
AAllmmaa  MMaatteerr  SSttuuddiioorruumm  ––  UUnniivveerrssiittàà  ddii  BBoollooggnnaa  
 
 
 

DOTTORATO DI RICERCA IN 
 

SCIENZE E TECNOLOGIE AGRARIE, AMBIENTALI ED 
ALIMENTARI 

 
Ciclo XXVII 

 
Settore Concorsuale di afferenza: 07/B2 
 
Settore Scientifico disciplinare: AGR/03 

 
 

BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, 
AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS 

 
 

 
 

Presentata da: Giovambattista Sorrenti 
 
 
 
 
Coordinatore Dottorato 
 
Prof. Giovanni Dinelli         
 
                   
 
 

Relatore 
 
Prof. Moreno Toselli 
                                                       
Co-relatore 
 
Prof. Caroline A. Masiello 

 
 

 
 
 

Esame finale anno 2015 
 
 
 



 
 
 
 



BIOCHAR IN PERENNIAL CROPS: 

NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL 

IMPLICATIONS 

 

 

Giovambattista Sorrenti 

University of Bologna, Italy 

March, 2015 





 

 

 

……to the Mother Earth, the most amazing place where 

living, the only one we have…….  
 

 

 

 

 

 

 

 

“A nation that destroys its soil, destroys itself” 

Franklin Delano Roosevelt 

February, 26 1937 
 

 





 

 

 

 

 

 

 

 

To my parents 

Alessandro and Esterina





ACKNOWLEDGEMENTS 

Thanks Moreno (Prof. Moreno Toselli) for encouraging me to face this scientific challenge, for 

being my supervisor, for the scientific guidance and unconditioned support. Thanks for giving 

me the freedom to test all my research questions.  

Thanks Carrie (Prof. Caroline A. Masiello, Rice University, Houston, TX-USA) for becoming my 

co-advisor, for your valuable inputs, constructive suggestions and keen interest in my work.  

Thanks Bruno (Prof. Bruno Marangoni) for accepting me in the research group of fruit trees 

mineral nutrition since November 2000, introducing me to the scientific world and patiently 

transferring the passion for our work. 

Thanks prof. Silviero Sansavini for your constructive comments and for having transferred 

knowledge and passion for science. 

Thanks to my colleagues Maurizio, Graziella and Elena for your steady help, critical thinking 

and continuous support. Without you, my work would have been much hard and less fun.  

I want to thanks, in alphabetical order, Andrea (Dr. A. Simoni), Bo (Dr. B. Chen), Enrico (Dr. E. 

Muzzi), Francesca (Dr. F. Gaggìa), Giampaolo (Dr. G. Buriani), Helge (Dr. H. Gonnermann), 

Loredana (Dr. L. Baffoni), Maurizio (Dr. M. Ventura), Paola (Dr. P. Gioacchini) and Xiaodong 

(Dr. X. Gao) for your professional assistance in the analytical processes.  

My appreciation goes to the students Vinicius, Antonella, Gabriel and Flavia, to my colleagues 

and friends at the Department of Agricultural Sciences, at the Experimental Station of 

Cadriano and to many other people who participated somehow to this work.  

My immense gratitude goes to my parents Alessandro and Esterina for their utmost 

cooperation, inspiration and emotional support. 

Obrigado Indira, pois desde que te conheci minha vida melhorou. 

 

 

 





BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, 

AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS 

 ABSTRACT 

Biochar is the solid C-rich matrix obtained by pyrolysis of biomasses, currently promoted as a soil 

amendment with the aim to offset anthropogenic C emissions, while ameliorating soil properties and 

growth conditions. Benefits from biochar seem promising, although scientific understandings are 

beginning to be explored. In this project, I performed a suite of experiments in controlled and in field 

conditions with the aims to investigate the effect of biochar on: a) the interaction with minerals; b) Fe 

nutrition in kiwifruit; c) soil leaching, soil fertility, soil CO2 emissions partitioning, soil bacterial profile 

and key gene expression of soil nitrification-involved bacteria; d) plant growth, nutritional status, 

yield, fruit quality and e) its physical-chemical changes as affected by long-term environmental 

exposure. Biochar released K, P and Mg but retained Fe, Mn, Cu and Zn on its surface which in turn 

hindered Fe nutrition of kiwifruit trees. A redox reaction on the biochar surface exposed to a Fe source 

was elucidated. Biochar reduced the amount of leached NH4
+
-N but increased that of Hg, K, P, Mo, Se 

and Sn. Furthermore, biochar synergistically interacted with compost increasing soil field capacity, 

fertility, leaching of DOC, TDN and RSOC, suggesting a priming effect. However, in field conditions, 

biochar did not affect yield, nutritional status and fruit quality. Actinomadura flavalba, 

Saccharomonospora viridis, Thermosporomyces composti and Enterobacter spp. were peculiar of the 

soil amended with biochar plus compost which exhibited the highest band richness and promoted 

gene expression levels of Nitrosomonas spp., Nitrobacter spp. and enzymatic-related activity. 

Environmental exposure reduced C, K, pH and water infiltration of biochar which instead resulted in a 

higher O, Si, N, Na, Al, Ca, Mn and Fe at%. Oxidation occurred on the aged biochar surface, it 

decreased progressively with depth and induced the development of O-containing functional groups, 

up to 75nm depth. 
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CHAPTER 1 
 

INTRODUCTION  
 

Anthropogenic carbon dioxide (CO2) emissions, mainly from fossil fuel consumption, have 

increased in the last decade at a rate of over 0.9 Gt y-1, corresponding to 3% of the net global 

emissions (Woolf et al., 2010) and reached the record of 31.6 Gt CO2 eq y-1 in 2012, the 

highest level in history (IEA, 2013), contributing to worsen the “greenhouse effect”, so the 

climate changes (Lehmann, 2007a). Solomon et al. (2009) estimated an increase of about 1 mg 

kg-1 in the atmospheric CO2 content each 4 Gt of fossil carbon (C) burning and worldwide 

scientists point out that the increased CO2 concentration in the atmosphere (which shifted from 

280 ppm measured in the pre-industrial age to the current CO2eq concentration of 430 ppm) 

represents, together with others greenhouse gases (GHGs), such as nitrous oxide (N2O) and 

methane (CH4), the major driver for permanent global climate changes. Estimations indicate 

that if global GHGs emission will be not offset, their concentration in the atmosphere could 

triplicate the pre-industrial level within 2100, causing an overall warming effect up to 6.4°C 

(IEA, 2013). A recent survey confirmed that agriculture represents the largest contributor to 

non-CO2 GHGs emission and that over the past 20 years, GHGs net emission from AFOLU 

(Agriculture, Forestry and Other Land Use) increased by 8%, from an average of 7,497 Mt 

CO2eq in the 1990s to an average of 8,103 Mt CO2 eq in the 2010s (FAO, 2014). 

Concerns due to climate changes may include land degradation, loss of biodiversity, increase 

of coastal areas vulnerability and alterations in land hydrology (Ravishankara et al., 2009; 

Solomon et al., 2009) with serious implications for world food security, human economy, 

biodiversity and potentially affecting the more vulnerable socio-economic segments first (Lal, 

2010a; 2010b; Ericksen et al., 2009). In fact, according to Ernsting (2011), the global warming 

will particularly affect poor societies living in developing Countries first whereas developed 

Countries are still the major drivers.  

Therefore, global GHGs emission must be worldwide urgently cut down through the 

development of effective and sustainable strategies in order to withdraw at least 3.2 Gt of CO2 

eq y-1 from the atmosphere (Sohi, 2012). Other than reducing global energy consumption, 

raising the energetic efficiency, decreasing the emissions of concrete building and replacing 

fossil fuel energy with alternative and renewable GHGs neutral energy, either plant biomass or 

soil organic matter (SOM) are considered valuable strategies to both sequester and store C 

from the atmosphere (Lackner, 2003).  
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Photosintetically fixed C (net primary production, NPP) represents a substantial C flow which 

consists of about 57 Gt y-1 and 50 Gt y-1 in terrestrial and oceanic ecosystems, respectively 

(Behrenfeld et al., 2001). A significant portion of the global NPP could be destined to produce 

renewable energy, thereby contributing to offsets GHGs emission. Similarly, most of the 

agricultural residues and organic wastes that currently are mainly buried in soil, disposed 

and/or open burnt, represent a valuable source to yield renewable energy. However, either 

when biomass naturally decomposes or it is used as a fuel to produce other sources of energy 

(e.g. electricity, gases), fixed C returns into the atmosphere. Likewise, most of the amount of 

organic amendments applied to agricultural soils in order to increase the SOM content is often 

quickly depleted since C is used as substrate by edaphic microorganisms to fulfill their energy 

requirements. 

In this scenario, the C balance of such strategies is neutral (Lehmann, 2007b), hence their long-

term C sequestration potential negligible. 

Conversely, C becomes more steadily fixed when organic materials are charred, so that the 

conversion of biomasses into charcoal and its subsequent use as a soil conditioner (biochar) has 

been recently proposed as a sustainable long-term strategy to sequester atmospheric CO2, 

whilst potentially mitigating the global climate change (Stavi and Lal, 2013; Sohi, 2012; 

Shrestha et al., 2010; Woolf et al., 2010; Lehmann and Joseph, 2009; Gaunt and Cowie 2009; 

Laird, 2008, Lehmann, 2007a). 

Biochar is defined as a black, fine-grained, highly porous and recalcitrant C-rich material 

generated by the pyrolysis of biomasses in oxygen-limited conditions (Lehmann et al., 2006; 

Lehmann, 2007a) (Fig. 1.1). The intended purpose distinguishes biochar from the common 

charcoal which is mainly adopted as a fuel, a filter, a reductant agent in iron-making or a 

coloring agent in industry (Lehmann and Joseph, 2009). More specifically, biochar is produced 

by the thermal decomposition (incomplete combustion) of organic materials (such as wood, 

organic wastes, agro-industrial residues, energetic crops, manures, municipal organic solid 

wastes) under limited supply of oxygen (O2) and at relatively low temperatures (<700°C) 

(Hammes et al., 2008). Ultimately, biochar is the by-product of the pyrolysis process which has 

a high C content and aromatic compounds whit 6 C atom rings linked together either with O 

and/or hydrogen (H), the most abundant atoms in organic matter (OM) (Lehmann and Joseph, 

2009).  



Chapter 1 - Introduction 

 

13 

 

 

Figure 1.1. Biochar from hardwood pyrolized at 500 °C 

(Picture: Sorrenti, 2013)  

 

1.1 Biochar: terminology and history   

The term biochar was first adopted in 1998, then widely used from 2006 to indicate the 

manmade charcoal produced for agronomical purposes (Lehmann et al., 2006) and, in 

particular, as a soil amendment since it has been observed that charcoal, other than 

sequestering C, improves physical, chemical and biological properties of amended soils 

(Baronti et al., 2014; Spokas et al., 2012; Verheijen et al., 2010; Laird, 2008; Steiner et al., 

2007; Lehmann et al., 2003). In fact, it has been reported that biochar application to soils 

induces many advantages including enhancement of soil health (Ameloot et al., 2013), 

reduction of heavy metal contamination risks (Namgay et al., 2010), increase of plant growth 

and yield (Jeffery et al., 2011; Major et al., 2010; Chan et al., 2008;) and decrease of GHGs 

emissions from soil (Singh et al., 2010a; Van Zwieten et al., 2009; Yanai et al., 2007). 

However, biochar doesn’t represent a new discover since its potential as a soil conditioner was 

well known centuries ago in the Amazon basin where soils (Oxisols, Anthrosols) are typically 

acid, dark red-colored, rich in aluminum (Al), manganese (Mn) and iron (Fe) and characterized 

by high mineralization rates, that makes fertility poor (Glaser et al., 2002; 2001). In this region, 

only limited spots, called “Terra Preta de Indio” are characterized by alkaline, dark-colored and 
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fertile soils (Fig. 1.2) (Glaser and Birk, 2012; Sombroek et al., 2003). Terra Preta de Indio sites 

are found as small areas of about 200 m in diameter each, usually close to both current and 

historic human settlements throughout Amazonia, covering a total area of about 18,000 km2 

(Sombroek and Carvalho de Souza, 2000) with varying depth (down to 1 m). 

  

Figure 1.2. “Terra Preta” soil profile (Brazil, 2013). The dark color of the first 0.50 m depth is 

due to anthropogenic C.  

(Pictures: Sorrenti, 2013) 

 

Terra Preta de Indio soils were obtained between 2000 and 1500 years ago by the common 

activities of the local Amazon Indians who, for centuries, enriched their fields with charcoal 

mixed with different organic sources (e.g. fish and animal bones, plants, organic wastes, 

potsherds and feces) (Mann, 2002). Terra Preta de Indio soils contain up to 250 Mg ha-1 of soil 

organic carbon (SOC) in the top 0.30 m (compared to 100 Mg ha-1 of surrounding soils) and up 

to 500 Mg ha-1 in the top 1m (Glaser, 2001), is richer in nutrients (e.g. nitrogen (N), sulphur 

(S), calcium (Ca) and phosphorus (P)), retains more water, has a higher microbial activity, 

higher pH and cation exchange capacity (CEC), reduces nutrient leaching and increases 

microbial diversity (Glaser and Birk, 2012; O’Neill et al., 2009; Kim et al., 2007), therefore is 

considered more fertile than surrounding Oxisols (Glaser et al., 2001; Mann, 2002). For these 

reasons, it has been reported that biochar has positive effects on crop yields in Oxisols as well 

as in other tropical soils (Lehmann and Joseph, 2009). 

Soil types comparable with those found in the Amazon basin have been discovered, although in 

smaller scale, in Amazon parts of Peru, Columbia and southern Venezuela and in the Guianas 

(Heckenberger et al., 2003; Kern et al., 2003; Sombroek et al., 2002; Denevan, 1996) in Sierra 

Leone (Africa), Liberia (Africa) and Kalimantan (Indonesia). The fact that black soils are most 

diffused and larger in the Amazon basin seems to be related to the differences in the 
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technology available to the local populations at that time. In fact, only the Indians of South 

America ignored Fe yet (then no machetes or other Fe-made tools were available to cut 

vegetation) hence, in order to exploit the lands, trees (and biomasses) were burned in situ then 

covered with soil while still burning (limiting the O), involuntary originating charcoal.    

These findings have recently attracted the interest of scientists in developing the so called 

“Terra Preta Nova” soils which would mimic the “Terra Preta de Indio” soils by the 

incorporation of pyrolized biomasses in order to improve soil functions while mitigating 

climate change by sequestering C (Ameloot et al., 2013). 

 

1.2 Pyrolysis of biomasses 

Pyrolysis is defined as the thermo-chemical decomposition of any organic material by heating 

in the absence (or limited availability) of O, although a small amount of oxidation will always 

occur (Laird et al., 2009). The term derives from two Greek worlds where “pyro” and “lysis” 

mean fire and decomposition, respectively and the fundamental aim of this process is to 

transform a solid ash-rich feedstock into bio-oil which is an ash-poor liquid product. Compared 

to combustion during which total oxidation of OM occurs, the degree of oxidation observed 

with pyrolysis is much smaller leading to a substantially larger proportion of C in the charred 

material which is not liberate in the atmosphere as CO2. Pyrolysis may occur spontaneously at 

specific temperature varying with material (e.g. 300°C for wood) and in nature it occurs when 

vegetation is exposed to wildfires. 

Pyrolysis degrades feedstock polymers into smaller compounds while larger molecules are also 

produced (including both aromatic and aliphatic compounds) as a consequence of 

polymerization of OM. Nevertheless, with pyrolysis much of the C from the feedstock is 

converted into three different components such as gases, liquids and solids in different 

proportions (Tab 1.1) depending upon both the feedstock and the pyrolysis conditions used 

(Laird et al., 2009).  

Produced syngas include both flammable CH4 and other hydrocarbons which can be condensed 

by cooling, leading to oil and tar residues. Products of pyrolysis, either gas (condensed or in 

gaseous forms) or liquids can be used as a fuel for combustion while biochar represents the 

byproduct. 

The first evidence for charcoal production by pyrolysis comes from Southern Europe and the 

Middle East, more than 5500 years ago. Subsequently, with the coming Bronze Age (4000 

years ago), pyrolysis was widely adopted since it was essential to produce charcoal in order to 

sustain the fire needed to produce bronze by smelting tin (Sn) added with copper (Cu).  
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Although the basic concept of pyrolysis remains unchanged, modern technologies are adopted, 

each one producing different percentage of outputs. Pyrolysis can be manipulated, apart from 

feedstocks, by the temperature (rates and peaks) and residence time of the feedstock in the 

reactor unit. Either temperature or residence times of solid or vapor in the pyrolysis unit, or a 

combination of both, have a large effect on the relative proportions of the end products. 

Because of it, four different types of pyrolysis are generally identified: i) fast, ii) intermediate, 

iii) slow pyrolysis and iv) gasification (due to the high proportion of syngas produced) (Tab. 

1.1). 

 

Table 1.1. Product yield of bio-oil, syngas and biochar under different pyrolysis conditions   

Process T °C Exposure 
time 

Yield (%) 

Liquid 
(Bio-oil) 

Gases 
(Syngas) 

Solid 
(Biochar) 

Fast pyrolysis ~500 < 2 sec. 75 13 12 

Intermediate pyrolysis 350-450 10-20 sec. 50 30 20 

Slow pyrolysis 300-400 10-30 min. 30 35 35 

Gasification >750 2-4 min.  5 85 10 

 Source: modified from IEA, 2007  

 

1.3 The sustainable-biochar concept: a C negative strategy to mitigate climate change  

As mentioned, pyrolysis represents a sustainable strategy for producing renewable energy since 

it thermally transforms biomasses, organic wastes and biorefining residuals into bio-oil, syngas 

and biochar (Laird, 2008). Due to its high recalcitrance, biochar serves as a C sink since it 

persists up to thousands of years when incorporated into the soils (Spokas et al., 2012; 

Verheijen et al., 2010; Lehmann, 2007a): in other words, biochar significantly reduces the rate 

at which photosynthetically fixed C compounds return to the atmosphere with a positive C 

removal from atmosphere (Sohi, 2012; Lal, 2010b; Shackley et al., 2010; Lehmann and Joseph, 

2009). Recently, it has been estimated that an extensive use of this strategy in agriculture can 

offset current global C emissions by a maximum of 1.8 Gt CO2-C eq., corresponding to the 

12% y-1 of anthropogenic CO2-C and reducing net emissions over a century by 130 Gt CO2-C, 

without compromising food security and soil conservation (Woolf et al., 2010). Biochar can be 

conveniently produced by large industrial plants down to small domestic scale level exploiting 

either several commercial or homemade pyrolysis units able to yield different proportions of 

biochar, bio-oil and syngas (Tab. 1.1). Then, syngas is typically intended to generate electricity 
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while the bio-oil may be used for heating applications and, after adequate treatments, 

potentially used as a biodiesel substitute.  

 

 

 

 

Figure 1.3. The sustainable biochar concept. Size of each component is proportional to its 

significance (source-effect).  

Source: Woolf et al., 2010. Nature communications, 1, 56 - (with permission) 

 

The sustainable biochar concept, resumed in Fig. 1.3, starts removing CO2 from the 

atmosphere by plants which convert it, by photosynthesis, into biomass. Biomass undergoes 

the pyrolysis process to yield renewable energy sources (syngas and bio-oil) and, as a by-

product, biochar. The bioenergy produced by pyrolysis can offset fossil C emissions which 

would be inevitable to produce the same amount of energy exploiting non-renewable sources 

(e.g. fossil coal). Besides, if incorporated into the soil, biochar stores C much longer than 

would occur if the biomass would have been left to naturally or artificially degrade. Also, 

avoiding biomass decay, emissions of CH4 and N2O are prevented. Additionally, benefits 

induced by biochar to soil fertility may increase plant NPP with further removal of atmospheric 

CO2 by photosynthesis, thereby achieving a positive feedback.  
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1.4 Biochar stability   

Biochar is considered a recalcitrant C-rich material (Nguyen and Lehmann, 2009) as a 

consequence of its predominantly condensed aromatic structure (Baldock and Smernik, 2002) 

and in comparison to other organic materials, biochar resists to microbial and/or natural 

environmental decomposition (Lehmann et al., 2007a). However, not all biochars have the 

same stability in soil, depending on the biomass used and the pyrolysis conditions. Generally, 

biochars account for both labile and stable forms of C. The latter (highly aromatic) is believed 

to be stable in soils likely for several thousand years whereas the labile C forms (low 

aromacity) can be quickly degraded and released to the atmosphere as CO2 within a couple of 

years after its incorporation. The labile C fraction in biochar ranges from 2 to 12 % whit the 

highest rate obtained when low heating rates (slow pyrolysis) are adopted. In fact, above 475 

°C carbohydrates are almost entirely converted to volatiles then, remaining C compounds are 

highly aromatic and stables, whereas partially unconverted biomass mineralizes quickly once 

in the soil (Yang et al., 2007). 

Several studies report soil residence time of either charcoal or biochars in timescales ranging 

from decades to millennia (Zimmerman, 2010; Kuzyakov et al., 2009; Cheng et al., 2008; 

Hammes et al., 2008; Hamer et al., 2004) even longer than 10,000 years (Swift, 2001), 10-1000 

times longer than other SOM sources (Verheijen et al., 2010) and that it remains intact in deep-

sea environment up to 13,900 years (Masiello and Druffel, 1998). The stability of biochar 

depends by the degree of condensation of the aromatic rings (closely referred to the feedstock) 

and by the biochar particle size, edaphic and climatic conditions under which biochar is 

exposed and oxidized (Nguyen et al., 2010; Singh and Cowie, 2010; Zimmerman, 2010, 

Kuzyakov et al., 2009; Lehmann et al., 2009; Nguyen and Lehmann, 2009) but, in particular, to 

the charring conditions (temperature and exposure time) at which biochar is produced 

(Lehmann and Joseph, 2009). Higher pyrolysis temperatures yield less but more stable biochar 

since the proportion of aryl-C to aliphatic-C increases with increasing in charring temperature 

(Nguyen et al., 2010; McBeath and Smernik 2009; Baldock and Smernik 2002). 

The rate at which biochar may be decomposed varies according to the stability of its oxidizable 

components. Usually, an initial decomposition of the surface labile components of the biochar 

particles (e.g. aliphatic-C) may occur, followed by a much slower decomposition of condensed 

aromatic-C, which dominate the biochar core structure (Waters et al., 2011). 
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1.5 Biochar structural and chemical composition  

1.5.1 Structural composition  

Generally, a biochar fragment consists of 2 main structural fractions: i) stacked crystalline 

graphene sheets and ii) randomly ordered amorphous aromatic structures. During pyrolysis, a 

considerable mass of the initial biomass is lost under volatile forms and a rigid amorphous C 

matrix remains. Over 120 °C organic materials lose moisture and begin to undergo some 

thermal decomposition. Between 200 and 260 °C hemicelluloses are degraded, cellulose starts 

to degrade between 240 and 350 °C and finally, lignin between 280 and 500 °C (Sjöström, 

1993). The proportion of aromatic C in the forming biochar increases as the pyrolysis 

temperature raise due to the relative increases in the loss of volatile matter which occur in the 

following order: water, hydrocarbons, tarry vapors, H2, CO and CO2), and the conversion of 

alkyl and O-alkyl C to aryl C (Baldock and Smernik, 2002; Demirbas, 2004). 

When pyrolysis temperature reaches 330 ºC, polyaromatic graphene sheets start to grow 

laterally at the expense of amorphous C phases and, finally, coalesce. Over 600 ºC, 

carbonization is the dominant process and it is distinguished by the removal of most remaining 

non-C atoms with consequent increases in relative C content that can represent up to 90% of 

the final biochar (Antal and Grönli, 2003; Demirbas, 2004). Pyrolysis of wood-based 

feedstocks yield coarser and more recalcitrant biochars with a C content up to 80% since the 

rigid ligninolytic nature of the original biomass is retained (Winsley, 2007).  

 

1.5.2 Chemical composition and surface chemistry  

Biochar is a highly heterogeneous material and its major constituents are C, ash, volatile 

matter, minerals and moisture (Tab. 1.2) (Sohi et al., 2009; Antal and Grönli, 2003).  

 

Table 1.2. Range of relative composition for biochars obtained from different feedstock and 

different pyrolysis conditions. 

Compound Ranges of relative proportion (w w-1) 

C 50-90 

Moisture 1-15 

Volatile matter 0-40 

Ash 0.5-5 

Source: Brown (2009) and Antal and Grönli (2003)   
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The relative proportion of biochar components affects its chemical and physical behavior 

(Brown, 2009), its suitability for a site specific application, its transport and fate in the 

environment (Downie et al., 2009). The complex and heterogeneous chemical composition of 

biochars is extended to its surface chemistry which basically is the most reactive part of each 

biochar fragment that could explain how biochar interacts with organic and inorganic 

compounds in the environment. Physical structure and chemical bounds in the biomass are 

broken and re-assembled during pyrolysis resulting in the formation of numerous functional 

groups (e.g. hydroxyl -OH, amino-NH2, ketone -OR, ester -(C=O)OR, nitro - NO2, aldehyde -

(C=O)H, carboxyl -(C=O)OH) mainly positioned on the outer surface of the graphene sheets 

(Harris, 1997; Harris and Tsang, 1997) and porous surfaces (Van Zwieten et al., 2009). 

Depending on the feedstock and charring temperature, some of these functional groups can 

take up (acceptor) and release (donor) several hundred micromoles of electrons per gram 

(Klüpfel et al., 2014) resulting on coexisting areas which properties can range from acid to 

basic and from hydrophilic to hydrophobic (Amonette and Joseph, 2009) properties with 

important implications in soil cycles. Results from Kappler et al. (2014) suggest that biochar 

can alter soil biogeochemistry either indirectly by changing the soil structure and chemistry or 

directly by mediating electron transfer processes (i.e., by functioning as an electron shuttle). 

Besides, elements such as H, O, N, P and S are predominantly incorporated within the aromatic 

rings and defined as heteroatoms (Bourke et al., 2007) which are thought to be of great 

contribution to the highly heterogeneous surface chemistry and reactivity of biochar. 

 

1.5.3 Particle and pore size distribution  

Feedstock and charring conditions mainly establish the physical make-up of biochar in terms of 

particle size and pores distribution (Cetin et al., 2004). However, shrinkage and frictions 

occurring not only during processing, but also during transport, storage, manipulation and 

distribution to soils reduce particle sizes of incorporated biochars. 

Generally, wood-based feedstocks originate coarser biochars whereas crop residues and/or 

manures generate finer fragments with a weaker structure (Sohi et al., 2009). The pyrolysis 

technology (e.g. reactor type and shape), conditions (heating rate, max temperature, residence 

time, pressure, flow rate), pre- (e.g. drying, chemical activation) and post- (e.g. sieving, 

activation) treatments greatly affect biochar physical structure (Brown et al., 2009; Cetin et al., 

2004; Lua et al., 2004; Antal and Grönli, 2003). Particle and pore size were found to decrease 

as the pyrolysis temperature increases (Schimmelpfennig and Glaser, 2012; Downie et al., 

2009); for instance, higher heating rates and shorter residence times, resulted in finer biochars 


