, only one group of atsh(Lehmanret al 2003b) attributed some of
the positive crop response to nutrients suppliedcdly by the biochar. T he authors attributed the
positive growth responses to improved P and K guubsibly. Cu nutrition provided by the
biochar applied. A few studies attributed the pesitplant responses to other effects of biochar
on nutrient availability rather than simply as aedit supplier of nutrients (Iswaragh al 1980;
Lehmannet al 2003b; Charet al 2007c; Van Zwiete et al 2007) or to increasing or maintaining
the soil pH (Hoshi, 2001; Yama#t al, 2006; Rondoret al 2007; Van Zw ieteret al 2007 or to
improved soil physical properties (Iswaraghal 1980) or to reduction in leaching of applied
fertilizer N by biochar addition (Lehmand al 2008). Addition of nutrients from using
inorganic or organic fertilizers is usually essahfor high productivity and increase the positive
response of the biochar amendment (Glageal 2002a; Lehmanret al 2002). Chanet al
(2007C) reported a dry matter increase of up to @é6cent in radish when 100t haiochar
was applied with 100kg N Hacompared to a control that received the same amafux but no
biochar.

Ne gative yie ld re sponses

Kishimoto and Sugiura (1985) re ported yield re donsi of soybean by 37 and 71 per cent when
biochar was applied at 5t faand 15t hd, respectively, and they attributed this to m i rivieunt
deficiency induced by the resulting pH increasesctspH — induced adverse effect was also
reported by Mikan and Abrams (1995), who observigdiicant retardation of calcifuge plant
species in charcoal hearth areas even after 116 yaad attributed this to the elevated pH and
Ca kevels remaining from past charcoal productiotivities. T herefore, while the alkaline nature
and liming value of the biochar might be beneficfat the amelioration of acid soils, with
resulting increases in crop production, the sanup@rties might be deleterious to certain plant
species (Chanand Xu 2009). These observationdigtigithe specific nature of some of the soll
amendment values of biochars, the limitation of ¥laue of some biochars under certain soil
conditions, and importance of a better understagdih the properties of different biochars.

Potential of Biochar in Eradicating Slash-and — Bun Form of Agriculture

The centuries-old slash-and-burn fallow system gfiailture which returns soil organic matter
naturally is no longer efficient in maintaining kf@rtility in the humid tropics due to increase in
human population which allows little, if at all, wrpotential for bringing new land under
cultivation (Lalet al 2005). Both from an ecological and economic paihview, it ssems most
promising to replace slash-and-burn systems byhsdasl-char techniques (G lastral, 2002a).
Slash-and-char s an improvement over slash-and-lsystem as the former has a reduced
negative effect on the environment. It is the deacbf charring the biomass (e.g. slash materials,
crop residues, etc) resulting from the slashingrapping instead of burning it as in the slash-
and-burn practice.

According to Wikipedia Encyclopedia (2009), skhaihdachar offers considerable be nefits to the
environment, when compared to slash-and-burn:dtlts in the creation of biochar, which can
then be mixzed with other biomass such as cropduesi, food wastes, manure and/or other
materials, and buried in the soil to bring abow fbrmation of Terra preta which is one of the
richest soils on planet earth (Glastral 2000; 2001a). Fallow periods on Oxisok usuallst &

10 years, whereas fallow periods, if at all, on reePreta soils which kead to the effective
restoration of their fertilty can be as short anénths.
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Biochar (charcoal) can be easily produced by ldeamners under slash-and-char system. The
procedures of charcoal production are well knowd & required tools and resources (organic
materials) are readily available. However, charciead valuable cash product in most countries
in the humid tropics (Coomes and Burt 2001). Therefit should be emphasized that charcoal
(biochar) production for soil fertilization purpasevil only be economically feasible if only
organic waste products or slash materials/cropdress obtained from the site are charred.
Charcoal amendments under slash-and-char systemsaotabe feasible for large scale farming
but is certainly suitable for high-value crops, sskence farming common in the humid tropics
and for horticultural and tree crop nurseries (it&eri999).

Ne ed forFurther Biochar Research

Extensive research results on biochar technologstes reviewed in this paper, but being a new
technology, variability is high on the beneficiadoperties and effects of biochar on soil, plant
and environment (Lehmanet al 2003b; McLaughlinet al 2009; Read 2009; Zwieteet al
2009). Besides, much of the knowledge on the mé#hifimenefits of biochar technology &
anecdotal in Africa and truer for Nigeria where teysatic research is yet to commence.
Therefore, there is an urgent need to extend tbatigr of scientific knowledge on biochar
technology in the humid tropics where there is enpelling need to increase food production per
unit area of land in view of increasing human pafioh.

The following are some of the identified areas vehrther studies are requred:

» Effect of biomass feedstock types, pyrolysis condg, feedstock pre-treatment and
particle size on biochar qualty and yield.

* The agronomic efficiency of raw and nutrie nt-e nhexhdiochar and their long term
effects on SOM, plant growth and nutrient-uptakeralated to biochar application
method, soail type and climatic condiion.

» Effect of abiotic and biotic aging on properties bibchar, nutrient leaching and
agronomic effectiveness.

» Effect of different types of binder and pelletizati on the handling, transportation,
storability, appication and effectiveness of bachas a soil condtioner.

 Effect of type and particle size of biochar on sbiota population, type and
succession.

* Investigation of effect of moisture, temperature féNtilization and biochar particle
size on the mineralization of appied biochar.

* Demonstration of the economic viability of slashdawhar form of agriculture over
slash-and-burn form in diferent agro-ecologicalneg® and the development of
bgistics for the adoption of the former by rurakhing communities.

* Identification of conditions for co-pyrolysing déffe nt feedstock with high quality
organic materials and inorganic fertilizers for fheoduction of nutrient-rich biochars
having high bioavailability to sut different cromnd soils.

* Determination of effect of biochar on mycorrhizghshioses, mycorrhizal response
variables and explnation for mechanism involved.

* Interaction of high mineral contents with C strue in biochar and the implications
on biochar stablity.

* The mechanisms by which biochar affects N mineeian and immobilization in
different ecosystems.

* Biochar effects on nutrient leaching in soil-biocamd soil-biochar-plant systems in
the laboratory and field.

103



Environtropica -An Intenaional Journal of the Tropical Environmert

* Determination of biochar optimal application rate flifferent soils, plant species and
biochar types.

* Evaluation of the agronomic effectiveness and thenemic viability of biochar as a
soil amendment under field condiions.

Biochar Research at Bowen University, Nige ria

Background and Primary obje ctive

The biochar research project was begun in Janu@f.2T he on-going project is being funded
by Bowen University. The main focus of the projécbn the provision of a cleaner environme nt
and enhancement of soil productivity and food ség e nce the title of the project, “Utilization

of saw dust, municipal organic wastes and selecwsmbden biomass materials as soll
conditioners and fertilizers for plant growth”. ThEmulus for the project emanates from the fact
that saw dust and municipal wastes are two majarcas of environmental pollution in our

cties and sub-urbans. In addition, our environmisnblessed with a variety of other biomass
materials such as wood, wood chips, paper mill esstforest residues, crop residues,
lignocellulosic tree crops and so on. So, the primabjective of the project is to explore

different ways of producing biochar from these stgel organic materials to overcome soil
constraint of SOM depletion which is militating agst sustainable soil productivity and crop
production in the country. The challenge of thejgcbis to make the production of biochar
sustainable with respect to biomass supply andtipetulity at farmer’s kevel and to accomplish

the widest possible adoption of the slash-and-étvan of agriculture by peasant farmers, first in
Iwo land and kter throughout the country, withi@w to improving their livelihood.

The joumey so far

Sourcing for fe edstocks
Assessment of pattern of refuse disposal and typeastes generated had been completed in

four urban centres, namely lwo, lle-O gbo, Ede abdHa and two sub-urban centres of Ikonifin
and Telemu in Osun State. In each sampling ce fing, refuse dumping sites were purposively
selected (SW, SE, NW, NE), assessed, sampled atetis&aw dust sam ples were also collected
in each of the centres. Data emanating from thevesprare being analyzed chemically and
statistically.

Biochar production and characterization

We have succeeded in producing and characterizmg diochar types using the traditional
earthen mound kiln method without energy capturbe Temperature of production is about
350°C.

The feedstocks used are as follows:

() Saw dust

(i)  Sorted municipal organic wastes
(ii)  Swine dung

(iv)  Leucaenaleucocephala

(v  Gliricidia sepium

(V) Moringaolefera
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The choice of the feedstocks is based on their dbnoe in the landscape so as to ensure ther
sustainability of supply. According to National Ademy of Sciencess (NAS 1979), nitrogen
fixing trees are lignocellulosic plnts that groluadantly in the wild over the entire tropical
and subtropical land mass. They have also beenrtegppdo have strategic sustainability
advantages of biomass supply since they can bemgiova fallow as a short-rotation dedicated
crop (Crucible Carbon 2008), produce N-rich biomas® perennial rather than seasonal crops,
do notrequire prime agricultural and, and do appear to have any higher net resource value in
Nigeria than to be converted to biochar and bidseagbenrat al 2011). Moringa is selected
in view of its multi-purpose nature and its repaorteigh nutrient concentration in the biomass
(Fahey 2005). This feedstock was either used simglyn combination (1:1, w/w) to give the
follow ing ten biochar types:

() Saw dust biochar

(i) Leucaena biochar

(i) Glircidia biochar

(iv)  Moringa biochar

(v) Municipal waste biochar

(vi)  Municipal waste/Leucaena biochar

(vii)  Saw dust/Gliricidia biochar

(vii)  Municipal waste/Moringa biochar

(ix) Saw dust / Leucaena biochar

) Saw dust/Swine durng biochar

Plates 1 and 2 show two of the biochars in picture.

Plate 1

Plate 2

Establishme nt of slash-and-burn/slash-and-char ressch famm
The project has also established a research farimhmine choose to call slash-and-burn/slash-

and-char research farm. T he farm was e stablisheéldeabeginning of year 2010 planting season.
It was planted to maize. The farm, as shown indsle@ and 4 in picture, has twelve treatments

and five replications, making a total of 4 by 4m 80ts.

Plate 4
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The main purposeis to assess effects of twe lverifit forms of farming systems common in the
humid tropics on the growth and yield of crops @aadnvestigate how applications of biochar
can be integrated into working farm’s cultivatioragtices to improve crop output and growth,
especially by incorporating the material as anaff® soil amendment in Iwo's marginal sandy
soils. As its name implies, the treatments incldmlening and not burning, charring and not
charring, biochar addition, inorganic fertilizati@md so on. More information on the farm will
emerge later as the studies progress. T he farmtabéshed to be a permanent one, similar to the
Rothamsted International Research Farm in the Wrigégdom.

Re commendation and Conclusion

Using biochar as a tool for improving soil ferglitwhile at the same time increasing C

sequestration in soil is far from being a well-rgoized technology in Nigeria. Both the wide

variations in feedstock properties and productionditions have significant effects on biochar

properties. The high number of possible combinagioh both feedstock and production types

make t very difficult to predict and compare biactproperties and its effects. Because of such
non-uniformity, a universal answer to biochar eféeon soil, plant and environment has not
been, and probably will not be, found.

Nevertheless, this review has indicated positivd amgative effects of biochar additions on soll
properties and crop productivity and has demorsdraits potential in eradicating the now
inefficient centuries-old slash-and-burn form ofriaglture. However, there is an urgent need to
conduct further site-speccific systematic reseatoh annex the full potential of biochar
technology particularly in Nigeria where very Ktlif at all, biochar research has been carried
out. It is our utmost hope and desire to put bioabaearch on a sound footing inNigeria as it s
being done in different parts of the world. We mastays remember that tropical farming &
organic farming; biochar farming?
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