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ABSTRACT 
 

Biochar, a carbonaceous material produced by pyrolysis, can be used as soil 

amendment to improve soil properties. As some of the carbon is converted into a 

recalcitrant form rendering it more resistant to biodegradation, land application of biochar 

is promoted as a beneficial mean for carbon sequestration and as an offsetting mechanism 

for carbon emission. The agronomic efficacy of biochar and its effects on improving soil 

properties is highly process- and feedstock-dependent. Feedstock nutrient recovery in 

biochar tends to decrease with temperature while remaining nutrients redistribute into 

more recalcitrant and less readily available forms for plant uptake. Pyrolysis of biomass 

at higher temperature increases biochar liming capacity which contributes to increase in 

pH of dystrophic, acidic, and highly weathered soils where biochar improvement of soil 

fertility has shown to be most pronounced and consistence. Biochar showed to improve 

several soil quality indicators including cation exchange capacity, bulk density, and 

carbon content. When produced as the main product under slow pyrolysis conditions, 

biochar can be engineered to achieve desired characteristics; conversely, when produced 

as a byproduct in fast-pyrolysis, post-production augmentation procedures to improve 

desired biochar characteristics need to be considered in order to maximize biochar impact 

on soil fertility. Effect of pyrolysis conditions, feedstock source, and composition on 

biochar characteristics and effect of biochar application on soil fertility are discussed. 
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INTRODUCTION 
 

Biochar is a carbonaceous solid material composed of charred and partially carbonized 

biomass (charcoal) used as soil amendment. Use of material from the continuum of fresh 

organic residue and/or raw organic waste to their post-combustion ash as soil amendment is 

known to be practiced for thousands of years. The historic use of combustible and/or partially 

combustible organic residue and their long lasting effect of improving soil organic carbon 

content and soil fertility are documented on lowland humid tropical soils in the Amazonian 

basin (Glaser et al., 2001) and in similar climatic zones in West Africa (Fairhead and Leach, 

2009). Moreover, the high productivity of USA Midwest prairie soils has been attributed in 

part to the soils high black carbon content - a buildup of charred material over centuries of 

spontaneous prairie fires (Laird et al., 2009). Charred material contains recalcitrant organic 

matter and carbonized moieties of slower decomposition rates than the original feedstock 

material. Amid the rapid increase of CO2 in the atmosphere and the opportunity of building 

soil organic matter, sustaining and improving soil fertility, and increasing carbon 

sequestration by incorporating rather recalcitrant organic residue in soil sprung the promotion 

of the use of this material as soil amendment (Lehmann et al., 2006). The product is produced 

from similar feedstock and under the same process as charcoal; yet, promoting its use needed 

a sharp distinction from charcoal in order to distance it from the impact of fossil fuels on 

carbon emission, which is associated with ‗coal‘. Thus, the term ‗biochar‘ was devised and is 

currently used to indicate of a charred material that is associated with sustainable use of 

biomass - with cyclical, if not reverse, impact on carbon emission and with a target use as soil 

amendment (Lehmann and Joseph, 2009). 

Similar to charcoal, biochar is produced by thermal decomposition of organic matter in 

oxygen-limited environment. Biochar can be produced in a very low-cost and crude 

fabricated devise or in more sophisticated and regulated pyrolysis chamber. Depending on 

production objectives and target product, pyrolysis is conducted at a wide range of 

temperatures, bordering torrefaction at low temperatures (250 to 350 °C) and gasification at 

high temperatures (> 750 °C). During pyrolysis, cellulose and hemicellulose are decomposed 

at lower temperatures producing volatile compounds, while lignin decomposes at much 

higher temperature. The three main products of pyrolysis include char, organic vapor and 

steam, and gasses (mainly CO2, CO, CH4, and H2). High heating rates (>500 °C s
-1

) and short 

vapor residence time (<4 s) under moderate temperatures (350 to 450 °C) favor yield of liquid 

(bio-oil), while longer vapor residence time and lower temperatures (300 to 400 °C) favor 

char formation. High temperature (800 °C) and long vapor residence time favor gas 

formation. There are two main biochar production methodologies, (1) ‗fast‘ pyrolysis, with 

reaction times of millisecond to few seconds and (2) ‗slow‘ pyrolysis, with reaction times 

greater than 30 minutes. In the former, pyrolysis is used for thermal conversion of cellulosic 

biomass to produce bio-oil with biochar being generated as a byproduct where pyrolysis 

conditions are optimized to maximize bio-oil yield and quality. In the slow pyrolysis, the 

main product is biochar and hence conditions are optimized to maximize biochar production 

and quality. Both pyrolysis conditions and feedstock origin have a profound impact on 

biochar properties. Hence, biochar characteristics and its effects on soil properties and fertility 

are both process- and feedstock-dependent. 
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Similar to compost, biochar is a process-defined material, i.e. biochar is defined by the 

process in which it is developed and produced rather than by a specific property, e.g. 

chemical composition, molecular formulation, or mineral structure. Hence, biochar properties 

encompass a wide range of characteristics, depending on feedstock material and pyrolysis 

conditions. 

Analogous to compost characterization specifications and certification, guidelines and 

specifications to meet a set of minimal criteria were developed to serve as guidelines for 

standardization of biochar product and use as soil amendment (IBI, 2012). The objective of 

this chapter is to provide the framework for understanding the effect of pyrolysis conditions, 

feedstock source, and composition on biochar characteristics, and to synthesize existing 

knowledge and discuss the effect of biochar application on soil fertility. 

 

 

EFFECT OF FEEDSTOCK AND PYROLYSIS CONDITIONS  

ON BIOCHAR PROPERTIES 
 

Common feedstock to produce biochar include organic waste (e.g. green and animal 

waste), crop and timber residues (e.g. corn [Zea mays L.] and sorghum [Sorghum bicolor] 

stover, sawdust), as well as dedicated cellulosic energy crops (e.g. switchgrass [Panicum 

virgatum] and miscanthus [Miscanthus giganteus]). Biochar is commonly produced at 

temperatures ranging from 350 to 700 °C and its yield increases with (1) decrease in pyrolysis 

temperature and (2) increase in pressure, feedstock density and particle size, ash, lignin, and 

alkali and alkaline earth metal content (Antal et al., 1990; Richards & Zhang, 1991; Wornat et 

al., 1992; Antal & Gronli, 2003; Demirbas, 2004; Yang et al., 2007; Mayer et al., 2012; Lee 

et al., 2013). 

Biochar porosity and surface properties have a marked impact on its ability to interact 

with and retain water and nutrients in soil. Biochar is an amphoteric material with pH usually 

above neutral; and as pyrolysis temperature and duration increase, surface area, pH, Lewis 

base and ash, and C content also increase (Ramon et al., 1999; Rutherford et al., 2004; Yang 

et al., 2007; Kwapinski et al., 2010; Tsai et al., 2012). As pyrolysis temperature increases and 

cellulose and hemicellulose decompose, the aliphatic carbon content in the biochar decreases 

while aromatic carbon content increases (Figure 1), leading to an increase in hydrophobicity 

associated with basic groups in the aromatic structures (Chun et al., 2004; Demirbas, 2004; 

Rutherford et al., 2004; Kwapinski et al., 2010). 

Evaluating the behavior of different organic material during pyrolysis, Yang et al. (2007) 

found that losses of hemicellulose occurred at low temperatures (220 to 300 °C) and was 

associated with high CO2 losses (attributed to losses of carboxyl groups), cellulose rapid 

losses occurred at temperature between 300 to 400 °C with high CO release (attributed to 

losses of carbonyl groups). Lignin losses occurred throughout the temperature range (160 to 

900 °C) and were associated with high H2 and CH4 release from the thermal cracking of 

methoxyl and aromatic C and H of the highly aromatic lignin structure. Fused aromatic ring 

structures developed with increasing pyrolysis reaction times and/or peak temperature, 

providing the matrix in which microporosity develops, with pores <2 nm in diameter 

(Rutherford et al., 2004; Wu et al., 2012). 
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(modified from Li et al., 2013). 

Figure 1. Solid-state 
13

C NMR spectra of rice straw and rice bran at various charring temperatures. 

Unlike graphite sheets which orient themselves into compact sheet structures at high 

temperatures, heterogeneous high-oxygen rich materials (>5% oxygen by mass) such as 

biochar produced at lower temperatures (ca. <700 °C) tend to develop cross-link structures 

that maintain the random orientation of the developed graphene/graphite like short-order 

crystalline, withholding the voids that contribute to its porosity. Yet, development of porosity 

in biochar follows a bell-shape pattern, increasing as temperature increases up to a critical 

temperature range from which porosity declines, at values which are feedstock dependent 

(Rutherford et al., 2004). Rutherford et al. (2004) noted that microporosity development 

coincided with loss in total mass of aromatic carbon and suggested that microporosity 
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develops within the fused-ring matrix. Using cellulose, lignin, and woody material, these 

researchers observed that total and microporosity developed at temperatures above 300 °C 

and increased with temperature and heating time (Rutherford et al., 2004). The extent of 

porosity development depends on material composition, with lignin developing porosity at 

higher temperatures than cellulose. The increase in biochar surface area was correlated with 

increase in microporosity (Rutherford et al., 2004), with cellulose surface area increasing 

from 2.1 m
2
 g

-1
 in the untreated cellulose to 147 m

2
 g

-1
 at 400 °C, and lignin from <1 m

2
 g

-1
 in 

the untreated material and with no significant increase below 350 °C to only 2.0 m
2
 g

-1
 at 400 

°C and up to 162 m
2
 g

-1
 during pyrolysis at 500 °C for 1h. Similar trends of increase in 

porosity and surface area were reported for poplar (exact specie unknown) and ponderosa 

pine (Pinus ponderosa) wood when pyrolyzed at 500 °C for 1h; surface area increased from 

<2.0 m
2
 g

-1
 for both woody materials to 354 and 501 m

2
 g

-1
, respectively. While lignin surface 

area and porosity increased with increase in exposure time at each temperature level, surface 

area and porosity of cellulose, poplar and pine wood, and pine bark decreased at exposure 

times longer than 24 h (Rutherford et al., 2004). 

Similarly, steam activation, i.e. physical activation of biochar using hot stream of water 

vapor, also showed to markedly increase biochar surface area, attributed almost entirely to the 

increase in inner sphere pores (Lima et al., 2010). Porosity and surface area of biochar of 

different feedstock produced at 500 °C in a fast pyrolysis fluidized reactor with residence 

time of 0.1-1.0 s was measured before and after steam activation at 800 °C for 45 min. While 

all biochar had negligible surface area (<4.0 m
2
 g

-1
) and non-detected porosity, steam 

activation resulted in dramatic increases in biochar surface area (Lima et al., 2010). For 

example, surface area of biochars derived from alfalfa (Medicago sativa L.) stems, 

switchgrass, and corn stover increased from 2.3 to 204, 0.3 to 293, and 3.1 to 455 m
2
 g

-1
, 

respectively; with microporosity constituting 79, 85, and 75% of total surface area, 

respectively (Lima et al., 2010). 

Inasmuch as pyrolysis temperature affects biochar surface area and porosity, it also 

affects its surface chemical properties (Boehm, 1994; Ramon et al., 1999; Brennan et al., 

2001; Chun et al., 2004). Aromatic regions with π electron-rich areas (Lewis bases) at the 

carbon plane contribute to biochar basicity while oxygen surface oxides tend to reduces 

carbon plane electronic density, reducing its basicity and providing hydrophilic sites to the 

otherwise hydrophobic surface associated with the aromatic π-electrons (Boehm, 1994; 

Ramon et al., 1999; Brennan et al., 2001). Increase in pyrolysis temperature increases the 

content of aromatic structures in the biochar and the orientation and condensation of the 

aromatic groups into amorphous graphene/graphite-like structure at higher temperatures. 

Furthermore, increase in production temperature reduces biochar oxygen content while 

shifting the proportion of remaining oxygen from strong acid functional groups, such as 

carboxyl into weaker phenolic groups of low pKa or oxygen-containing groups, such as 

pyrone-type structures, as well as from other impurities, such as amine groups that further 

contribute to char basicity (Boehm, 1994). Increasing temperature from 300 to 700 °C of 

biochar produced from wheat residue led to reduction in (1) total acidic surface functional 

groups, from 2.83 to 0.30 mmol g
-1

; (2) functional groups surface density, from 15 to 1 

groups nm
-2

; (3) carboxyl groups, from 0.74 to 0.17 mmol g
-1

; and (4) O/C ratio and biochar 

hydrophilicity; while increasing (1) basic functional groups content, from 0.04 to 0.29 mmol 

g
-1

 and (2) surface area, from 116 to 363 m
2
 g

-1
, all respectively (Chun et al., 2004). Indeed, 

the point of zero charge (PZC), i.e. pH where the net surface charge is zero, of carbonized 
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material was inversely related to its oxygen content, i.e. PZC increases with decrease in 

oxygen content (Boehm, 1994; Ramon et al., 1999). 

The pattern described above, i.e. increase in aromatic structures and reduction in biochar 

oxygen content and strongly acidic functional groups with increase in pyrolysis temperatures, 

leads to an increase in biochar pH and hydrophobicity, resulting in decrease of biochar cation 

exchange capacity (CEC). This decrease, however, leads to increase in biochar’s (1) anion 

exchange capacity, (2) affinity to polar organic molecules, and (3) specific sorption ability 

and affinity towards heavy metals (Chun et al., 2004; Lima & Marshall, 2005; Lima et al., 

2010; Uchimiya et al., 2010) as the π electron-rich areas (Lewis bases) act as ligands forming 

coordinated covalent bonding with transition metals. Moreover, the increase in temperature 

increases biochar surface area, which compensates to some extent for the loss of strong acid 

functional groups density. 

Using Boehm titration method to assess biochar acidic functional groups, Rutherford et 

al. (2008) evaluated the effect of feedstock type, pyrolysis peak temperature, and reaction 

time on development of biochar surface acidic functional groups. Pyrolysis resulted in initial 

increase in biochar total acidity compared to the original feedstock (cellulose, lignin, pine 

wood, and pine bark). While marked increase in total acidity with a sharp peak at 250 °C was 

noted in cellulose derived biochar, a much moderated development of total acidity was noted 

in lignin derived biochar (Figure 2). Furthermore, total acidity of lignin increased throughout 

the temperature range (200 to 400 °C), while that of cellulose and pine bark and wood 

decreased at pyrolysis temperatures above 250 °C (Figure 2). 

 

 
(U.S. Geological Survey/ figure by Rutherford et al., 2008). 

Figure 2. Total acidity of cellulose, lignin, pine wood, and pine bark after 72 hours of charring at 

various temperatures. 
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While much of the surface acidity in the cellulose and pine materials were attributed to 

strong acidic groups (e.g. carboxylic groups), moderately acid groups (i.e. phenols of low pKa 

values) and lactones had a substantial contribution to total acidity of lignin derived biochar 

(Rutherford et al., 2008). 

Inasmuch as biochar CEC is affected by feedstock source and composition, CEC 

decreases with increase in production temperature due to the effect of production temperature 

on oxygen functional group and total acidity. Gaskin et al. (2008) showed significant decrease 

in CEC of biochars made from chicken manure (61.1 to 38.3 cmol kg
-1

), peanut (Arachis 

hypogaea L.) hull (14.2 to 4.63 cmol kg
-1

), and pine chips (7.27 to 5.03 cmol kg
-1

) as 

production temperature increased from 400 to 500 °C, all respectively. Similar findings, i.e., 

reduction of biochar CEC and increase in biochar pH, surface area, and porosity were 

reported for chicken manure biochar produced between 300 to 600 °C (Song & Guo, 2012) 

and sewage sludge biochar produced at 400 and 600 °C (Mendez et al. 2013). During 

pyrolysis of rice straw at different temperatures (300 to 700 °C) and duration (1 to 5 h), Wu et 

al. (2012) found a decrease from 184 to 46 cmol kg
-1

 in biochar surface acidity and an 

increase from 84 to 147 cmol kg
-1

 in surface alkalinity as pyrolysis temperature increased 

from 300 and 700 °C, all respectively. A slight increase in biochar CEC produced at 300 and 

400 °C (57 to 62 cmol kg
-1

, respectively) was followed by a sharp decrease to 32 and 23 cmol 

kg
-1

 at 500 and 700 °C, respectively; with pyrolysis duration (1 to 5 h) with no significant or 

consistent effect (Wu et a., 2012). Overall, CEC, Olsen extractable P, extractable Ca, K, and 

Mg, and total N content increased with temperature, reaching a maximum at 400 °C (Wu et 

al., 2012).While steam activation is known to have marked effect on biochar surface area 

(Lima et al., 2010), conducted at the same temperature as biochar production temperature, 

steam activation reduced or had no significant effect on CEC of the pine chip derived biochar 

(Gaskin et al., 2008). 

Biochar CEC increases once biochar is applied to soil because of both biotic and abiotic 

oxygenation processes that occur under natural soil conditions and are positively correlated 

with annual mean temperature (Cheng et al., 2006). However, the oxygenation process is 

slow and affects mostly the external biochar surface (Nguyen et al., 2009). As such, this 

effect may be limited as the high surface area of biochar is attributed to the increase in inner 

sphere porosity, which occurs with increase in pyrolysis temperature and/or upon (steam) 

activation processes (Lima et al., 2010). In all, low production temperature (ca. 250 to 350 

°C) promotes higher total acidity, and as a result a higher CEC, while high temperatures (ca. 

>500 °C) tend to promote higher total surface area, with much of the increase resulting in 

inner surface area of developed pores. Such increase in porosity, and subsequent increase in 

surface area will be diminished at elevated temperatures (ca. >700 °C). 

Feedstock nutrient recovery and availability for plant uptake tend to decrease with 

increase in pyrolysis temperature. Much of the loss of nutrients as volatile compound (e.g. N 

and S) occur at temperatures above 350 - 400 °C and is process- and feedstock-dependent 

(Gaskin et al., 2008; Wang et al., 2010; Wu et al., 2012). The remaining nutrients are 

redistributed into chemical forms less available for plant uptake. Wang et al. (2010) showed 

N loss as ammonia (NH3), hydrogen cyanide (HCN), isocyanic acid (HNCO), and acetonitrile 

(CH3CN) from pyrolysis of wheat (Triticum spp.) straw starting at 250 °C, to sharply peaked 

at 350 °C, and to tapered off with minimal changes at temperatures above 550 °C (Figure 3). 

Increase in pyrolysis temperatures also results in decrease in hydrolysable organic N content 

and increase in aromatic and condensed heterocyclic N structures in the biochar. 
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(Wang et al., 2010; Reprinted with permission from Energy and Fuels. Copyright 2013, American 

Chemical Society). 

Figure 3. Emission of nitrogen species during pyrolysis of wheat straw. 

These changes in N dynamics occur as consequence of both (1) the relative increases in 

their proportion as decomposition of hydrolysable N progress with temperature and (2) the 

synthesis of aromatic and heterocyclic N from aliphatic or low-molecular weight heterocyclic 

structures during the pyrolysis process (Almendros et al., 2003). Overall, increase in pyrolysis 

temperature decreases feedstock N recovery in biochar and reduces the availability of the 

remaining nitrogen. Noteworthy, the content of N and other elements in biochar increases in 

the process at lower temperature due to preferential loss of O and C. Overall, decrease in N 

due to volatilization occurs at higher temperatures (ca. above 500 °C) as reported by others 

(Tsai et al 2012; Wu et al., 2012). Inasmuch as heterocyclic N is suggested to be plant 

available, being trapped in a not-readily available carbonaceous structure is likely to limit its 

availability for plant uptake (Wang et al., 2012). 

Sulfur is released as carbonyl sulfide (COS) and hydrogen sulfide (H2S) at 200 - 400 °C, 

which is attributed to the decomposition of organically-bound sulfur, while release of SO2 at 

temperatures above 950 °C is attributed to evaporation and/or transformation of inorganic 

sulfate (Wang et al., 2010). Negligible potassium loss at temperatures below 600 °C was 

reported in pyrolysis of wheat straw (Wang et al., 2010). Yu et al. (2005; in Chan & Xu, 

2009) reported a sharp loss of nearly 50% in K during pyrolysis of rice (Oryza sativa) straw 

at temperature between 473 to 673 °C, attributed mostly to the loss of the water soluble K 

fraction. Inasmuch as other nutrients such as P tend to concentrate in the biochar with 

increase in peak pyrolysis temperature, they also tend to shift into chemical forms that are less 

available for plant uptake, e.g. apatite-type minerals (Chan & Xu, 2009; Gaskin et al., 2008). 

Using giant reed (Arundo donax L.), Zheng et al. (2013) also showed a decrease in water 
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soluble P and NH4
+
 with increase in pyrolysis temperature from 300 to 600 °C; yet the 

authors reported increase in soluble K with increase in peak pyrolysis temperature. 

The fact that nutrient availability decreased with increase in peak pyrolysis temperature 

implies that pyrolysis can favorably be used to mitigate elevated excess nutrient content in 

organic waste (e.g. chicken manure). Waste volume and pathogen reduction accompanied by 

entrapment of the manure-borne excess nutrients into less mobile phases should be viewed 

favorably as it lessen the adverse environmental impact associated with manure application 

while still maintaining high levels of available nutrients (Lima & Marshall, 2005; Gaskin et 

al., 2008; Lima et al., 2009; Hass et al., 2012). Gaskin et al. (2008) evaluated nutrient content 

and availability in biochar produced from chicken litter, peanut hulls, and pine chips 

feedstock at two different temperatures, 400 and 500 °C. The increase in temperature 

increased the nutrient content; however, it decreased their availability for plant uptake, as 

measured by the Mehlich-1 extraction. Nevertheless, while Mehlich-1 available P and K 

decreased with temperature in all biochars, their concentration in poultry litter biochars (5.33 

and 38.1 g kg
-1

, respectively) were much higher than biochar from peanut hulls (0.57 and 5.91 

g kg
-1

, respectively) or pine chips (0.04 and 0.41 g kg
-1

, respectively). Hass et al. (2012) 

showed a reduction in soil Mehlich-3 available K, P, and, S and increase in Cu and Zn with 

increase in production temperature of chicken manure biochar (350 vs. 700 °C) when 

incubated for eight weeks in a Typic Hapludult soil (pH 4.8). Yet, nutrient availability 

increased with biochar application, and to alarming levels at high application rates (equivalent 

to > 20 Mg ha
-1

), as high levels of total P and PO4
2-

 appeared in the leachate (above 4 and 2 

mg L
-1

, respectively). Moreover, Hass et al. (2012) showed that at application rate of 10 Mg 

biochar ha
-1

, Mehlich-3 extractable P reached levels (>200 mg kg
-1

) considered critical 

threshold value above which excess P can be expected in runoff (>1 mg L
-1

; Sharpley et al., 

1996). 

Biochar liming capacity is an influential property affecting soil fertility (Verheijen et al., 

2009). While most biochar have high pH (7 – 11), their pH value do not reflect their acid 

neutralization capacity or ‗liming capacity‘ – the ability to increase soil pH, usually expressed 

as percent calcium carbonate equivalent (CCE). Biochar CCE is limited mostly to the mineral 

or ash content and composition. For a given feedstock, biochar CCE increases with pyrolysis 

temperature due to the increase in ash and metal content and due to transformation of alkali 

(K and Na) and alkaline earth (Ca and Mg) metals into oxide and carbonate minerals such as 

K2O, CaO, Ca/MgCO3 and /or MgO. Yuan et al. (2011a) showed an increase in biochar pH 

and alkalinity with pyrolysis temperature (300 to 700 °C) in biochars from canola (Brassica 

campestris L.), corn, soybean (Glycine max L.), and peanut straws. The authors suggested that 

the CaCO3 generated at the higher temperatures (500 and 700 °C) is the dominant component 

contributing to biochar alkalinity at these temperatures, while biochar acidic functional 

groups, such as hydroxyl and carboxyl, contribute to biochar alkalinity at lower temperature 

(300 °C). Conversely, Wu et al. (2012) showed an increase in CaCO3 content in rice straw 

biochar produced at low temperatures (300 to 500 °C) and a decrease at higher pyrolysis 

temperatures (600 to 700 °C). However, biochar ash content and alkalinity tend to increase 

with pyrolysis temperature (Yuan et al., 2011a; Yuan et al., 2011b; Wu et al., 2012). 

While ash content might be an indicator of biochar CCE, the actual contribution of the 

ash depend on its elemental and mineral composition, as different plants result in different 

nutrient composition. For example, woody biomass generally has very low Si content (0.05 to 

0.11); oak (Quercus spp) accumulates more Ca and K than pine (Pinus spp) (Ragland et al., 
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1991). While most cereal crops tend to accumulate higher Si compared to legumes, 1 to 3% 

vs. <0.5%, respectively (Marschner, 1995), biochars from cereal crops are likely to result in 

high ash content but of lower CCE value as relative contribution of SiO2 to biochar CCE is 

much lower than that of alkali or alkaline carbonate and/or oxides. Indeed, plants can differ 

markedly in their basic cations content and ash alkalinity (Tang & Rengel, 2003). Legumes 

(and those of temperate zones more than those of tropical ones) tend to accumulate excess 

basic cations, resulting in much higher alkaline ash content than non-legume plants (Bolan et 

al., 1991). 

While base accumulation of cereal crops ranges from 25 to 75 cmol kg
-1

, that in pasture 

legumes plants ranges from 61 to 255 cmol kg
-1

 (Tang & Rengel, 2003). Producing biochar 

from straw of different plant materials at 350 °C for 4 hours, Yuan et al. (2011a, 2011b) 

found that biochar from legume feedstock resulted in higher biochar alkalinity, ranging from 

217 to 326 cmol kg
-1

 (mung bean [Vigna radiata] > peanut > soybean > pea [Pisum sativum]> 

faba bean [Vicia faba]) compared to biochar from non-legume feedstock which ranged from 

120 to 191 cmol kg
-1

 (canola > corn > rice > wheat). Incubated in an Ultisol (pH 4.2) at a rate 

of 10 g kg
-1

 for 50 days, biochar from legume straw increased the soil pH by 0.5 to 0.7, while 

the biochar from non-legume straw increased the soil pH by only 0.1 to 0.4 (Yuan et al., 

2011b). At the end of the 50 d incubation, only pea and soybean straw biochars increased soil 

pH above the pH achieved by their respective raw material applied to soil at 20 g kg
-1

 (Yuan 

et al., 2011b). 

Organic wastes of initially high ash content, e.g. chicken, dairy and hog manures, likely 

result in biochar of relatively high CCE. Yet, incubating an Ultisol (pH 4.8) for eight weeks 

with chicken manure biochar produced at 350 and 700 °C, at similar application rate as in 

Yuan et al. (2011b), i.e. 10 g kg
-1

, resulted in increases in soil pH by only 0.3 and 0.5 pH 

units, respectively (Hass et al., 2012). Soil pH increased to 5.8 and 5.9 by the end of the 

incubation at application rates of 20 and 40 g kg
-1

 of biochar produced at 700 and 350 °C, 

respectively. Based on linear regression between biochar application and soil pH, the authors 

calculated that 36 and 56 g kg
-1

 (i.e. equivalent to 73 and 112 Mg ha
-1

) of chicken manure 

biochar produced at 700 and 350 °C, respectively, were needed to increase the soil pH to 6.4, 

a level achieved with 3 g kg
-1

 (6 Mg ha
-1

) of dolomitic lime (Hass et al., 2012). Such high 

biochar application rates may not be attractive replacement option for lime. Moreover, 

calculated on a volume basis the spread between biochar and dolomitic lime application rate 

more than double as bulk density of biochar is less than half that of lime. However, as 

additional benefits associated with biochar application emerge such an investment might be 

justified. 

Figure 4 provides a conceptual illustrative summary for the effect for pyrolysis peak 

temperature on selected biochar properties that discussed above. Initial mineral and organic 

feedstock composition will impact biochar composition at each peak temperature, with 

feedstock of high lignin to (hemi) cellulose ratio (i.e. woody biomass) likely to result in lower 

carbon loss during pyrolysis, higher total carbon recovery in biochar, higher stability of the 

recovered carbon, and higher surface area than that produced from feedstock of lower 

lignin:(hemi)cellulose ratio (e.g. grass). Yet, such biochar likely will result in lower CEC, 

lower mineral (nutrients, liming) content, and to exhibit a lower concentration of mineral 

content during pyrolysis due to lower losses of initial feedstock carbon matrix. 



Biochar 105 

 

Figure 4. Conceptual sketch of (A) biochar nutrient availability, (B) nutrient content, (C) feedstock 

nutrient recovery, and (D) selected properties changes with increase in pyrolysis temperature relative to 

feedstock state. Rates and peaks varies and are process, feedstock and element dependent (CCE, 

calcium carbonate equivalent; CEC cation exchange capacity; AEC, anion exchange capacity); * C/N 

ratio increase at higher rate and do not decline at elevated temperature (a dedicated line was avoided for 

the purpose of simplicity). 

 

EFFECT OF BIOCHAR APPLICATION ON SOIL QUALITY INDICATORS 
 

Biochar used as soil amendment affects chemical, physical, and biological soil quality 

indicators (Laird et al., 2010a, 2010b; Jeffery et al., 2011; Biederman & Harpole, 2012; 

Chintala et al. 2013). Using over 100 studies in a meta-analysis, Biederman & Harpole (2012) 

found that biochar increased aboveground biomass, crop yield, soil microbial biomass, 

rhizobia nodulation, plant K tissue concentration, soil NPK, and total soil carbon (C) 

compared to control conditions. Yet, biochar applications resulted in no significant response 

in belowground biomass, ratio between above and below ground biomass, mycorrhizal root 

colonization, soil inorganic N, as well as plant tissue N content (Biederman & Harpole, 

2012). Incubated with a fine-loam US Midwest Hapludolls topsoil (pH 6.4), slow pyrolysis 

biochar derived from mixed hardwood (oak [Quercus spp.] and hickory [Carya spp.]) 

material was shown to decreased soil bulk density and leaching of nutrient while increasing 
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soil effective CEC, %C, C/N ratio, water retention, and plant available water (Laird et al., 

2010a, 2010b). At high application rates (>5 g kg
-1

 soil), biochar also increased soil surface 

area and Mehlich-3 extractable P (Laird et al., 2010a). Similarly, positive effects of biochar 

application on soil quality indicators were reported by Novak et al. (2009b) for a Typic 

Kandiudults loamy sand coastal plain soil from Eastern US. Application of pecan [Carya 

illinoinensis (Wangenh.) K. Koch] shell biochar (up to 20 g kg
-1

) increased soil pH and 

reduced exchangeable acidity, but had no effect on soil CEC. In addition, the biochar 

application reduced S and Zn availability, while increasing availability of other plant essential 

nutrients, such as Ca, K, Mn, and P as determined by the Mehlich-1 extraction. The reduction 

in soil exchangeable acidity was attributed to dissolution of alkaline earth metal oxides in the 

biochar ash (e.g. CaO), leading to speciation of soluble Al into nontoxic species for plants or 

precipitation as aluminum oxide (Novak et al., 2009a, 2009b). 

Biochar affects soil nitrogen dynamics through sorption and chemical transformations of 

both inorganic and organic forms of N; these processes are biochar- and N species-dependent. 

Sorption of the plant nutrients ammonium (cationic form) and nitrate (anionic form) will 

greatly depend on the biochar chemical and physical properties, e.g. cation exchange 

capacity, anion exchange capacity, surface area, and pH, which all depend on the pyrolysis 

temperature (Figure 4). Ammonium likely sorbs on biochars by electrostatic interactions since 

most biochars possess negative charges as suggested by the biochar cation exchange capacity. 

In general, ammonium is sorbed in biochars produced at temperatures ≥300 ºC, as 

demonstrated by sorption isotherms of ammonium on biochars from cacao (Theobroma 

cacao) shell and corn cobs at 300-350 ºC (Hale, et al., 2013), pine wood at 450 ºC (Sika & 

Hardie, 2013), Brazilian pepperwood (Schinus terebinthifolius) at 300, 450, and 600 ºC, 

sugarcane bagasse (Saccharum officinarum), peanut hull, and bamboo (Bambuseae spp) 

produced at 300 and 600 ºC (Yao, et al., 2012). Oddly, biochars produced at 450 ºC from 

sugarcane bagasse, peanut hull, and bamboo did not sorb ammonium (Yao, et al., 2012). As 

biochar properties change with time due to biogeochemical processes, e.g. redox reactions, 

and microbial colonization; sorption of ammonium is also affected, e.g. Singh et al. (2010) 

observed that 4 months after applying biochar to soils, the leaching of ammonium decreased, 

attributed to the increase of biochar sorptivity as biochar surface oxidizes with aging. Another 

factor affecting ammonium sorption on biochar is pH since aqueous NH4
+
 and gas NH3 exist 

in equilibrium (pKa of NH3 is 9.2 at 20 ºC); as pH increases from neutral to alkaline, gas NH3 

starts forming while aqueous NH4
+
 concentration decreases (Bates & Pinching, 1950). Zhang 

et al. (2013) demonstrated that the efficacy of corn biochar (produced at 600 ºC) for 

ammonium sorption decreased about 35% as the pH solution increased from 4 to 10; perhaps 

due to the conversion of aqueous NH4
+
 to the gas NH3. Taghizadeh-Toosi et al. (2012) 

observed that 
15

N labeled NH3 sorbed on Monterey pine (Pinus radiata) biochars (300 to 500 

ºC, pHH2O 5.2 to 7.8 ) and that the sorbed NH3 was available for plant uptake as demonstrated 

when perennial ryegrass was grown in a Temuka silt loam soil (Endoaquept) amended with 

enriched 
15

N labeled NH3 biochars; NH3 sorption is attributed to the carboxyl acid functional 

groups (Asada, et al., 2002; Kastner, et al., 2009) and low pH of biochars (Kastner, et al., 

2009). Acidified biochar from pine chips (slow pyrolysis at 400 ºC), when applied to an 

amended soil with poultry litter, reduced NH3 losses by 59% (Doydora, et al., 2011). 

However, Sika and Hardie (2013) observed that the sorbed ammonium on pine wood biochar 

was not readily available for plant uptake. The authors found only small amounts of 
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exchangeable ammonium (using 2 M KCl extractant) when a sandy soil was incubated with 

biochar and fertilizer for 6 weeks. 

Sorption of nitrate is expected to be of lesser extent than ammonium since the biochar‘s 

anion exchange capacity is smaller than the cation exchange capacity (Figure 4). Studies had 

demonstrated that nitrate sorption occurs on biochars produced at ≥450 ºC, e.g. (1) pine wood 

produced at 450 ºC (Sika & Hardie, 2013), (2) Brazilian pepperwood, (3) peanut hull 

produced at 600 ºC (Yao, et al., 2012), and (4) bagasse sugarcane produced at ≥700 ºC 

(Kameyama, et al., 2012). However, nitrate did not sorb on biochars from bagasse sugarcane 

and bamboo produced at 600 ºC (Yao, et al., 2012), cacao shell and corn cobs produced from 

300 to 550 ºC (Hale, et al., 2013). The above discrepancy on nitrate sorption by biochar 

bagasse sugarcane might be due to the different conditions that the sorption isotherms were 

conducted. Biochars were rinsed with DI water before use to remove impurities and the 

sorption equilibrium was set for 20 h (Yao, et al., 2012) or biochars used without rinsing and 

the sorption equilibrium was set at 120 h (Kameyama, et al., 2012). It is hypothesized that 

base functional groups of biochar produced at high temperatures play an important role on 

nitrate sorption on biochars (Kameyama, et al., 2012). Although nitrate is weakly sorbed on 

biochar, nitrate residence‘s time in soils might increase in biochar amended soils as compared 

to soils without biochar; thus, nitrate might be available for plant uptake (Kameyama, et al., 

2012; Sika & Hardie, 2013) while reducing nitrate leaching (Kameyama, et al., 2012; Sika & 

Hardie, 2013; Singh, et al., 2010; Yao, et al., 2012). 

Soil organic N transformations and microbial community are influenced by biochar 

additions to soils. Biochar produced at lower temperatures contains more labile C (Figures 2 

and 4) and N than one produced in higher temperatures, hence, acting in part as substrate. 

Similarly, biochar C/N ratio and liming capacity (Figure 4) are expected to increase with 

increase in biochar peak production temperature and to affect soil microbial community 

structure and function. Ameloot et al. (2013) observed that the addition of poultry litter or 

pine chips biochars produced at 400 and 500 ºC to acid soils (pHKCl 4.6, 5.3) increased the 

soil bacteria:fungi ratio (B:F ratio), with biochars produced at 500 ºC shifting soil B:F to 

higher values than those produced at 400 ºC. The additions of biochar from silage corn 

induced mineralization of the soil recalcitrant N to ammonium
 
(350 ºC biochar >550 ºC 

biochar >control), but no differences were observed on the mineralization of the labile 

organic N, suggesting that biochar additions promote SOM turnover, a priming effect induced 

by biochar (Nelissen et al., 2012). Furthermore, the addition of biochar of lower C/N ratio 

(poultry litter) resulted in net N mineralization while addition of the higher C/N ratio pine 

chips biochar resulted in net N immobilization (Ameloot et al., 2013). While filamentous 

fungi dominate aerobic mesophilic flora in soils of pH below 5.5, bacterial population 

increases with increase in soil pH and available N, with optimal activity of decomposer 

community occurring at natural pH, i.e. from 6.5 to 7.2 values (Alexander, 1964). The effects 

of pH, substrate and N availability on microbial community and B:F ratio are also well 

documented in non-biochar related studies conducted at different ecosystems and land uses 

(Bardgett et al., 1996; Blagodatskaya & Anderson, 1998; Baath & Anderson, 2003; De Vries 

et al., 2006; Rousk et al., 2009). Hence, reduction in fungi and increase in bacteria and an 

increase in overall soil microbial activity with increase in N availability as shown by Ameloot 

et al. (2013) is an expected outcome (Alexander, 1964), especially in acid soils where biochar 

application results in increase in soil pH towards, but not exceeding, natural pH values. 
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Biochar spatial structure and inner void volume is suggested as habitat for fungi and 

bacteria, providing physical protection from soil predators (Lehmann et al., 2011; Warnock et 

al., 2007). Yet, examining 3 year old field-aged biochar particles Quilliam et al. (2013a) 

found microbial colonization to be evenly distributed along biochar particles transects with no 

evidence for increase in microbial presence at the internal areas of biochar compared to 

biochar-soil interface. Moreover, CO2 evolution rates from the soil brushed from biochar 

surface were similar to that of the bulk soil, both of which were higher than that of internal or 

external surfaces of field-aged biochar, which were not significantly different from each other 

(Quilliam et al., 2013a). Biochar also suppresses intercellular signaling and disrupts 

communication within a growing multicellular microbial system, the degree of which was 

positively correlated to biochar surface area and peak production temperature; this 

phenomenon is attributed to the affinity of biochar for acyl-homoserine lactone, the 

intercellular signaling molecule used in this experiment (Masiello et al., 2013). Several 

studies had demonstrated the suppressive effect of biochar on development of powdery 

mildew (Leveillula taurica) on tomato (Elad et al., 2010), and reductions in the percentage of 

root lesions caused by Fusarium oxysporum f. sp. asparagi and F. proliferatum, where 

biochar also showed to improve AM fungi root colonization and increase in root growth and 

mass (Elmer & Pignatello, 2011). Biochar also increased abundance of genes encoding for 

denitrification-associated enzymes and of denitrifying bacteria, resulting in lower N2O 

emission during composting of organic waste (Wang et al., 2013). Soil pH is known to 

significantly affect N2O emission (Firestone, 1982) and to affect abundance of genes 

encoding for denitrification associated enzymes and of denitrifying bacteria (Cuhel et al., 

2010), similar to the above finding by Wang et al. (2013). Noteworthy, the observed 

reduction in the proportion of N2O in N gas emission (i.e. N2O/[N2O + N2]) was due to 

increase in N2 emission, amid a rather constant emission of N2O throughout the pH range 

tested, 5.5 to 7.7 (Cuhel et al., 2010). Conversely, a sharp increase in soil N2O emission at 

soil pH below 5.0-5.5 was reported by others where both biotic and abiotic denitrification 

mechanisms, with nitrite playing a significant role in the abiotic pathway (Van Cleemput & 

Samater, 1995; Morkved et al., 2007). Regardless of the mechanisms involved, their 

proportion and/or relative significance, N2O emission from soil is tightly and inversely 

correlated with soil pH. Inasmuch as biochar effect on soil pH may improve activity of N2O-

reducing organism (Yanai et al., 2007), biochar, because of its aromaticity (Figure 1), can act 

as electron donor and acceptor (Joseph et al., 2010), facilitating the transfer of electrons 

(―electron shuttle‖), and promoting the reduction of N2O to N2 (Cayuela et al., 2013). 

Biochar application also showed to affect positively soil physical properties, including 

soil bulk density, aggregation, available water content, and soil hydraulic conductivity 

(Novak et al., 2009a; Herath et al., 2013). Biochar application improved soil water holding 

capacity in coarse texture soils but not in soils of high organic matter content or fine texture 

(Novak et al., 2009a; Karhu et al., 2011; Uzoma et al., 2011a; Abel et al., 2013; Masto et al., 

2013). Biochar properties including polarity, surface area, total and micro porosity improve 

some soil physical properties; soil available water content was improved with biochar of high 

pyrolysis temperature (Mendez et al., 2013), whereas soil aggregation was improved with 

increase in biochar hydrophilicity which improved over time (Novak et al., 2009a; Herath et 

al., 2013). Yet, effect of biochar on soil nutrients, microbial growth, and mycorrhizal 

colonization was found to be temporary as no significant effect was noted in these soil quality 
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indicators three years after chipped wood trunk biochar was applied to a sandy clay loam 

Eutric Cambisol at rates of up to 50 Mg ha
-1

 (Quilliam et al., 2012; Quilliam et al., 2013a). 

 

 

EFFECT OF BIOCHAR APPLICATION ON CROP YIELD 
 

The main positive effect of biochar on plant performances is through its liming potential 

and its effect on soil pH. As assessed in meta-analysis studies, biochar application resulted in 

moderate (10-15%), yet significant increase in crop productivity (Jeffery et al., 2011). 

Positive response to biochar application occurred (1) on coarse texture soils more than on 

soils of finer texture, (2) with increase in application rate, (3) when applied in combination 

with fertilizers, (4) with increase in biochar alkalinity, and (5) when larger increase in soil pH 

occurred in response to biochar application (Verheijen et al., 2009; Jeffery et al., 2011; 

Biederman & Harpole, 2012). When biochar applications did not increase the native soil pH, 

it resulted in no significant effect on crop yield; conversely, when biochar applications 

increased the soil pH, it resulted in an increase in crop yield (Figure 5). Inasmuch as 

increasing soil pH leads to decrease in nutrient availability and subsequent deficiencies at 

high soil pHs (ca. pH>8), raising pH of acid soils ameliorates acid soils growth limiting 

factors (Parker et al., 1988; Fox et al., 1991; He et al., 1999; Ritchey & Snuffer, 2002). 

 

 
(Jeffery et al., 2011, Elsevier, with permission). 

Figure 5. Percent changes in crop productivity as influenced by changes in soil pH upon addition of 

biochar. Points show means of treatments, horizontal bars show 95% confidence intervals. 
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Increase in pH of an acid soil leads to increase soil CEC as soil pH rises above soil 

mineral PZC, or as it leads to dissociation of functional groups of amphoteric material (e.g. 

organic matter) or variable charge minerals such as free oxides of Fe, Al, and Mn. Increasing 

pH also increases soil base saturation, while reducing the activity and subsequent toxicity of 

Al and Mn. Consistent and beneficial effects of biochar application on crop yield in acid soils 

is well documented (Chan et al., 2008; Kimetu et al., 2008; Hossain et al., 2010; Major et al., 

2010; Van Zwieten et al., 2010; Peng et al., 2011; Uzoma et al., 2011a,  2011b). Van Zwieten 

et al. (2010) reported positive effect on yield of wheat, soybean, and radish (Raphanus 

sativus) grown in a ferrosol (pHCaCl2 4.2), but not in a calcareous soil (pHCaCl27.7), when 

amended with biochar produced at 550 °C from paper mill sludge mixed with waste wood 

chips and applied at rate of 10 Mg ha
-1

. Aluminum and Mn toxicity are known to be growth 

limiting factors in acid soils (Fay et al., 1978; Fox et al., 1991; He et al., 1999) and 

overcoming such limitation was likely achieved as biochar application resulted in increase in 

soil pH (from 4.2 to >5.0), increase in CEC and exchangeable Ca, and decrease in soil 

exchangeable Al (Van Zwieten et al., 2010). Inasmuch as Al
3+

 is thought to be the 

predominant species responsible for plant growth reduction, Kinraide and Parker (1990) 

suggested that plant growth was more sensitive to Al(OH)
2+

 and Al(OH)2
+
 than Al

3+ 
since

 
the 

presence of H
+
 (at the low pH where Al

3+
 predominates) alleviates Al

3+ 
toxicity through 

competition with Al
3+ 

at the root cell plasma membrane (Kinraide & Parker, 1990; Kinraide, 

1993). Aluminum uptake inhibition by base cations was found to decrease in the order of Ca
2+

 

> Mg
2+

 ≈ Sr
2+

 >> K
+
 ≈ Na

+
 (Kinraide & Parker, 1987). Traditional management practices 

used to ameliorate Al toxicity and increase pH of acid soils include use of limestone, 

dolomite, by-products such as fly ash, fluidized-bed combustion by-products, wood ash, as 

well as organic amendments such as mulch and green manures (Duong & Diep, 1986; Hue & 

Amien, 1989; Wang et al., 1999; Ritchey & Snuffer, 2002; Ritchey et al., 2004; Qin & Chen, 

2005). 

In acid soils where Al and/or Mn toxicity have lesser effect on plant growth (e.g. pH ≥ 

5.5, high organic matter, or the use of tolerant plants to acid conditions), biochar application 

may have limited effect on plant response. No effect of biochar (pH 7.8) from Monterey pine 

(Pinus radiate) on perennial ryegrass (Lolium perenne L.) herbage biomass yield and herbage 

N content was observed when biochar was applied to pasture land with an Andic Dystrudepts 

soil (pH 5.5) at application rates of up to 30 Mg ha
-1

 (Taghizadeh-Toosi et al., 2011). In 

another study, biochar and organic amendments (sawdust, manure, and tithonia [Tithonia 

spp.] green biomass), improved maize grain yield in two consecutive seasons along a 

chronosequence of a degraded soil previously treated with mineral fertilizers (Kimetu et al., 

2008). Yet, no significant differences were found between biochar and sawdust treatments in 

all but the first year at the most drastically disturbed soil (Kimetu et al., 2008). The above 

effect is likely in part due to the role of organic matter in ameliorating aluminum toxicity by 

binding Al poly/monomeric species (Marschner, 1995, Haynes & Mokolobate, 2001; Ma et 

al., 2001). Green manure and mulch showed to be an effective agents in alleviating Al 

toxicity (Hue & Amien, 1989; Duong & Diep, 1986; Qin & Chen, 2005); where leguminous 

residues (Calopogonium, soybean, and Leucaena) were more effective in reducing 

monomeric Al in solution of an Indonesian red-yellow podzolic soil than non-leguminous 

residues (Imperata, sugarcane, and rice) (Berek et al., 1995). 

Biochar also showed to have different effect on yield in subsequent years when applied to 

different soils. While wood biochar application (8 and 20 Mg ha
-1

) to a Typic Haplustox 

http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Chen%2C+F)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Qin%2C+R)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Chen%2C+F)
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(pHKCl 3.9) had no effect on first season maize growth, a significant grain yield increase 

during the subsequent three seasons was attributed to greater plant available Ca and Mg in the 

biochar treated soil as compared to the control (Major et al., 2010). However, a nil effect of 

dairy manure biochar application (22.4 Mg ha
-1

) to a Xeric Haplocalcids soil (pH 7.6) on 

silage corn yield in the first season followed by a significant yield reduction in the following 

season was attributed to development of N deficiency (Lentz & Ippolito, 2012). 

In addition to acidity, nutrient deficiency is another limiting factor for plant growth in 

acid soils, caused by the weathering processes during the pedogenic development of acid 

soils. Van Zwieten et al. (2010) showed that only upon addition of fertilizer concurrently with 

biochar derived from the slow pyrolysis of paper mill did significant increase in wheat yield 

occurred in an acid soil (2.5-fold). Similarly, Hossain et al. (2010) found limited 

improvement in cherry tomato (Lycopersicon esculentum) yield grown in an acid soil (pH 

4.6) amended with biochar from wastewater biosolids, which was lower than that achieved by 

fertilizers alone. Plant productivity nearly doubled upon using biochar in combination with 

fertilizer (Hossain et al., 2010). The marked response in plant growth to fertilizer application 

in biochar-amended soils suggests that inasmuch as biochar likely ameliorated soil acidity, 

nutrient availability limits plant growth. 

A combined effect of increasing soil pH and supplementing crop nutrient requirement is 

likely to be achieved by using biochar from animal waste feedstock such as chicken and dairy 

manure. A marked positive effect of chicken manure biochar on crop productivity was found 

(Jeffery et al., 2011), likely due to the high nutrient load in the chicken manure biochar. As 

shown by Hass et al. (2012), adequate nutrient levels and excess available P can be expected 

in chicken manure biochar amended soil. Applying cow manure biochar to a sandy soil (pH 

6.4) at rate of up to 20 Mg ha
-1

 resulted in increase in maize grain yield, dry matter, water use 

efficiency, and grain nutrient content at biochar application rates of 15 and 20 Mg ha
-1

, but 

not at 10 Mg ha
-1

 (Uzoman et al., 2011b). Applied to an acidic ferralsol (pH 4.7), Slavich et 

al. (2013) showed contrasting effects of feedlot manure and green waste biochars on 

productivity of annual ryegrass (Lolium multiflorum) and peanut. While the manure biochar 

increased both productivity and N use efficiency of annual ryegrass and dry matter yield of 

peanut, no improvement was noticed by green waste biochar. The authors attributed the 

differences to higher total (6900 and 190 mg kg
-1

) and available P (73 and 6 mg kg
-1

, 

respectively) in the manure biochar compared to the green waste biochar, which were still 

maintained at higher levels in the soil three years after application (Slavich et al., 2013). In a 

similar soil type, Van Zwieten et al. (2013) showed increase in fresh corn cob yield in a field 

treated with poultry manure biochar applied at the same N-level as urea treated corn. While 

resulting in similar yield and corn N content as in raw poultry manure treatment, biochar 

treatment resulted in lower levels of N2O emission and carbon mineralization rate (Van 

Zwieten et al., 2013). 

Crop productivity response to biochar application was found to also be plant-type 

dependent, where annuals did better than perennials and legumes better than some grasses 

(Jeffry et al., 2011; Biederman & Harpole, 2012). As the spread between the native soil pH 

and the pH at which optimal growth condition of a given plant increases, a reduction in 

performances is expected; and narrowing the pH gap will improve plant performances. Nil to 

adverse effect of biochar on ryegrass productivity in acid soils (Jeffery et al., 2011) is likely 

to the fact that ryegrass is an acid tolerant plant and hence may not benefit much from an 

increase in soil pH, which may not have been the limiting factor for ryegrass yield, and in fact 

http://www.sciencedirect.com/science/article/pii/S0048969713002374
http://www.sciencedirect.com/science/article/pii/S0048969713002374
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could further lead to reduction in plant available nutrients. Hart and Mellbye (2010) for 

example, showed that annual ryegrass growth and yield indicators did not improve by raising 

soil pH above 5.3. Conversely, increase in productivity of legumes when biochar is applied in 

acid soils (Jeffery et al., 2011) is likely to the fact that nodulation and N fixation by legumes 

are very pH-sensitive (Zahran, 1999). 

Evans et al. (1980) showed that N fixation does not occur at pH <4.8 and that nodulation 

was about 10 times more sensitive to acidity than did rhizobia or root growth. As available 

Al
3+

 in acid soils inhibits both nod gene expression and rhizobia activity (Zahran, 1999 and 

references therein), a marked increase in legume crop productivity should be expected in 

response to biochar application due to its liming effect. This can likely explain the lack of 

adequate response of peanut to NPK, lime and/or biochars as soil pH was below 5.5 

throughout the study reported by Slovich et al. (2013). The positive relationship between 

aboveground growth and pyrolysis temperature were hypothesized to relate to reduction in 

volatile and other organic compounds at high pyrolysis temperatures that can otherwise limit 

plant growth (Biederman & Harpole, 2012). Yet, the positive effect of biochar pH and 

pyrolysis temperature on plant growth is likely to occur due to the positive trajectory and 

correlation of these characteristics with biochar ash, alkalinity, and liming content (neither of 

which was included in the meta-analysis), especially as increase in pyrolysis temperature 

adversely affect biochar nutrient availability. 

The effect of biochar on yield in soils of near or above natural pH is minor and 

inconsistent (Van Zwieten et al., 2010; Lentz & Ippolito, 2012; Schnell et al., 2012; Quilliam 

et al., 2012; Alburquerque et al., 2013; O‘Toole et al., 2013). While improving wheat grain 

yield and aboveground biomass, use of wheat straw or olive-tree pruning biochar at rates of 

up to 2.5% (wt/wt) to a loamy sand soil (pH 6.5) did not improved wheat yield parameters as 

compared to the addition of mineral fertilizer alone (Alburquerque et al., 2013). Moreover, 

while improving soil NH4
+
 and resin PO4

3-
, and plant P content, biochar application 

negatively affected plant N and micronutrient (Fe, Mn, Cu) content, likely due to a low N 

mineralization rate and reduction in nutrient availability as soil pH increased to 8.2 and 7.6 in 

the high application levels of olive-tree pruning and wheat straw biochar, respectively 

(Alburquerque et al., 2013). Similarly, wheat straw biochar applied to a sandy loam soil (pH 

6.8) resulted in no or negative effect on perennial ryegrass biomass and led to reduction in 

foliar N, Ca, and Mg content (O‘Toole et al., 2013).While increasing nitrogenase activity, 

wood biochar (450 °C for 48 h) applied at rates of up to 50 Mg ha
-1

 to a soil with neutral pH 

showed no significant positive effect on white clover (Trifolium repens) root or shoot biomass 

and nodulation (Quilliam et al., 2013b). In the above study by Van Zwieten et al. (2010), 

application of biochar in combination with fertilizer had mixed effects, negatively effecting 

wheat and radish yield grown in calcareous soil (pH 7.7). In absence of fertilizer application, 

biochar had no effect on soybean and wheat yield, while a positive effect on radish yield was 

noted in response to application of biochar with a higher K content (0.2 vs 1.0 cmol K kg
-1

) 

and slightly lower pH and CCE (9.4 vs. 8.2, and 33 vs. 29; Van Zwieten et al., 2010). 

It is apparent that different feedstock and pyrolysis conditions result in biochar of 

different properties and characteristics. Consistent and detailed information about the product, 

its feedstock, and production process will benefit the end users in their decision making 

process of the proper biochar for amending soils deficiencies and meeting crop requirements. 
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BIOCHAR PRODUCT AND TESTING STANDARDIZATION 
 

Biochar is produced from feedstock of different origin and quality, mixing thereof, and 

by pyrolysis conducted under different set of conditions and systems. As such, biochars 

encompass wide variety of characteristics and may differ markedly in their properties and 

impact. The International Biochar Initiative (IBI) organization recently published guidelines 

to establish common definition for feedstock, biochar, as well as to standardize biochar 

testing methods, provide minimal characterization recording and reporting requirements, and 

labeling standard for the biochar products (IBI, 2012). IBI distinguishes between ‗processed‘ 

and ‗unprocessed‘ feedstock, where the former includes any chemical and/or biological 

process the feedstock was exposed to prior to pyrolysis, e.g. paper pulp sludge, manures, 

distillers grains, and biomass portion of municipal solid waste. In addition, animal parts and 

any biomass grown on contaminated soils are considered processed feedstock and as such are 

subject to a more rigorous and frequent testing requirements. IBI proposed three test 

categories to provide uniform presentation format for (a) basic biochar properties, (b) 

toxicology, and (c) characterization of properties relevant to soil fertility. Much of the 

categories, tests, and limits are adopted from existing standards and limits previously 

established for toxicants in soil and soil amendments such as land application of biosolids, 

compost, and wood ash. The basic category (A) include essential properties of biochar used in 

soil analysis: moisture content, elemental analysis (C, H, N), organic C, pH, electrical 

conductivity, liming capacity, particle size distribution, ash content, and H:Corg molar ratio. 

Organic carbon is divided into three categories: Category 1: carbon content >60, Category 2: 

between 30 to 60, and Category 3: between 10 to 30% organic C by weight (dry basis). While 

information about all other properties in the basic category needs to be reported only, biochar 

is required to have a H:Corg molar ratio of <0.7. The H:Corg ratio is considered an intrinsic 

indicator for the degree of organic carbon stability that is correlated with the production of 

fused aromatic ring structures from the thermochemical alteration of the feedstock (IBI, 

2012). A ratio of 0.7 is used to distinguish between biochar and biomass that has not been 

thermochemically altered, or material that was altered to an insufficient lesser degree (IBI, 

2012). As several studies had shown, biomass pyrolyzed at 300 or 350 °C results in H:Corg 

ratios higher than 0.7; such ratio may lead to the biochar production at high temperatures, that 

will positively affect biochar carbon stability; however, it is likely to adversely affect biochar 

properties of agronomic benefits, such as nutrient availability and CEC (Wu et al., 2012; 

Rutherford et al., 2004; Rutherford et al., 2008). The basic category is followed by the 

biochar toxicity assessment test category (B), which include earthworm avoidance test, 

germination inhibition test, testing for polycyclic aromatic hydrocarbons (PAHs), 

polychlorinated biphenyls (PCBs), dioxins and furans, and content of metals and non-metal 

elements of environmental concern (e.g. Hg, As, Se, Cd, and Pb). While values of B, Cl, and 

Na only need to be declared, numerical values of Maximum Allowable Thresholds (MAT) for 

selected chemical compounds or elements are given as a range based on established 

thresholds for such toxicant in soil (Table 1). The ranges published by IBI are based on MAT 

values from Australia, Canada, EU, UK, and USA where long established regulation for such 

toxicants in soils and or other substrates exist. Category C is optional and provides 

information about volatile matter, mineral N, total K, total and available P, and total and 

external surface area (no threshold values exist). 
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Table 1. Numerical values established by IBI for biochar toxicity assessment reporting 

 

Element/compound  Maximum Allowable            Threshold range
†
 

PAHs 6 – 20 μg g
-1

 TM
‡
 

Dioxin/Furan (PCCD/F) 9 ng kg
-1

 I-TEQ
§
 

PCBs 0.2 – 0.5 μg g
-1

 I-TEQ 

Arsenic 12 – 100 μg g
-1

 DW
¶
 

Cadmium 1.4 – 39 μg g
-1

 DW 

Chromium 64 – 100 μg g
-1

 DW 

Cobalt 100 – 150 μg g
-1

 DW 

Copper 63 – 1500 μg g
-1

 DW 

Lead 70 – 500 μg g
-1

 DW 

Molybdenum 5 – 75 μg g
-1

 DW 

Mercury 1 – 17 μg g
-1

 DW 

Nickel 47 – 600 μg g
-1

 DW 

Selenium 1 – 100 μg g
-1

 DW 

Zinc 200 – 2800 μg g
-1

 DW 
†
 See text for clarification; 

‡ 
Total mass; 

§
 International Toxicity Equivalent; 

¶
 Dry weight basis. 

 

 

CONCLUSION 
 

Biochar is likely to have a positive and prolonged effect on soil properties, the effects of 

which are yet to be fully appreciated given the relatively short-term studies being reported so 

far. The agronomic value of biochar in improving soil fertility is highly process- and 

feedstock-dependent. Biochar CEC decreases with increase in pyrolysis peak temperature 

above ca. 350 – 400 °C, whereas porosity, anion exchange capacity, hydrophobicity, surface 

area, and carbon stability increase. The increase in surface area and porosity may compensate 

for the reduction in CEC while also providing habitat promoting microbial activity. In 

addition, pyrolysis at higher temperature increases biochar liming capacity. Yet, feedstock 

nutrient recovery and biochar hydrophility as well as plant available nutrient all decrease with 

increase in pyrolysis temperature. Optimization is needed between increasing pyrolysis 

temperature to enhance carbon stability on the one hand and producing biochar of high CEC 

and nutrient content and availability on the other hand. 

Biochar improves several soil quality indicators including CEC, bulk density, and carbon 

content. The most profound effect of biochar on soil fertility and plant growth was shown to 

be due to its CCE and the ability to increase the pH of dystrophic, acidic, and highly 

weathered soils where biochar improvement of soil fertility has shown to be most significant 

and consistent. Positive plant response to fertilizers application in biochar-amended soils 

suggests that while improving growing conditions and ameliorating acid soils growth limiting 

factors such as aluminum toxicity, nutrient content and availability become the main growth 

limiting factor. Biochar from animal manure feedstock showed to maintain higher nutrient 

content than biochar form herbaceous and woody feedstock and to, when applied at sufficient 

application rate, provide for crop nutrient requirements. When produced as the main product 

under slow pyrolysis conditions, biochar can be engineered to achieve desired characteristics; 

conversely, when produced as a byproduct, post-production augmentation procedures to 
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improve desired biochar characteristics need to be considered and included in order to 

maximize biochar impact on soil fertility. 
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