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ABSTRACT 

Biochar prepared from cocoa pod, sawdust, rice straw and husk wastes may provide new low cost 

technology for environmental management with emphasis on P removal from waste water to 

minimize eutrophication and to enhance P availability in tropical soils. To achieve this, the 

sorption characteristics of the biochar types would have to be understood. In this study, laboratory 

experiments were conducted to investigate the P adsorptive characteristics on four biochar types 

derived from cocoa pod, sawdust, rice husk and straw. Batch sorption experiment was conducted 

to investigate the time for maximum adsorption by shaking at two (2) hours intervals between 2 to 

24 hours. X-ray diffractograms of the various biochars were obtained to help elucidate possible 

mechanisms of adsorption. Effect of pH on adsorption was also studied for initial pH ranging 

between 2 and 12 and initial P concentrations between 0.4 mM and 1.6 mM. Results from the 

research revealed that six (6) hours of shaking time was sufficient to achieve maximum adsorption 

onto the various biochars. Optimum pH for adsorption occurred at equilibrium pH of 5.7 for rice 

husk, 6.2 for sawdust, 6.7 for cocoa pod and 7.2 for the rice straw biochar. The isotherms indicated 

that the amount of P adsorbed increased with increasing equilibrium P concentrations. Increases 

in equilibrium pH above 7.2 led to decreases in adsorption for all the biochar types. Rice husk and 

sawdust biochar types were found to have the highest affinity for P with estimated maximum 

adsorption of 7300 mg/kg P. Phosphate adsorption mechanism varied with biochar type. Surface 

precipitation of P by Ca and Mg was proposed as an important mechanism of P adsorption on the 

sawdust biochar. Magnesium precipitation of P was also proposed as a mechanism of P removal 

by the rice husk biochar. Both electrostatic attraction and ligand exchange reactions by periclase 

(MgO) with P could be the main mechanisms of adsorption on cocoa pod, rice straw and sawdust 
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biochar types. Phosphorus adsorption via ligand exchange and or electrostatic attraction could have 

accounted for P removal by the rice husk biochar. 
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CHAPTER ONE 

INTRODUCTION 

1.0 Background 

There are many different types of biomass resources in Ghana including agricultural crop residues, 

agricultural by-products, forestry residues, wood waste, and organic portion of municipal solid 

waste (Duku et al., 2011). The major crop residues generated in the country include rice straw, 

rice husk, cocoa pods, stalk of maize, sorghum, millet and pineapple peels, etc. Ghana produces 

13000 tonnes of waste daily; a bulk of which is organic, but the country lacks the appropriate 

infrastructure to manage the waste (Foray, 2012). Any technology that will transform these organic 

wastes into useful material will therefore be of immense benefit to the country. 

There are mountains of sawdust in almost all districts of the country because of the activities of 

wood industries consisting of sawmills and carpentry workshops. These sawmills generate 20% of 

the total volume of wood milled as sawdust alone, excluding other wood waste (United Nations 

Industrial Development Organization [UNIDO], 2009). The mountains of sawdust are mainly 

disposed of through aerobic burning which culminates in the release of greenhouse gases (GHGs).  

As a national policy to cut down on rice importation, there has been a conscious effort to boost 

rice production in Ghana. This has led to the generation of large volumes of rice straw and husk. 

Rice husk as an agricultural waste abounds in almost all rice-growing centres in Ghana and 

accounts for 23% of total paddy weight (Frimpong-Manso et al., 2011). The high C: N ratio of rice 

husk makes the material not easily decomposable and thus unsuitable for use as soil amendment. 

Consequently, the material piles up breeding rodents such as mice that in turn attract snakes to the 

breeding sites. Rice straw is also a waste generated in the rice growing fields after harvesting. 
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Some of the rice straw are being used as feed for cattle and are occasionally incorporated into the 

soil during ploughing. The main method of disposal of these two materials has however, been 

through aerobic burning which also culminate in the release of GHGs. 

Ghana is presently the world's second largest producer of cocoa beans. In the year 2012, Ghana 

produced over 1,000,000 metric tonnes of cocoa beans (USDA, 2012). However, the production 

of one tonne of marketable cocoa entails the harvest and breaking of approximately between 

25,000 and 30,000 pods (Sustainable Tree Crop Production [STCP], 2007). These cocoa pods are 

dumped near farm steads on the plantations and become a significant source of disease inoculum 

when used as mulch on the plantations (Figueira, 1993). Some decades ago, the cocoa pods were 

ashed and used in the preparation of soap. However, with the influx of imported soap, the locally 

manufactured soap from cocoa pods is not so popular with Ghanaians leading to the piling up of 

the cocoa husk. Any technology that will transform the pods into a useful material will go a long 

way in reducing tonnage of waste produced from cocoa. 

Pyrolysis can be a potential promising method of managing rice husk, rice straw, sawdust and 

cocoa pod compared to the current landfilling, incineration, or direct agricultural utilization, with 

their attendant secondary pollution problems (Lu et al., 2011; Hwang et al., 2007). The pyrolysis 

process tends to reduce the volume of bio-solids, eliminate pathogens and change the organic 

matter into bio-fuel, bio-oil and biochar (Lu et al., 2011; Domi'guez et al., 2006). Biochar 

pyrolysed from agricultural waste has large surface area and contain high elemental carbon and 

phosphorus, with a large amount of exchangeable cations. These positive attributes could be 

explored to improve soil fertility (Hossain et al., 2010, 2011; Lu et al., 2011). 

Ghanaian soils are characterized by low organic carbon content and consequently low nitrogen 

contents. They are also highly weathered and dominated by oxides of Fe and Al with low P levels 
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(Nartey et al., 1997). They also have large capacity to fix added P through sorption and anion 

exchange (FAO, 2011; Owusu-Bennoah et al., 2000). Strongly sorbed or fixed phosphate in these 

soils are unavailable for plant uptake. Therefore, substantial P inputs are required for optimum 

plant growth (IAEA, 2002). Sorption of phosphorus fertilizers by aluminium and iron oxides, and 

highly weathered kaolinitic clays in these tropical soils results in decrease of plant available 

phosphorus (Owusu-Bennoah et al., 2000). However, in most developing countries like Ghana, 

cost of fertilizers are high making it difficult for the poor farmers to apply large amounts of P to 

satisfy plant requirement (International Atomic Energy Agency [IAEA], 2002). Meanwhile, 

organic inputs that farmers can depend upon to minimise P fixation require frequent application 

because of high temperatures and rapid decomposition rates in the tropical environment. High 

haulage costs of organic residue from deposition points leading to high production cost is a big 

disincentive to many Ghanaian farmers for using these organic residues. 

In northern Ghana where rainfall is uni-modal, organic additions especially from plant sources to 

soils are rare as the materials serve as feed for animals during the seven-month long dry season. 

Organic amendments to soils must therefore be in the form that will persist for very long periods 

to minimize frequent applications. 

The world's resources of P are the smallest and thus on a global scale, P should be used as 

efficiently as possible in order to conserve the resource base and to maintain and increase where 

necessary, agricultural productivity (FAO, 2011). Any amendment or conditioner that when added 

to the soil will enhance P availability and persist in the soil will go a long way in making P 

sustainability a reality. This amendment must also have the additional property of being cheap and 

affordable to the resource poor Ghanaian farmer. A material that is inherently rich in P, stable in 
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the soil and can adsorb nutrients and release the nutrient slowly for plant use should be the panacea 

to the problem. 

Biochar is a stable carbon rich material, which has gained a lot of attention for the numerous roles 

it plays in the soil. It is a product of biomass pyrolysis, which is the combustion in oxygen limited 

environment (Lehman et al., 2006). It is highly resistant to microbial degradation and can therefore 

stay in soils for hundreds to thousands of years (Lehman et al., 2006). It has been found to increase 

cation exchange capacity, soil pH, nutrient concentration and water retention of soils in addition 

to sequestering carbon from the atmosphere (Chen et al., 2008; Lehmann, 2007; Tang et al., 2013). 

It has been proven that biochar gradually releases limiting nutrients such as P (Uchimiya et al., 

2010). Research has shown that biochar has high ability to adsorb anions including P, cations and 

other non-polar organic compounds (Yao et al., 2011; Kolodynska et al., 2012). 

1.1 Problem Statement 

Although many studies have demonstrated the ability of biochar to sequester carbon and improve 

soil productivity, its use as an adsorbent in removing contaminants from wastewater is now gaining 

grounds. Biochar is a highly porous material containing functional groups such as the carboxylic 

and phenolic groups which influence its surface chemistry such as CEC and surface acidity. It also 

has large surface area that greatly influences its sorption properties (Tang et al., 2013). In addition, 

it has high oxides and carbonate contents and high pH which vary with feedstock (Zheng et al., 

2013). These characteristics of biochar imply that the material has sorption properties that may 

vary with feedstock and pyrolysis temperature. According to Lehman (2007), biochar can adsorb 

more than 3000 mg/kg phosphates even at low solution concentrations of 40 mg/L whilst soil with 

low native P can adsorb only up to 600 mg/kg phosphates. This high adsorptive capacity of biochar 

implies that the material could be beneficial in removing P. The phosphate ladened biochar when 
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applied to soil could improve the P contents of tropical soils. Yao et al. (2011), studied the effect 

of pH on the adsorption of phosphate onto biochar derived from anaerobically digested sugar beet 

tailings and concluded that the optimum pH for phosphate removal by the biochar should be around 

5.2, where phosphate exists in the form H2PO4
-. 

Sorption kinetics studies have shown that fly ash and furnace slag with a very small particle 

diameter (about 0.03 mm in average) need only 3 to 5 h to reach equilibrium (Agyei et al., 2000). 

A study of the P removal efficiency of apatite-containing materials and graymont limestone with 

larger particle diameter (2.5-10 mm) however, showed a two to threefold increase in P sorption 

from 24 to 96 hours (Bellier et al., 2006). Studies on time for maximum adsorption onto biochar 

derived from anaerobically digested sugar beet tailings reached equilibrium after 24 hours. A 

related research conducted by Zhang et al. (2013) using cotton wood biochar indicated that the 

adsorption of phosphate showed rapid kinetics and reached equilibrium within 1 hour. This means 

that different biochar types may have different properties and therefore have different adsorptive 

characteristics. 

Rice straw and husk, sawdust and cocoa pod abound in Ghana. These materials can easily be 

charred anaerobically into biochar to be used to remove nutrients such as phosphate. The P ladened 

biochar could then be used to enrich the P deficient soils of Ghana. To be able to achieve this, it is 

imperative to address some key research questions in relation to the phosphate adsorptive 

characteristics of the biochar prepared from rice straw, rice husk cocoa pod and saw dust: 

i. What is the adsorption maximum for each of the biochar types to be prepared from the 

four different feedstock? 

ii. What is the shaking time that will give maximum adsorption for each of the biochar 

types? 
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iii. What is the optimum pH for maximum adsorption? 

iv. What is the mechanism of adsorption of P on each biochar type? 

1.2 Justification 

Converting rice straw, rice husk, sawdust and cocoa pod, which abound in Ghana as waste into 

biochar will enhance the materials' usefulness as tools for improving soil productivity especially 

in tropical soils. Furthermore, understanding the adsorptive characteristics of phosphate on these 

four biochar types is necessary if low cost appropriate technologies are to be developed for 

phosphate removal from industrial, municipal and domestic effluents using biochar from sawdust, 

rice husk and straw and cocoa pod. 

1.3 Hypothesis 

Ho: Biochar prepared from sawdust, rice husk and straw and cocoa pod will not have different  

sorption affinity for phosphate. 

HA: Biochar prepared from sawdust, rice husk and straw and cocoa pod will have different sorption 

affinity for phosphate. 

1.4 Objectives 

The objectives of the study were to: 

i. determine the shaking time that will give the maximum adsorption of phosphorus. 

ii. determine the optimum pH for maximum adsorption of phosphorus on biochar types to 

be prepared from sawdust, rice husk and straw and cocoa pod 

iii. determine which of the four biochar types is best suited for adsorption of phosphorus 

iv. elucidate the adsorption mechanism of phosphorus on the four biochar types. 
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CHAPTER TWO 

LITERATURE REWIEW 

2.1 Definition and Scope of Sorption  

Persistence of nutrients such as phosphate, nitrate and organic pollutants in topsoil and aquatic 

systems and the evaluation of the degree of contamination are problems of particular 

environmental concern (Delle, 2001). Knowledge of the sorption characteristics of the pollutants 

and adsorbents is necessary to investigate these pollutants (Delle, 2001). 

Sorption refers to any removal of a compound from solution to a solid phase (Sposito, 2008). The 

inverse process which involves the release of ions or molecules from solid phase into solution is 

defined as desorption (Thompson and Goyne, 2012). These definitions are universally applicable 

and useful when one has no knowledge of the actual sorption mechanism. Depending on the 

sorption mechanism, the process can be categorised into adsorption, absorption and precipitat ion. 

Adsorption is the accumulation of chemicals at the solid-liquid interface whereas absorption 

involves the accumulation of molecules within existing solid and the incorporation of substances 

within an expanding three-dimensional solid is precipitation (Thompson and Goyne, 2012; Delle, 

2001). 

Terms frequently used when discussing sorption processes are ‘sorptive’, ‘sorbate’, and ‘sorbent’. 

The adsorbing/absorbing solid phase is called the sorbent whiles the solute in the liquid phase that 

could be potentially sorbed is known as sorptive, and the constituents that accumulate on or within 

a solid are termed sorbate (Thompson and Goyne, 2012; Delle, 2001). 

Sorptive is categorised into anionic, cationic and zero charged depending on the charge. Anionic 

sorptives are negatively charged because they have more electrons than protons. Common 
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examples are PO4
3-, and NO3-. Cationic sorptives are positively charged because they have fewer 

electrons than protons such as the divalent cations Ca2+, Zn2+ and Pb2+. Zero charged/uncharged 

organic sorptives exhibit a range of polarities (non-polar to polar) based on the distribution of 

electrons across the molecule (Thompson and Goyne, 2012). Liu et al. (1998), pointed out that 

metal-oxides are variably charged and their surfaces can become hydroxylated when exposed to 

water and assume anionic, neutral, or cationic forms based on the degree of protonation as shown 

below 

≡ M-O-  ⇔  ≡  MOH  ⇔  ≡ MOH2
+      (Eqn 2.1) 

Where = M represents a metal bound at the edge of a crystal structure, which varies as a function 

of solution pH. Variably charged minerals adopt a net positive surface charge at low pH and a net 

negative surface charge at high pH (Qafoku et al., 2004; Thompson and Goyne, 2012). Variations 

in the abundance, surface area and chemical composition of sorbents significantly influence the 

sorption characteristics. 

2.2 Adsorption 

Adsorption is a mass transfer process that involves the accumulation of substances at the interface 

of two phases, such as, liquid- liquid, gas-liquid, gas-solid, or liquid- solid interface (Grassi et al., 

2012). The substance being adsorbed is the adsorbate and the adsorbing material is termed the 

adsorbent. Properties of adsorbates and adsorbents are quite specific and depend upon their 

constituents. The constituents of adsorbents are mainly responsible for the removal of any 

particular pollutants (Khattri and Singh, 2009). If the interaction between the solid surface and the 

adsorbed molecules has a physical nature, the process is called physi-sorption. In this case, the 

attraction interactions are van der Waals forces and as they are weak, the process results are 

reversible (Grassi et al., 2012). On the other hand, if the attraction forces between adsorbed 
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molecules and the solid surface are due to chemical bonding, the adsorption process is called 

chemisorption. Contrary to physi-sorption, chemisorption occurs only as a monolayer and 

substances chemisorbed on solid surface are hardly removed because of stronger forces of 

adsorption. Under favourable conditions, both processes can occur simultaneously or alternative ly 

(Grassi et al., 2012). 

2.2.1 Factors affecting adsorption 

The sorption of phosphate, nitrate and other organic substances on a natural solid is a very 

complicated process, which involves many sorbent properties, besides the physico-chemica l 

properties of the chemical itself (Delle, 2001). Processes of adsorption are affected by factors such 

as surface area, nature and initial concentration of adsorbate, solution pH, temperature, interfer ing 

substances, and nature and quantity of adsorbent. 

2.2.1.1 Effect of surface area 

Adsorption is a surface phenomenon and the extent of adsorption is proportional to the specific 

surface area of the adsorbent. Surface area is defined as that portion of the total surface area that 

is available for adsorption (Naeem et al., 2007; Grassi et al., 2012). According to Grassi et al. 

(2012) the more finely divided and more porous the adsorbent is, the greater the amount of 

adsorption accomplished per unit weight of the solid adsorbent. The component of the adsorbent 

that contributes most to surface area is the pores of molecular dimensions. The maximum amount 

of adsorption is proportional to the surface area within pores that are accessible to the adsorbate 

(Delle, 2001). Surface areas range from a few hundred to more than 1500 m2/g, but not all of these 

are accessible to the aqueous adsorbate. A relatively large volume of micropores generally 

corresponds to a large surface area and a large adsorption capacity for small molecules, whereas a 
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large volume of mesopores (diameter between 2 and 50 nm) and macropores (diameter > 50 nm) 

are usually directly correlated to capacity for large molecules (Delle, 2001). 

2.2.1.2 Effect of concentration and dose of adsorbate 

Adsorption process can be affected by the concentration of organic and inorganic compounds. 

Anbia and Hariri (2010) pointed out that the initial concentration provides an important driving 

force to overcome all mass transfer resistance of the adsorbate between the aqueous and solid 

phases. Concentration determines the capacity factor of the adsorption (Rumhayati et al., 2012). 

According to Rumhayati et al. (2012), phosphate adsorption on acrylamide-ferrihydrite gel is 

higher at relatively low concentration because at higher concentrations there is interaction amongst 

the ions thereby decreasing affinity of the ions to be sorbed. 

Quantity of adsorbent also plays a significant role in the adsorption process because this 

determines the capacity of the adsorbent for a given initial ion concentration (Mostafapour et al., 

2013). There is increase in removal efficiency at initial stage because of the greater availability of 

the exchangeable sites or surface area at the higher concentrations of the adsorbent (Pandey et al., 

2009; Kaczala et al., 2009). Increase in the efficiency of removal may be attributed to the fact that 

with an increase in the adsorbent dose, more adsorbent surface or more adsorption spots are 

available for the solute to be adsorbed (Li et al., 2012; Mostafapour et al., 2013). The rate of 

adsorption depends upon the uncovered surface available for adsorption. Initially, the whole 

surface is uncovered and therefore the rate of adsorption increases whereas as the covered surface 

increases, the rate of adsorption is decreased. Ultimately, a stage is reached when there is no more 

adsorption with any further addition of adsorbent, and at that time, the adsorption process is said 

to be at equilibrium (Mostafapour et al., 2013). 
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2.2.1.3 Effect of pH 

The pH of solutions affects the extent of adsorption because the distribution of surface charge of 

the adsorbent can change thus varying the extent of adsorption according to the adsorbate 

functional groups (Gao and Pedersen, 2005; Putra et al., 2009; Grassi et al., 2012). According to 

Yao et al. (2011), adsorption of phosphate onto digested sugar beet tailings biochar depends on 

initial solution pH with maximum pH occurring at pH 4. Increasing solution pH higher than the 

optimum value may trigger polynuclear interactions that may consume more adsorption sites (Yao 

et al., 2011). They added that the optimum pH for phosphate removal by colloidal and nano-sized 

MgO on biochar surface should be around 5.2, where phosphate exists in the form H2PO4
-. 

2.2.1.4 Effect of time 

Contact time is one of the most important parameters for maximum adsorption. Adsorption on an 

adsorbent from the aqueous phase involves three steps: (i) the transport of the adsorbate from the 

bulk phase to the exterior surface of the adsorbent (film diffusion), (ii) the transport into the 

adsorbent by pore diffusion and/or surface diffusion (intra-particular diffusion) and (iii) the 

adsorption on the surface of the adsorbent. The slowest of these steps determines the overall rate 

of the adsorption process (Kolodynska et al., 2012). The adsorption capacity and removal 

efficiency significantly increase during the initial adsorption stage and then continue to increase 

at a relatively slow speed with contact time until a state of equilibrium is released (Mostafapour et 

al., 2013). 

Phosphorus sorption processes are complicated and usually consist of fast sorption reactions 

followed by slow processes (McGechan and Lewis, 2002; Cucarella and Renman, 2009). 

Equilibrium may be established after minutes, hours, days, or even months depending on the type 

of material used, the material-to-solution ratio, initial P concentration, agitation, and temperature 
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(Cucarella and Renman, 2009). The time needed to reach equilibrium depends strongly on the 

particle size of the material. Sorption kinetics studies have shown that fly ash and furnace slag 

with a very small particle diameter (about 0.03 mm in average) need only 3 to 5 hours to reach 

equilibrium (Agyei et al., 2002). On the other hand, a study of the P removal efficiency of apatite -  

containing materials and graymont limestone with larger particle diameter (2.5-10 mm) showed a 

two- to threefold increase in P sorption from 24 to 96 hours (Bellier et al., 2006). 

According to Cucarella and Renman (2009), the higher the porosity of a material, the higher the 

specific surface area and sorption capacity, but at the same time, the longer the contact time needed 

to reach equilibrium due to slow P movement processes such as intraparticle diffusion. A study by 

Zhang et al. (2013) revealed that the adsorption of phosphate on cotton wood biochar showed rapid 

kinetics and reached equilibrium within 1 hour, which is faster than that of other types of biochars 

that reached equilibrium after 24 hours. (Das et al., 2006; Yao et al., 2011). 

Adsorbate is adsorbed easily on the surface (macropores) of the adsorbent, and therefore rapid 

adsorption occurs on the macropores surface. In contrast, in the interior (micropores) of the 

adsorbent, the adsorbate would be adsorbed by a pore and/or surface diffusion mechanism, 

resulting in a slower adsorption. After maximum adsorption, a further increase in contact time has 

insignificant effect on the amount of adsorption. Generally, the removal rate of sorbate is rapid 

initially, but it gradually decreases with time until it reaches equilibrium (Cengiz and Cavas, 2008; 

Gulnaz et al., 2011; Mostafapour et al., 2013). 

2.3 Forces of adsorption 

Forces responsible for adsorption reactions include physical forces, chemical forces, hydrogen 

bonding, electrostatic attraction, coordination reaction and ligand exchange. It is believed that 

hydrogen bonding can qualify either as a chemical or physical process. On the other hand, 
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protonation, electrostatic attraction, ion exchange and coordination can be considered as chemical 

adsorption process. Weber et al. (1991) summarized the possible interactions between solute and 

sorbent into three categories of sorption: physical, chemical, and electrostatic. 

2.3.1 Physical adsorption 

Physical sorption processes involve interactions between dipole (permanent or induced) moments 

of sorbate and sorbent molecules. The most important force in the physical adsorption process is 

the Van der Waals force. Van der Waals forces become essential at close distances between 

interacting molecules and decrease rapidly with distance. Their effect is greatest when ions are in 

close contact. The less intimate the contact between the solute and the adsorbent surface, the 

smaller the rate of adsorption (Webb, 2003). This implies that small and spherically shaped ions 

will be in close contact with the surface than larger ions. Adsorption of organic anions or basic 

organic compounds by Van der Waals forces occur when the surface acidity of the adsorbent is 

more than two pH units lower than the dissociating constant of the adsorbent (Webb, 2003). 

Physical adsorption is accompanied by a decrease in free energy and entropy of the adsorption 

system and, thereby making the process exothermic (Grassi et al., 2012). 

2.3.2 Chemical adsorption 

Chemical interactions occur through protonation. Protonation occurs at the colloidal surface in the 

hydration shells of cations and in the solution phase. Chemical adsorption is a significant force in 

the adsorption of anions and organic compounds basic in nature because of the development of 

positive charge. For example, ammonia (NH3) ions are chemisorbed by clays in the form of NH4
+, 

which is the pronated form of NH3. Studies have shown that protonation of organic compounds in 

the interface is affected by the exchangeable cation, basicity of the adsorbate, water content of the 

adsorbing medium and surface acidity. However, the surface acidity is the most important factor 
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in providing protons necessary for protonation of anions and basic organic compounds (Moreno-  

Castilla, 2004; Webb, 2003). 

2.3.2.1 Hydrogen bonding 

Hydrogen bonding is an adsorption process where a hydrogen atom acts as the connecting linkage 

and is related to protonation. However, protonation involves a full charge transfer from an electron 

donor (base) to the electron acceptor (acid), whereas hydrogen bonding is a partial transfer 

(Moreno-Castilla, 2004). Organic compounds containing functional groups such as N-H, OH, 

COOH groups are adsorbed by formation of hydrogen bonds between the functional groups and 

oxygen. 

2.3.2.2 Electrostatic bonding 

Electrostatic bonding is made possible because of the electrical charge on the colloidal surface. 

Two negatively charged ions in contact would be expected to repel as in the case of organic 

compounds and clay, however, protonation of the organic substance may convert them into  

positively charged ions. Protonation in this case is possible by hydronium ions on the exchange 

site. When an adsorbed organic ligand exchanges for an inorganic cation, it is known as ligand 

exchange (Kah, 2007; Tan, 2011). 

2.3.2.3 Coordination reaction 

It is adsorption through coordinate covalent bonding when a ligand donates an electron pair to a 

metal ion. The resulting compounds are called coordination compound or organo-metal complex. 

Coordination compounds are substances containing a central atom usually metal surrounded by a 

cluster of organic ligands (Tan, 2011). 
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2.4 Sorption Isotherms 

Sorption isotherms describe how an adsorbate interacts with an adsorbent. The isotherm provides 

a relationship between the concentration of a substance in solution and the amount adsorbed on 

the solid phase when both phases are in equilibrium. In a solid-liquid system, adsorption results in 

the removal of solutes from solution and their accumulation at solid surface (Stumm and Morgan, 

1996). The solute remaining in the solution reaches a dynamic equilibrium with the adsorbed on 

the solid phase. 

2.4.1 Quantity adsorbed (qt) 

The amount of adsorbate that can be taken up by an adsorbent as a function of both temperature 

and concentration of adsorbate, and the process, at constant temperature, can be described by an 

adsorption isotherm according to the general equation (Grassi et al., 2012). 

𝒒𝒕 =
(𝑪𝒐 − 𝑪𝒕)𝑽

𝒎
                                                                                                              (𝑬𝒒𝒏.𝟐. 𝟐) 

Where qt (mg/kg) is the amount of adsorbate per unit mass of adsorbent at time t, C0 is the init ia l 

concentration of adsorbate at time t and Ct (mg/L) is the equilibrium concentration of adsorbate, 

V is the volume of the solution (L), and m is the mass of adsorbent (g). 

The equilibrium adsorption data is analyzed by several statistical models chief of which are mostly 

the Langmuir (1918) and Freundlich (1926) isotherm models. 

2.4.2 Langmuir isotherm 

The Langmuir isotherm model is valid for monolayer adsorption onto surface containing a finite 

number of identical sorption sites. Sorption isotherms fitted to a Langmuir model, assumes that 

the sorbent surface has a finite number of sorption sites and the sorptive energy is the same in all 

the sites (i.e. all sites are identical). Furthermore, each sorptive site is occupied only by a single 
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molecule and there are no interactions between the sorbed molecules (Mesa and Kurt, 2011). The 

Langmuir model is presented by the equation 2.3: 

𝐪𝐞

𝐪𝐦
=

𝐛𝐂𝐞

(𝟏 + 𝐛𝐂𝐞) 
                                                                                                           (𝐄𝐪𝐧. 𝟐.𝟑) 

Where qe (mg/kg) is the amount of adsorbate per unit mass of adsorbent at equilibrium, Ce is the 

liquid-phase concentration of the adsorbate at equilibrium (mg/L), qm is the maximum adsorption 

capacity (mg/kg) and b is the Langmuir constant related to the energy of adsorption (L/mg). 

A plot of Ce/qe against Ce is used to determine the sorption maximum and the energy of 

adsorption. 

The b parameter is directly related to surface energy, thus increasing surface energy increases the 

probability of adsorption at a given pressure. It is inversely related to temperature, which, when 

increased, increases molecular energy and decreases the probability of adsorption at a given 

pressure (Webb, 2003). 

2.4.3 Freundlich isotherm 

Freundlich isotherm is used to describe the adsorption characteristics for heterogeneous surface 

(Cooney, 1999; Dada et al., 2012). The Freundlich model is described by the equation below: 

𝐐𝐞 = 𝐊𝐅𝐂𝐞
𝟏

𝐧⁄                                                                                                        (𝐄𝐪𝐧.𝟐.𝟒) 

Where Kf = Freundlich isotherm constant (mg/g), n = adsorption intensity, Ce = the equilibr ium 

concentration of adsorbate (mg/L), Qe = the amount adsorbed per gram of the adsorbent at 

equilibrium (mg/g). 

𝒍𝒐𝒈 𝑸𝒆 = 𝒍𝒐𝒈𝑲𝑭 + 𝟏
𝒏⁄ 𝒍𝒐𝒈𝑪𝒆                                                                                  (𝑬𝒒𝒏.𝟐. 𝟓) 
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logKF is the intercept and 1/nlogCe is the slope. 

The constant Kf is an approximate indicator of adsorption capacity, whereas 1/n is a function of 

the strength of adsorption in the adsorption process (Voudrias, 2002; Dada, 2012). If n = 1 then 

the partition between the two phases are independent of the concentration (Dada et al., 2012). If 

value of 1/n is below one it indicates a normal adsorption. On the other hand, 1/n being above one 

indicates cooperative adsorption (Mohan and Karthikeyan, 1997). According to Dada et al. (2012), 

as the temperature increases, the constants k and n change to reflect the empirical observation that 

the quantity adsorbed rises more slowly and higher pressures are required to saturate the surface. 

The model that has a higher coefficient of determination (R2) value is used to describe the 

adsorption. 

2.4.4 Dual–mode model (DMM) (Langmuir-Freundlich) 

Sorption isotherms can also be described by the Dual–mode model (DMM). The DMM is a 

Langmuir-Freundlich model which includes solid-phase dissolution (partitioning) and is described 

by a linear term and a hole-filling component characterized by a Langmuir term. The DMM is 

given by: 

𝒒𝒆 = 𝑲𝑫𝑪𝒆 +
𝑸𝒎𝒂𝒙𝑳𝑪𝒆

𝑲𝑳𝑫 + 𝑪𝒆
                                                                            (𝑬𝒒𝒏.𝟐.𝟔) 

Where qe (mg/kg) is the amount of adsorbate per unit mass of adsorbent at equilibrium, Ce is the 

liquid-phase concentration of the adsorbate at equilibrium (mg/L), Kd is the dissolution domain 

partition coefficient, and QmaxL and KLD are the capacity and affinity coefficient, respectively, of 

the hole-filling domain (Huang et al., 2003; Lou et al., 2011). 

Zeng et al. (2013), showed that the isotherm for phosphate sorption fits the Langmuir model much 

better, with correlation coefficients ranging from 0.947 to 0.964. This result differs from previous 
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reports showing that phosphate sorption on biochar materials fits the Freundlich isotherm better 

than the Langmuir model with phosphate precipitation being the mechanism of adsorption (Yao et 

al., 2011). 

2.5 Application of adsorption in environmental management. 

Adsorption plays an important role in environmental management. The concern of eutrophicat ion 

and need for alternative cheaper source of plant nutrients has driven local state, federal agencies, 

municipalities, and private industry to invest in research concerning nutrient recovery (Streubel, 

2011). Different forms of technologies and methods have been used for phosphorus recovery. 

Some of these technologies include precipitation with metals and biological methods involving the 

use of microorganisms. 

Metal ions have been used in different environments depending on the pH to precipitate P 

(Streubel, 2011). For example, aluminum is very effective in precipitating P at pH of 3.6, whereas 

calcite is used in high pH systems (pH 9.0) (de–Bashan and Bashan, 2004). Iron, aluminium, 

magnesium, calcite and products from other industrial wastes such as a slag, or oxides from stee l 

production have been added to wastewater or sludge phosphorus form complexes with these metals 

forming aggregates which precipitate allowing the resulting solid to be collected (Banu et al., 

2008; Streubel, 2011). The precipitate obtained is, however, not useful for farming purposes 

because of high metal toxicity (Delhaize and Ryan, 1995). 

The growing concerns to get cheaper sources of phosphorus, which are the primary drivers of good 

plant nutrition, continue to trigger a lot of research into nutrient recovery. As a result, scientists 

developed the use of activated carbon (AC) from various sources for P removal. According to 

Bhargava and Sheldarkar (1993), activated carbon from Tamarind (Tamarindus indica) nutshell 

was found to successfully remove 95% of the P from a standard solution through adsorption. Other 
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materials such as powdered activated carbon from hardwood were used to remove P from 

industrial wastewater effluent (Meidl, 1997). 

Intensive research has shown that the adsorption of phosphate ions depends upon the concentration 

and accessibility of cations found in the ash. Immense studies were directed toward the effects of 

metal ion concentrations in fly ash as it exhibited a massive potential to remove phosphate 

compounds from wastewater (Lu et al., 2009; Agyei et al., 2002; Oguz, 2005; Zhang, 2007; 

Streubel, 2011). However, the expense of the activation of charcoal has prevented the use of 

activated charcoal in environmental management programs. 

Biochar is another porous black material obtained from pyrolysis of organic materials currently 

receiving a lot of attention for its adsorptive capacities and ability to adsorb phosphate and nitrate 

(Steubel, 2011). As the focus of nutrient removal technology turns towards recycling, the ability 

of the resulting co-products to be used as a fertilizer supplement will be a driving force (de–Bashan 

and Bashan, 2004; Streubel, 2011). 

2.6. Biochar 

2.6.1 History and origin 

Biochar is a carbon (C) rich product derived from the pyrolysis of organic material at relative ly 

low temperatures (<700 °C) (Lehmann and Joseph, 2009). Use of biochar as a soil amendment has 

been around since the early 1800s (Lehmann et al., 2006; Lehmann and Joseph, 2009). The interest 

in biochar as a soil amendment was prodded by studies of Amazonian soils (Terra Preta) where 

the presence of charcoal was associated with significant improvements in soil quality such as soil 

organic matter, nutrient concentrations and increases in crop yields (Glaser et al., 2002). 

Application of chars and ash derived from cooking fires, plus other debris that included bones and 

manure to soil could be traced to the early residents (450 Before Common Era to 650 Common 
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Era) of the Amazon River Basin (Sombroek, 1966). Observed improvements in chemical and 

physical properties of these soils have persisted for hundreds to thousands of years (Lehmann, 

2007). This has contributed to the current global high interest in biochar. 

Biochar is produced through a thermochemical process under low oxygen conditions known as 

pyrolysis (Duku et al., 2011). Various types of biomass ranging from agricultural crop residues, 

forestry residues, wood waste, organic portion of municipal solid waste (MSW) and animal 

manures have been proposed as feedstock for biochar production (Duku et al., 2011). Suitability 

of each type of biomass as feedstock is dependent on the nature, chemical composition, 

environmental, economic, and logistical factors (Verheijen, 2010; Duku et al., 2011). The 

feedstock type and pyrolysis conditions are the main factors controlling the physical and chemical 

properties. Biochar is highly recalcitrant in soils, with reported residence times for wood biochar 

being in the range of hundreds to thousands of years, i.e. approximately 10-1000 times longer than 

residence times of most soil organic matter (SOM) (Verheijen, 2010). 

2.6.2 Pyrolysis 

Pyrolysis comes from the Greek word 'pyro' meaning fire and “lysis” meaning decomposition or 

breaking down into constituent parts (Verheijen et al., 2010). Pyrolysis is defined as the chemical 

decomposition of an organic substance by heating in the absence of oxygen (Duku et al., 2011; 

Verheijen et al., 2010). Pyrolysis is the first step in combustion and gasification. Gasifica t ion 

involves the burning of biomass at temperatures above 800 oC in the presence of oxygen yielding 

syngas for energy production and a little biochar (Streubel, 2011). The process of pyrolysis breaks 

down the polymeric building blocks of the biomass consisting mainly of cellulose, hemicellulose 

and lignin through processes such as cross-linking, depolymerisation and fragmentation at various 

temperatures (Duku et al., 2011). Biomass pyrolysis transforms the organic materials into three 
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different products primarily: gas often referred to as non-condensable volatiles, liquid (bio- oil) 

often classified as condensable volatiles and solid in different proportions depending upon both 

the feedstock and the pyrolysis conditions used (Duku et al., 2011; Verheijen et al., 2010). 

Feedstock type, nature, and composition particularly the lignin and ash contents, and the pyrolysis 

process conditions such as temperature, pressure, heating rates, particle size and heat integrat ion 

determine the product yields of pyrolysis (Demirbas, 2001). In the same way, biochar quality, 

characteristics and composition are predominantly determined by the type, nature and origin of the 

feedstock, as well as the pyrolysis conditions (Verheijen et al., 2010, Zhang et al., 2008). 

Evaluation of biochar yield from different feedstock has shown that biomass with high lignin 

content has high biochar yields because of the stability of lignin to thermal degradation (Demirbas, 

2004). Biochar from crop residues such as maize, rice straw, rye and manures are generally finer 

and less robust with low mechanical strength and hence low biochar yield (Duku et al., 2011). 

Pyrolysis can be classified as slow, intermediate and fast depending upon the pyrolysis condition 

and processes (Brown, 2009; Sohi et al., 2009; Duku et al., 2011). According to Duku et al. (2011), 

the energy required to drive the pyrolysis process can be supplied directly through the heat of 

reaction, or by flue gases from combustion of by-products and/or feedstock, and indirectly by flue 

gases through the reactor wall, or by heat carrier other than flue gases such as sand, metal spheres, 

etc. Among the pyrolysis processes, slow pyrolysis and intermediate pyrolysis give higher biochar 

yields, while fast pyrolysis gives higher liquid yields. (Duku, 2011). Factors which enhance high 

biochar yields are the high lignin, ash and nitrogen contents in the biomass, low pyrolysis 

temperature (<400 °C), high process pressure, long vapour residence time, extended vapour/solid 

contact, low heating rate, large biomass particle size, and optimised heat integration (Brownsort, 

2009; Demirbas, 2004; Duku, 2011). 
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Investigations carried out so far on biochar production has revealed that chars made from 

herbaceous feedstock such as rice straw, husk, switch grass, peanut hulls, etc. have lower carbon 

contents, higher nitrogen contents, and higher pH than chars made from woody feedstock (Novak 

et al., 2009; Granatstein et al., 2009; Streubel, 2011). Feedstock and pyrolysis temperature 

determines the pH and is attributed to the chemical cracking of hemicellulose and cellulose during 

pyrolysis. At pyrolysis temperature between 300 to 600 oC, organic acids and phenolic substances 

are created and alkali salts are formed that raise the pH of the biochar (Streubel, 2011; Shinogi and 

Kanri, 2003). The higher pH of herbaceous biochar give them a greater liming impact per tonne of 

biochar added to soil, increasing soil pH 0.5 - 1.0 pH units depending on soil type. High pH of 

biochar is also related to the concentration of Ca and Mg as higher Ca concentrations can serve as 

buffers (Chan et al., 2009; Gaskin et al., 2008). 

2.7 Physical and chemical characterisation of Biochar 

Biochar composition is highly heterogeneous, containing both stable and labile components (Sohi 

et al., 2009; Verheijen, 2010). The primary factor controlling the chemical and physical properties 

of biochar is the feedstock. For agricultural related use of biochar, seven properties have been 

identified to determine the quality of biochar. These properties include pH, volatile compound 

content, and ash content, water holding capacity, bulk density, pore volume, and specific surface 

area (Sohi et al., 2009; Amonette and Joseph; 2009; Krull et al., 2009). The elemental composition 

of biochar is greatly affected by the processing temperature and pyrolysis residence time. 

According to Kuwagaki and Tamura (1990), increase in pyrolysis temperature is associated with 

a corresponding increase in pH of biochar. In the same way, surface area of biochar is also greatly 

controlled by temperature. For example, bagasse carbonization at different temperatures produced 
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biochar with different specific surface area. The specific surface area at 600 oC was 270 m2/g but 

jumped to 322 m2/g at 700 oC (Ueno et al., 2007). 

Temperature effect has led to suggestions that biochar created at low temperature may be suitable 

for controlling the release of fertilizer nutrients whilst high temperature biochar would be more 

suitable for use as activated carbon. However, the hydrophobic nature of the surface of low 

temperature biochar may limit their capacity to store water in soil (Ogawa et al., 2006; Day et al., 

2005; Sohi et al., 2009). The porous structure of biochar is positively correlated to its soil water 

holding and adsorption capacity (Day et al., 2005; Ogawa et al., 2006; Sohi et al., 2009). Studies 

have shown that carbon content in biochar range between 172 to 905 gkg-1 (Verheijen, 2010; Chan 

and Xu, 2009). The C: N (carbon to nitrogen) ratio in biochar has been found to vary widely 

between 7 and 500 with implications for nutrient retention in soils. The C: N ratio has been 

commonly used as an indicator of the capacity of organic substrates to release inorganic N when 

incorporated into soils (Chan and Xu, 2009). 

Elemental analyses of biochar had shown that mineral content of the feedstock remains in the 

resulting biochar, where it is concentrated due to the loss of C, H and O during pyrolysis (Amonette 

and Joseph, 2009). Biochar derived from herbaceous biomass and manures have N, P, K and S 

contents greater than that produced from woody feedstock. Total N in biochar has also been shown 

to vary between 1.8 and 56.4 gkg-1, depending on the feedstock (Chan and Xu, 2009; Verheijen, 

2010). According to Streubel (2011), most of the N and S are lost during pyrolysis as temperatures 

increase from 350 to 600 oC. Shinogi and Kanri (2003), estimated that about 60 to 80% of N was 

lost during pyrolysis of sugar cane bagasse, rice (Oryza sativa) husks, sewage sludge, and cattle 

manure. This is because as pyrolysis temperatures increases, the N forms pyridine-like complexes 

that reduce its availability (Bagreev et al., 2001). Decrease in N concentration can be attributed to 
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volatilization during heating and that some of the N–containing structures in the biochar (e.g., 

amino acids, amines, amino sugars) are condensed into recalcitrant forms and therefore may be 

unavailable for plant use (Cao and Harris, 2010). 

The complex and heterogeneous chemical composition of biochar is extended to its surface 

chemistry, which in turn explains the way biochar interacts with a wide range of organic and 

inorganic compounds in the environment (Verheijen et al., 2010). During pyrolysis, there is 

breaking and rearrangement of the chemical bonds in the biomass resulting in the formation of 

numerous functional groups (e.g. hydroxyl –OH, amino–NH2, ketone –RC(=O)R, ester – (C=O) –

OR, nitro –NO2, aldehyde –(C=O)H, carboxyl –(C=OOH). They occur predominantly on the outer 

surface of the grapheme sheets and surfaces of pores (Verheijen et al., 2010). Some of these groups 

act as electron donors, while others as electron acceptors. These properties have been utilized for 

use in recovery of nutrients and metals from aqueous solutions, wastewater, etc. (Amonette and 

Joseph, 2009). Transmission Electron Microscopy showed that prepared biochar surface is 

unshaped, coarse, and irregular (10–30 µm length). Energy Dispersive X–ray (EDX) showed that 

the surface composition of biochar contain a great deal of carbon. Fourier Transform Infrared 

spectroscopy (FTIR) studies have indicated the presence of organic functional groups on the 

surface of biochar (Zeng et al., 2013). 

The FTIR spectral analysis by Han et al. (2013), revealed the principal surface functionalities of 

rice straw biochar to be at five bands at wave lengths 3374, 1587, 1378, 1090, and 791 cm-1 

attributed to hydroxyl (–OH) stretching, CO-C stretching of secondary hydroxyl, aliphatic CH3 

deformation, and aromatic C=C ring and COO- group stretching, respectively. The 1378 cm–1, 

band has been attributed to aliphatic CH3 deformation (Harvey et al., 2011; Han et al., 2013) or 

O–H/C–H bending of hydroxyl, acid, phenol and methyl (Fu et al., 2009). 
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2.8. Functions of biochar 

Carbon sequestration is the primary driver for considering the application of biochar to the soil. 

Decomposition of organic matter contributes to the release of CO2 into the atmosphere, which 

implies that turning biologically derived organic matter into a highly stabilised form through 

pyrolysis can decrease CO2 emission from soil  as the rate of decomposition is lowered (Sohi et 

al., 2009). It has been reported that currently biomass burning accounts for 10% of global CH4 

emissions and 1% of N2O although charcoal production is part of these emissions and therefore a 

shift to pyrolysis-based systems would decrease, if not eliminate, them. This means that biochar 

offers a huge potential for climate change mitigation (Crutzen and Andreae, 1990; Sohi et al., 

2009; Woolf, 2008). 

Addition of biochar to soil dramatically darkens the colour of soil, especially in soils that are low 

in organic matter (Sohi et al., 2009). The dark nature of these soils increases absorption of solar 

energy depending on the water content and plant cover and with a concomitant increase in soil 

temperatures. This will affect rate processes, enhancing the cycling of nutrients and potentially 

extending the growing season in seasonal climates (Krull et al., 2004; Sohi et al., 2009). Although, 

the purpose of biochar application might not simply be to attain a greater yield, Sohi et al. (2009), 

conceptualize three main mechanisms to explain how biochar might benefit crop production: 

i. Direct modification of soil chemistry through its intrinsic elemental and 

compositional make up, 

ii. Providing chemically active surfaces that modify the dynamics of soil nutrients and  

iii. Modification of physical character of the soil in a way that benefits root growth 

and/or nutrient and water retention and acquisition. 
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Evidence from previous works on rates of biochar application suggests that at least for some crop 

and soil combinations, moderate additions of biochar are usually beneficial and in very few cases 

negative. It is also evident that higher biochar application rates seemed to inhibit plant growth 

(Ogawa et al., 2006; Sohi et al., 2009). However, combination of higher biochar application rates 

alongside NPK fertilizer increased crop yield on tropical Amazonian soils (Steiner et al., 2007) 

and semi-arid soils in Australia (Ogawa et al., 2006; Sohi et al., 2009). 

Beneficial characteristics of biochar as a soil amendment include high cation exchange capacity 

(CEC; 40 to 80 cmol/kg, high surface area (51 to 900 m2/g), increased soil pH and water holding 

capacity. The material has high affinity for micro- and macro- plant nutrients (Lehmann, 2007; 

Gaunt and Lehmann, 2008; Lehmann and Joseph, 2009; Streubel, 2011). 

Research has also shown that in many tropical and subtropical soils, addition of biochar increases 

exchangeable bases, CEC, and nutrient availability, decreases soil density and improves water-  

holding capacity (Liang et al., 2006). The incorporation of biochar into soil can alter soil physical 

properties such as texture, structure, pore size distribution and density with implications for soil 

aeration, water holding capacity, plant growth and soil workability (Downie et al., 2009; 

Verheijen, 2010; Sohi et al., 2009). 

2.9. Factors affecting adsorption on biochar 

The behaviour of biochar following its application to the soil has prompted a lot of research on its 

sorption abilities. Pyrolysis temperature and feed stock are the main factors governing the 

properties of biochar and consequently their adsorptive characteristics (Tang et al., 2013; Sohi et 

al., 2009; Duku et al., 2011). The increase of pyrolysis temperature will lead to the increase of 

surface area of biochar, which facilitates higher sorption of chemicals such as pesticides and other 

organics (Zeng et al., 2013). Increase in pyrolysis temperature may improve the sorption ability of 
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biochar for nitrate and phosphate (Yao, et al., 2012). For example, biochar made from wheat 

residue at 500-700 °C was well carbonized and its surface area was relatively high (>300 m2/g), 

whereas chars formed at 300-400 oC were partially carbonized and had a lower surface area (<200 

m2/g). The former therefore exhibited high sorption capability for organic compounds (Chun et 

al., 2004). 

Biochars derived from various materials show different properties such as functional groups , 

porosity, cation exchange capacity, etc., which may have adverse effect on their adsorptive 

properties (Tang et al., 2013; Kolodynska et al., 2012; Yao et al., 2011). Zeng et al. (2013), 

conducted a research on the sorption of phosphate from aqueous solution by biochars derived from 

Salix rosthornii Seemen, Thalia dealbata, Vetiveria zizanioides, and Phragmites sp., and under 

different temperatures (500, 600, and 700 °C). They found out that the cation exchange capacity 

and specific surface area of biochar varied with both plant species and pyrolysis temperature. The 

magnesium (Mg) content of biochar derived from T. dealbata was higher than that of the other 

plant biochars and had the highest sorption capacity for phosphate. They concluded that Mg was 

more responsible for P sorption than surface area. 

Abundance of organic functional groups on the surface of biochar means that phosphate could also 

be removed by biochar through interaction with the functional groups. However, a study by Yao 

et al. (2011), indicated similarity between the FTIR spectra of the original and P-loaded biochar. 

They concluded that there was no evidence of adsorption of phosphate onto the surface functiona l 

groups in the P-loaded biochar. 

Research has shown that addition of appropriate metal ions to the structure of the biochar should 

aid in creating additional basic sites on the char surface which will become positively charged in 

solution and attract anions to the surface (Streubel, 2011; Yao et al., 2013; Yao et al., 2012). 
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Though most of the engineered carbons, including biochar, have been reported to have limited 

ability to adsorb phosphate or other anionic nutrients such as nitrate (Strahm and Harrison, 2006; 

Yao et al., 2012; Yao et al., 2013). As a result, a number of techniques have been developed to 

modify the surface of engineered carbons to improve their affinity for negatively charged ions 

(Chen et al., 2007; Yao et al., 2013). 

Recent studies suggested that biochar based composites with colloidal or nanosized MgO particles 

impregnated within carbon matrix have strong affinity for aqueous phosphate under various 

conditions (Yao et al., 2011; Zhang et al., 2013). According to Yao et al. (2013), the maximum 

sorption capacity of this new type of engineered biochar to phosphate can reach more than 100 

mg/g, which is greater than that of any other carbon-based sorbents reported in the literature (all 

lower than 20 mg/g). For instance, activated carbon is the most popular engineered carbon used in 

separation processes; however, its reported sorption capacity to P is still lower than 15.1 mg/g even 

after surface modification with iron or other metal elements (Bhargava and Sheldarkar, 1993; 

Namasivayam and Sangeetha, 2004). The high sorption ability of the improved biochar could be 

attributed to the large amount of colloidal or nanosized MgO particles distributed on the carbon 

surfaces within the pores of the biochar matrix (Yao et al., 2011; Yao et al., 2013). 

2.10 Mechanism of phosphate adsorption onto biochar 

Considerable effort has been made towards understanding the primary mechanism of phosphate 

adsorption onto biochar. According to Lu et al. (2009), majority of phosphate removal appeared 

to be due to precipitation reactions. However, a reasonable level of adsorption could be achieved 

on the ash. Sorption of phosphate from aqueous solutions is generally governed by the surface 

functional group, surface area of the adsorbent and metal-ion complex formation (Zeng et al., 

2013). Previous studies have shown that the surface of the biochar is often negatively charged, 
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making it repel negatively charged ions such as phosphate (Yao et al., 2011a), suggesting that the 

sorption of phosphate via surface chemistry should be minimal (Zeng et al., 2013). 

Elemental analysis indicated that large amount of calcium (Ca) and magnesium (Mg) could be 

present on the surface of biochar. Under alkaline conditions, the presence of Ca and Mg cations 

favours precipitation with phosphate (Zeng et al., 2013; Gerritse, 1993; Arias et al., 2001). 

Previous studies showed no evidence of phosphate removal by Ca, suggesting that Ca is 

insignificant in phosphate removal (Zeng et al., 2013). Similar result was obtained by Yao et al. 

(2011b), based on the X–ray diffraction (XRD) spectra of original and P-loaded biochar. They 

added that the precipitation of P with Ca might not be an important mechanism for phosphate 

removal because some Ca in biochar was present on its surface in the form of calcite, which has a 

low solubility, and Ca trapped inside the biochar could not be released into the solution. 

Post–adsorption characterizations using SEM-EDS, XRD, and FTIR suggested that colloidal and 

nano-sized MgO (periclase) particles on the biochar surface were the main adsorption sites for 

aqueous phosphate (Yao et al., 2011b). Zeng et al. (2013) also suggested surface precipitation by 

Mg is a factor controlling adsorption of phosphate on to biochar. 

Studies have shown that metal oxides show strong ability to adsorb negative charged compounds, 

such as phosphate, nitrate and arsenate (Manning and Goldberg, 1996; Yao et al., 2011) when in 

contact with water. The metal oxide surface becomes hydroxylated, and thus introduces either a 

positive or a negative surface charge, depending on the solution pH. The charge development of 

MgO as a factor controlling adsorption on the biochar surface can be described in a simplif ied 

manner by 

SMgO - OH2
+  ⇔   SMgO - OH ⇔  SMgO - O     (Eqn 2.7) 
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Where SMgO denotes the MgO surface. The point of zero charge (PZC) of MgO is very high (PZC 

MgO =12 (Kosmulski, 2009; Yao et al., 2011b), thus its surface is expected to be positive ly 

charged in most natural aqueous conditions (Yao et al., 2011). In aqueous solution, phosphate 

exists in three species with pKa values of 2.12 (pKa1), 7.21(pKa2), 12.67 (pKa3). When solution 

pH is lower than point of zero charge of MgO, the hydroxylated MgO surface can electrostatica l ly 

attract negatively charged phosphate species to form mono-, bi and polynuclear complexes 

(Schindler and Stuwn, 1987; Shin et al., 2004; Yao et al., 2011a) as shown below by Yao et al. 

(2011b). 

SMgO – OH2
+ + H2PO4

-⇔  SMgOH2PO4 + 2H2O,     (Eqn 2.8) 

mononuclear (0.12 < pH < 9.21) 

2SMgO – OH2
+ + HPO4-2⇔  (SMgO)2HPO4 + 2H2O,    (Eqn 2.9) 

binuclear (5.21 < pH < 10.67) 

3SMgO – OH2 + PO4
-3 ⇔  (SMgO)3PO4

 + 3H2O      (Eqn 2.10) 

trinuclear (10.67 < pH < 12) 

The above equations are clear prove that the pH is a key factor in adsorptive process (Yao et al., 

2011b). 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Preparation of biochar Adsorbent 

Cocoa pod, saw dust, rice husk and rice straw were used as feed stock for biochar preparation. The 

rice husk and straw raw material were obtained from the University of Ghana, Soil and Irrigation 

Research Centre (SIREC), Kpong, located within the lower Volta Basin of the Coastal Savannah 

Agro-Ecological Zone of Ghana. Sawdust raw material was obtained from Ahinsan Kumasi in the 

Ashanti Region of Ghana. Cocoa pod raw material was collected from CRIG, Tafo in the Eastern 

Region of Ghana. These feedstock materials were then transported to the Soil Research Institute, 

Kwadaso Kumasi for charring in a reactor. 

The cocoa pods and the rice straw being larger materials were chopped into smaller pieces to 

increase their respective surface area and also to facilitate drying. The various raw materials were 

then air dried amidst regular turning on a clean platform for about three days and then oven dried 

at 70 oC to reduce the moisture content before charring. The reactor was warmed for about one 

hour for equilibration of temperature before loading the raw materials. Charring temperature was 

about 450 oC. Residence time for charring was 48 and 46 hours for rice husk and sawdust, 

respectively and 24 hours for cocoa pod and rice straw biochar. Charring temperatures above the 

stated duration turned the biochar into ashes. 

When charring was complete, the respective biochar samples were washed with distilled water and 

then air dried. Each sample was then ground in a stainless steel mill and passed through a 0.5 mm 

sieve to obtain a less than 0.5 mm sized fraction. This particle size fraction of each biochar type 
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was then further dried in an oven at 70 oC. Samples were sealed for characterization and subsequent 

adsorption experiments. 

3.2 Biochar characterization 

Parameters and their respective methods of determination used to characterize the adsorbents are 

listed in Table 3.1 below 

Table 3. 1 Properties of adsorbents and their respective methods of determination. 

PROPERTY METHOD 

pH (H2O, 1M CaCl2) Electrometric 

Electrical Conductivity Electrometric 

Total elemental analysis Wet digestion 

CEC NH4Acetate 

AEC KCl method 

Total N Kjeldahl method 

Organic carbon Walkley and Black 

Mineral X-ray 

 

3.2.1 pH 

Ten grams each of the biochar was weighed into separate 100 mL beakers and 50 mL of de-ionised 

water added at a 1:5 ratio (biochar: solution). The suspension was stirred thoroughly and allowed 

to stand for 30 minutes to equilibrate. After calibrating a Hanna H19017 microprocessor pH meter 

electrode was immersed into the supernatant and the samples’ pHs recorded. The same procedure 

was carried out using 0.01M CaCl2 at a ratio of 1: 10 ratio (biochar: solution). 
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3.2.2 Cation exchange capacity 

Ten grams of biochar samples were weighed into an extraction bottle and 100 mL of 1 M 

ammonium acetate solution added. The bottle with its content was shaken for 30 minutes on a 

mechanical shaker. The content was then filtered through a No. 42 Whatman filter paper and the 

sample leached four times with 25 mL of methanol to wash off excess ammonium. Thereafter, 

another 25 mL of 1 M acidified potassium chloride was used to leach the biochar samples four 

times. A 5 mL aliquot of the leachate was taken into a Markham distillation apparatus and 5 mL 

of 40% NaOH solution added to distil. The distillate was collected into 5 mL of 2% boric acid to 

which three drops of methyl red and methylene blue indicators were added. The distillate was back 

titrated against 0.01 M HCl to purplish end point. The cation exchange capacity in biochar was 

then calculated from the number of moles of HCl consumed in the back titration. 

3.2.3 Anion exchange capacity 

Five grams of each biochar was weighed into a 100 mL extraction bottle and 50 mL of 1.0 M 

KNO3 solution was added. Thereafter, each mixture was shaken on a reciprocating shaker for 30 

minutes. The solution was then filtered through a Whatman Number 42 filter paper and excess 

NO3
- washed off with methanol. The biochar was leached with 1.0 M KCl and the nitrate ion 

concentration in the leachate determined by distillation as follows. A 10 mL aliquot of the filtrate 

was pipetted into a Markham distillation apparatus and 0.2 g of MgO powder was added. 

Thereafter, 0.2 g of Devarda’s alloy and 1 mL of sulphamic acid was added. This was followed by 

distilling into 5 mL of 2% boric acid to which methyl red and methylene blue indicator mixture 

had been added in a separate conical flask. The distillate was then titrated against 0.01 M HCl from 

green to purplish end. The AEC was then calculated from the moles of HCl consumed in the 

reaction. 
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3.2.4. Total elemental bases 

Total elemental analysis was determined by digesting 0.5 g of biochar with 25 mL of a mixture of 

concentrated HNO3 and 60% HClO4 in the ratio of 1:1.5 for 30 minutes. Distilled water was added 

to the digest, filtered and made up to volume in a 200 mL volumetric flask. Calcium and 

magnesium contents in the digest were then read on an Atomic Absorption Spectrometer whiles 

the sodium and potassium was determined using the flame photometer. 

3.2.5 Organic carbon 

The organic carbon content of the biochar types was determined using the wet combustion method 

of Walkley and Black (1934). Ten milliliters of 0.167 M potassium dichromate (K2Cr2O7) solution 

and 20 mL of concentrated sulphuric acid (H2SO4) were added to a 0.02 g biochar. The flask was 

then swirled to ensure full contact of the biochar with the solution after which the mixture was 

allowed to stand for 30 minutes. The unreduced K2Cr2O7 remaining in solution after the oxidation 

of the oxidizable organic carbon in the biochar was titrated with 0.2 M ferrous ammonium sulphate 

solution after adding 10 mL of orthophosphoric acid and a few drops of barium diphenylamine 

sulphonate indicator from a dirty brown colour to a bright green end point. A standardizat ion 

titration of the K2Cr2O7 with the ferrous ammonium sulphate was done and the amount of organic 

carbon calculated by subtracting the number of moles of unreduced K2Cr2O7 from the number of 

moles of K2Cr2O7 present in the standardized titration. 

3.2.6 Determination of Total Phosphorus. 

Total phosphorous was determined by digesting 0.2 g of biochar with 25 mL of a mixture of 

concentrated HNO3 and 60% HClO4 in the ratio of 1:1.5. Distilled water was added to the digest, 

filtered and made up to volume in a 100 mL volumetric flask with distilled water. Phosphorus in 

the digest was then determined using the Murphy and Riley (1962) method described as follows. 
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An aliquot of 1 mL of the sample solution was pipetted into a 50 mL volumetric flask and a drop 

each of P-nitrophenol and ammonium hydroxide were added after which 8 mL of a solution 

containing concentrated sulphuric acid, ammonium molybdate, potassium antimony tartrate, and 

ascorbic acid were added.  The content was topped up to the 50 mL mark with distilled water.  The 

concentration of phosphorus was then determined on a Philips’ UV spectrophotometer at a 

wavelength of 710 nm and recorded.  

3.2.7 Available phosphorus determination 

One gramme biochar was weighed into an extraction bottle and 100 mL sodium bicarbonate (pH, 

8.5) was added.  The bottle was capped and shaken for 30 minutes on a mechanical shaker. The 

extracts were filtered using a Whatman No. 42 filter paper to obtain clear solution.  A 10 mL 

aliquot was then taken into a test tube and then 1 mL 1.5 M H2SO4 added drop-wise to decolourise 

the solution by settling the organic matter in it. The sample was then left in a refrigerator to cool 

for few minutes. The extracts in the test tubes were centrifuged, and gently decanted for colour 

development using the Murphy and Riley method (1962) as described in section 3.3.6 above.  

3.2.8 Total nitrogen 

Total N of the biochar was determined by the Kjeldahl digestion procedure as outlined by 

Anderson and Ingram (1993). A 0.02 g of the biochar was weighed into a digestion tube, followed 

by addition of 5 mL concentrated H2SO4. The mixture was heated at low temperature on a digestion 

block for 30 minutes, and then 2 mL of hydrogen peroxide was added. The heating temperature 

was maintained until the mixture changed to a permanent colourless solution. The digest was 

cooled, transferred and made up to volume with the aid of distilled water to the 100 mL mark in a 

volumetric flask 

A 20 mL aliquot was transferred into a tecator distillation flask, and 10 mL of 40% NaOH solution  
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was added and distilled. The ammonia liberated was condensed and collected in a 10 mL boric 

acid to which bromocresol green and methyl red solution indicator had been added. The distillate 

was then back titrated with 0.01 M HCl solution. Similar procedure was adopted for a blank that 

had no biochar sample to account for traces of N if any, in the reagents and water used. The 

concentration of N in the biochar was estimated from the number of moles of HCl consumed in 

the reaction with ammonium borate formed when the ammonia was trapped in boric acid. 

3.2.9 Ash content 

The ash content of biochar was determined by weighing an empty crucible and recording the 

weight. Thereafter, a 0.5 g of milled sample of the biochar was weighed into the crucible and 

placed in a furnace for 1 hour at 600 oC. The sample was removed and placed in a desiccator to 

cool. Weight of the ashed sample and crucible was obtained by weighing. Ash content was 

determined by subtracting the weight of crucible only from the weight of ashed sample and 

crucible. 

3.2.10 X–ray Diffraction 

In order to identify the minerals that may be present in the biochar, all the four samples were 

ground into fine powder in a mortar ensuring that there was no cross contamination. An Empyrean 

X–ray diffractometer was used for the X–ray analysis. A Cu K–Alpha and Beta radiations were 

produced using 40 mA and 45 kV power source. The ground samples were mounted on a 

divergence slit and diffraction patterns of the biochar samples were obtained by scanning the 

samples at a starting position of 1o per minute between 10o to 60o. 

The X-ray diffraction (XRD) patterns were acquired with a computer controlled Panalyt ica l 

Empyrean X–ray powder diffractometer to determine the type of minerals present. 
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3.3 Adsorption experiments 

A batch adsorption of P on the four biochar types was carried out to ascertain the shaking time for 

maximum adsorption of the element on the various biochar types, and to determine the effect of 

pH and concentration of the P on the biochar. These batch experiments were carried out with the 

ionic strength of the system being kept constant by employing the use of 10 mM NaCl (Nartey et 

al., 2000). 

3.4. Phosphorus solution preparation 

To avoid polymerization, a 62 mg/L (2 mM) stock solution of phosphorus was used for the 

experiment. A stock P solution of the 62 mg/L concentration was prepared from sodium hydrogen 

phosphate (NaHPO4) Analar grade after drying the chemical in an oven at 70 oC. To ensure 

accuracy, the concentration of the prepared stock solution was cross–checked on a UV 

spectrophotometer after colour development using the Murphy and Riley (1962) method. It was 

from this stock solution concentration that other concentrations between 12.4 and 49.6 mg/L (0.4 

mM and 1.6 mM) were prepared. 

3.5. Sorption experiment  

3.5.1 Effect of time on adsorption 

Two out of the four-biochar samples namely rice husk and saw dust biochar were used to determine 

the shaking time for maximum adsorption. A 0.1 g each of the two biochar types was weighed into 

60 mL shaking bottles. Various amounts of the stock (62 ppm P) solution were pipetted into 50 

mL volumetric flask such that when volumes of 1 M NaCl was added as background solution (for 

constant ionic strength), the P concentrations in the volumetric flasks were 0.00 mg/L (blank), 0.4 

mM (12.4 mg/L), 0.8 mM (24.8 mg/L), 1.2 mM (37.2 mg/L) and 1.6 mM (49.6 mg/L) and the 

NaCl solution was10 mM NaCl. The P solutions were then added to the shaking bottles containing 
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biochar and shaken at 200 rpm in a reciprocating shaker at temperature of 22 ± 0.5 0C at two hour 

intervals for 24 hours. At the end of each shaking time, the vessels were withdrawn and the 

mixtures centrifuged at 3000 rpm for 15 minutes to obtain a clear solution for equilibrium P 

determinations. 

The equilibrium P concentrations in the various solutions were determined first by colour 

development using Murphy and Riley (1962) method. An aliquot of 1mL of the sample solution 

was pipetted into a 50 mL volumetric flask and a drop each of P-nitrophenol and ammonium 

hydroxide were added after which 8 mL of a solution containing concentrated sulphuric acid, 

ammonium molybdate, potassium antimony tartrate, and ascorbic acid were added. The content 

was topped up to the 50 mL mark with distilled water. The concentration of phosphorus was then 

read on a Philips’ UV spectrophotometer at a wavelength of 710 nm and recorded. The P 

concentrations on the solid phase were calculated based on the initial and final aqueous 

concentrations. All the experimental treatments were performed in triplicates and the average 

values reported. Whenever two measurements showed a difference larger than 5%, the adsorption 

experiment was repeated for those samples. 

3.5.2 Effect of pH on adsorption 

Effect of solution pH on phosphate removal by the biochars was studied over a wide initial pH 

range of 2 to 12 at successive pH increases of 2 pH units (i.e., 2.0, 4.0, 6.0, 8.0 10.0 and 12). Again, 

a batch sorption experiment was conducted in 60 mL shaking vessels at a temperature of 22 ± 0.5 

0C. About 0.1 g of each biochar sample was weighed into the vessels. Various amounts of the P 

stock was pipetted into 50 mL volumetric flask and NaCl added so as to attain P concentrations of 

between 0 and 1.6 mM and NaCl concentration of 10 mM as described in section 3.5.1. 

Concurrently, the pHs of the solutions were adjusted to 2, 4, 6, 8, 10 and 12 by adding HCl and/or 
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NaOH amidst stirring with a magnetic stirrer. The solutions were then made up to volume using 

de-ionised water which had been pre-adjusted to the various pH of between 2 and 12. The solutions 

adjusted to their respective pHs were then added to the weighed samples and shaken for six hours 

as the earlier experiment had found six hours to be the optimum time for maximum adsorption. 

At the end of the six hour shaking time, the vessels were removed and the mixtures centrifuged at 

3000 rpm for 15 minutes to obtain a clear solutions. The samples were gently decanted and the 

equilibrium pH immediately determined. The equilibrium P concentrations in the various solutions 

were determined first by colour development using Murphy and Riley (1962) method as described 

in section 3.5.1 and then read on a Philips' UV spectrophotometer at a wavelength of 710 nm. The 

P concentrations on the solid phase were calculated based on the initial and final aqueous 

concentrations. All the experimental treatments were performed in triplicates and the average 

values are reported. Whenever two measurements showed a difference larger than 5%, the 

adsorption experiment was repeated for those samples. 

Calcium and Mg that may have been released into solution during the adsorption experiment were 

determined using an Atomic Absorption Spectrometer. 

3.6 Quantity adsorbed 

The amount of P adsorbed onto the various biochars were calculated using the equation: 

𝒒𝒕 =
(𝑪𝒐 − 𝑪𝒕)𝑽

𝒎
                                                                                                             (𝑬𝒒𝒏.𝟑. 𝟏) 

Where qt (mg/kg) is the amount of P per mass unit of biochar at time t, C0 and Ct (mg/L) are the 

initial and at equilibrium concentration of P, respectively, V is the volume of the solution (L), and 

m is the mass of adsorbent (g). 
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3.7 Sorption Isotherms 

A plot of quantity of P adsorbed (mg/kg) against time (hours) was drawn to analyse the effect of 

time on the adsorption. In addition, quantity of P adsorbed per unit mass of biochar was plotted 

against the equilibrium P concentration to determine the sorption maxima for the four biochar 

types as well as P adsorbed per unit mass against equilibrium pH to determine the optimum pH for 

maximum adsorption. 

3.8 Data analyses 

The quantity of P adsorbed at the different time internals as well at the different pHs were subjected 

to analysis of variance (ANOVA) using Genstat 9 to establish whether there were differences in 

the biochar type with respect to P sorption from aqueous solution. 
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CHAPTER FOUR 

RESULTS 

4.1 Characterization of biochar  

4.1.1 Physico-chemical properties 

Some physical and chemical properties of the four biochar types used for the adsorption studies 

are shown in Table 4.1. Ash content of the biochars was in the range 2 to 42% and varied with the 

biochar types as noted by Yuan and Xu (2012) who observed similar variation in ash content of 

different biochar types. The ash content of the biochar types was in the order rice husk > cocoa 

pod > saw dust > rice straw with values being respectively, 42%, 34% 4% and 2%. 

The pH in water was near neutral for the sawdust biochar (SD) with value of 7.4 and slightly 

alkaline (7.7) for the rice husk. The near neutral to slightly alkaline nature of biochar for rice husk 

and sawdust (7.4-7.7) is typical with biochar prepared from these plant materials and is consistent 

with results obtained by Eduah (2012) and Antwi-Bosiako (2012) for sawdust and rice husk 

biochars. The rice straw (RS) and cocoa pod (CP) biochar were strongly alkaline with values of 

9.4 and 10.4, respectively. The pH in 0.01 M CaCl2 did not show any marked difference from that 

in water with values of 10.7, 7.6, 9.4 and 7.4 for CP, RH, RS and SD, respectively. Strikingly, the 

electrical conductivity (EC) measured was highest in the cocoa pod biochar with a value of 1.8 

dSm-1. The other three biochar types had very low EC values of 0.42 dSm-1 for the rice straw, 0.03 

dSm-1 for the rice husk and 0.04 dSm-1 for the saw dust. 
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Table 4. 1: Some physico-chemical properties of the four biochar types. 

 Ash pH Avail. P EC OC  TN TP  

Biochar 

type 

(%) H2O CaCl2 mg/kg dS/m ……… g/kg….. …… mg/kg 

CP 34.0 10.4 10.7 3987.7 1.8 256.0  3.5 4700 

RH 42.0 7.4 7.6 531 0.03 290.0  1.4 1100 

RS 2.0 9.4 9.3 1193.3 0.42 490.0  2.1 3000 

SD 4.0 7.7 7.4 249 0.04 480.0  2.1 800 

 

CP = Cocoa pod biochar  

RH = Rice husk biochar 

RS = Rice straw biochar 

SD = Sawdust biochar 
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Table 4. 2: Total and exchangeable bases, CEC, and AEC of the four biochar types. 

 Total Bases  Exchangeable bases  Surface charges 

Biochar type Na K Ca Mg  Na K Ca Mg  CEC AEC 

 …………%..........................  ………………………..…cmol/kg………………………………. 

CP 13.8 2.01 0.48 0.50  43.6 12.5 4.7 16.89  81.61 38.98 

RH 1.90 0.09 0.26 0.09  1.90 4.1 0.97 0.90  38.89 28.12 

RS 6.30 0.97 0.48 0.24  10.5 7.4 9.99 6.21  50.56 37.89 

SD 1.25 0.13 0.67 0.15  8.70 4.08 10.48 1.29  46.67 28.91 

 

CP = Cocoa pod biochar  

RH = Rice husk biochar 

RS = Rice straw biochar 

SD = Sawdust biochar 
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The organic carbon (O.C) content varied with biochar type. The rice straw and the saw dust had 

the highest O.C contents of between 480 and 490 g/kg with the rice husk biochar recording an 

organic carbon content of 290 g/kg. The cocoa pod had the least organic carbon content of 256 

g/kg. Total N of the four biochar types were expectedly very low and less than 4 g/kg. The highest 

total N content was found in the cocoa pod biochar (3.5 g/kg) with the rice straw and saw dust 

recording similar values of 2.1 g/kg. The lowest total N content of 1.4 g/kg was observed in the 

rice husk biochar. Again, the total and available phosphorus content of cocoa pod and rice straw 

biochar was higher than the rice husk and sawdust with the cocoa pod biochar recording total and 

available phosphorus of 4700 mg/kg and 3989.7 mg/kg respectively, which was the highest among 

the four-biochar types.  Rice straw biochar had total phosphorus of 3300 mg/kg with 1193.3 mg/kg 

available phosphorus whiles the rice husk had a total phosphorus of 1100 mg/kg and 531 mg/kg 

available phosphorus. The sawdust recorded the lowest total phosphorus of 800 mg/kg and an 

available phosphorus of 249 mg/kg.  

The total and exchangeable bases are presented in Table 4.2. From the table, it is seen that the total 

percentage bases in the biochar samples were highest in the cocoa pod biochar type. The % Na in 

the CP was 13.8% and more than twice the value recorded in the rice straw biochar type (6.3%). 

The rice husk and the saw dust biochar types had respectively, 1.9 and 1.25% total Na. The %K in 

the CP was highest (2.01%) and again more than twice the K content in the rice straw (0.97%). 

The rice husk and the saw dust had the least values of K ranging between 0.09 and 0.13%. Total 

Ca of 0.67% was highest in the SD with the CP and RS having total Ca content of 0.48%. The 

least total Ca content of 0.26% was observed in the RS biochar. The total Mg content of 0.59% 

was highest in the CP followed by the RS. The RS element accounted for only 0.24% of total 
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elements. The RH and SD had the lowest total Mg contents accounting for between 0.09% and 

0.15% of the total elements analysed. 

The concentration of exchangeable Na was expectedly the highest of all the bases particularly in 

the CP, RS and the SD biochar samples. The trend of exchangeable Na followed that of the total 

sodium and was in the order of CP > RS > SD > RH. The highest Na concentration of 43.6 cmol/kg 

in the CP was more than four times that in the RS (10.5 cmol/kg). The exchangeable K in the 

biochar samples reflected the pattern of total K contents and was in the order of CP > RS > SD ~ 

RH. Exchangeable Ca of 10.28 cmol/kg was highest in the SD with the lowest concentration of 

the nutrient (0.97 cmol/kg) being found in the RH. Even though total Ca contents were similar in 

the CP and the RS, the exchangeable form of the nutrient was almost 2.1 times higher in the RS 

than in the CP. The exchangeable Mg concentration of 16.89 cmol/kg, (the highest) was recorded 

in the CP. This concentration of the nutrient was almost 2.7 times that found in the RS and 

approximately 18.8 times that found in RH. The SD had an exchangeable Mg content of 1.29 

cmol/kg. 

The cocoa pod biochar had a very high cation exchange capacity of 81.67 cmol/kg. The CP’s CEC 

was 42.78 cmol/kg, 35 cmol/kg and 31.11 cmol/kg respectively, higher than CECs recorded in the 

RH, SD and RS. Anion exchange capacity which is a measure of the amount of anions that could 

be adsorbed was similar for the biochar from the cocoa pod (39.98 cmol/kg) and rice straw (37.89 

cmol/kg). The average AEC of these two biochar types was approximately 10 cmol/kg more than 

the average AEC of biochars from the rice husk and sawdust. 
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4.1.2 Mineralogical composition of the biochar types 

The x-ray diffractograms of the various biochar types are presented in figures 4.1 a, b, c and d and 

the mineral type present in the four biochar types have been tabulated in Table 4.3. From the 

diffractograms and the table, it is seen that the most abundant mineral present in all the four biochar 

types is silica. The cocoa pod biochar in addition to having large quantities of silica also had 

appreciable amounts of KHCO3, AlFeO3 and small quantities of MgCO3, MgO and KHCO3. 

Though the feedstock for RH production came from the same rice plant as the RS, apart from 

silica, the two biochar types were completely different in mineralogical composition. The RS had 

in addition to silica, large quantities of calcite (CaCO3), siloxene (Si2OH2), and KCl and very small 

quantities of calcium differate (CaFe2O4), and MgO whereas the RH had in addition to silica only 

Mg(OH)2. The SD had large quantities of calcite (CaCO3), silica (SiO2) and nitrated graphite. 

There were small quantities of iron oxide (Fe2O3), iron magnesium oxide (Fe2MgO4), magnesium 

silicate (Mg2SiO4) and magnesium oxide (MgO). 

4.2 Sorption isotherms 

4.2.1 Effect of time on adsorption 

The effect of time on adsorption for the rice husk and saw dust biochars are presented in Fig 4.2. 

From the figure it is seen that adsorption of P on the two biochar types used for the experiment 

increased with time up to six hours. Adsorption of phosphorus onto the biochar was rapid within 

first two hours during which period the RH adsorbed approximately 6900 mg/kg P with the SD 

adsorbing 6952 mg/kg P. 
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Figure 4.1 a: X–ray diffractogram of cocoa pod biochar. 

 

 

Figure 4.1b: X–ray diffractogram of rice straw biochar. 

 

 

University of Ghana http://ugspace.ug.edu.gh



48 

 

Figure 4.1c: X–ray diffractogram of rice husk biochar. 

 

Figure 4.1d: X–ray diffractogram of sawdust biochar.  
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Table 4. 3: Mineralogical composition of the four biochar types* 

Mineral Key Biochar type   

  CP RH RS SD 

Silicon Oxide (SiO2) A A A A A 

Calcium Carbonate (CaCO3) B   B B 

Calcium Differate Oxide (CaFe2O4) C   c  

Potassium Chloride (KCl) D   D  

Siloxene (H2OSi2) E   E  

Periclase (MgO) F F  f  

Magnesium Oxide (MgO) G G   g 

Magnesium Carbonate (MgCO3) H h    

Potassium Hydrogen Carbonate (KHCO3) I I    

Aluminium Iron Oxide (AlFeO3) J J    

Iron Oxide Hydroxide (K) K K    

Iron oxide (Fe2O3) L     

Graphite, Nitrated  M    

Magnesium Silicate (Mg2SiO4) N     

Iron Magnesium Oxide (FeMgO4) O     

Magnesium Hydroxide (Mg[OH]2) P  p   

Potassium Magnesium Carbonate (KMgCO3) Q q    

*Lower case = minor component. 

Uppercase = Major component  
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Figure 4.2: Effect of shaking time on phosphorus adsorption. 
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Further shaking up to six hours increased P adsorption on the RH by only 105 mg/kg whilst that 

on the SD was increased by a paltry 73 mg/kg. Statistical analysis showed that there were no 

significant differences (5%) among quantities adsorbed between 2 hours and 6 hours. Amount of 

P adsorbed, irrespective of the biochar type after six hours of shaking remained the same. 

4.2.2 Effect of pH and concentration on Adsorption 

The two most common statistical modelling methods employed in the study of adsorption 

processes are the Langmuir and the Freundlich equations. The adsorption results conformed to the 

Langmuir equation with R2 values ranging between 0.98 and 0.99 and this is in agreement with 

the findings of Yao et al. (2011b). 

Adsorption isotherms of phosphorus onto the four biochars, rice husk, and rice straw, cocoa pod 

and sawdust at different concentrations of phosphorus and initial pHs of between 2 and 12 are 

shown in Figs 4.3 a, b, c and d. The adsorption of phosphate onto the various biochars depended 

on initial solution pH with maximum adsorption occurring at initial pH 4 for rice husk, rice straw 

and sawdust biochar. Strikingly, the CP with the highest pH in both H2O and CaCl2 had its highest 

adsorption at initial pH 2 and not 4 (Fig. 4.3 d). Generally, amount of P adsorbed at any given 

initial pH and initial concentration was in the order of SD ~ RH > RS > CP. At initial pH 4, the 

SD with least pH in both water (7.7) and salt (7.4) adsorbed between 3400 mg/kg and 6900 mg/kg 

P. The RH with similar pH in both water (7.6) and salt (7.4) as the SD also adsorbed between 3300 

mg/kg and approximately 7000 mg/kg P. The RS with a strongly alkaline regime of pH of between 

9.3 and 9.4 had adsorption between 3300 mg/kg and about 6100 mg/kg. The CP with an inherent 

pH of between10.4 and 10.7 had the highest adsorption of P at initial pH 2 and the concentration 

adsorbed was between approximately 2800 mg/kg P and 5800 mg/kg P. 
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The isotherms indicate that there was an optimum equilibrium pH for maximum adsorption which 

was dependent on biochar type and initial P concentration (Fig. 4.4 a-d.). At equilibrium pH 2.2 

and 2.3, the RH and the SD adsorbed 2250 mg/kg P when initial concentration of P added was 

12.4 mg/L or 0.4 mM. At respective equilibrium pHs of 6.2 and 6.6 for the RH and the SD and at 

the same P concentration of 0.4 mM, maximum P of about 3400 mg/kg was adsorbed. Increasing 

equilibrium pH beyond 6.2 and 6.6, respectively for the RH and SD to 11.8 led to decreases in P 

adsorption to values lower than amount adsorbed at equilibrium pH 2.3. 
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Figure 4.3a: Isotherms of Phosphorus on rice husk biochar. 

 

Figure 4.3b: Isotherms of Phosphorus on sawdust biochar. 

 

 

pH2 

pH4 

pH6 

pH8 

pH10 

pH12 

pH2 

pH4 

pH6 

pH8 

pH10 

pH12 

University of Ghana http://ugspace.ug.edu.gh



54 

 

Figure 4.3c: Isotherms of Phosphorus on rice straw biochar. 

Figure 4.3d: Isotherms of Phosphorus on Cocoa pod biochar. 
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Figure 4.4a: Effect of equilibrium pH on P adsorption on rice husk biochar. 

 

Figure 4.4b: Effect of equilibrium pH on P adsorption on sawdust biochar. 
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Figure 4.4c: Effect of equilibrium pH on P adsorption on rice straw biochar. 

 

Figure 4.4d: Effect of equilibrium pH on P adsorption on cocoa pod biochar. 
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Similar trends were observed for the RH and SD at increasing initial P concentration of 24.8 mg/L 

(0.8 mM), 37.2 mg/L (1.2 mM) and 1.6 mM. Maximum P adsorption at initial concentration of 

24.8 mg/L, 37.2 mg/L and 49.6 mg/L occurred at respective equilibrium pHs of 6.1, and 5.7 for 

the RH whilst that of the SD, equilibrium pHs for maximum adsorption were at 6.4, 6.3 and 6.2, 

respectively. 

At equilibrium pH 2.8 and at initial P concentration of 12.4 ppm, the rice straw biochar adsorbed 

approximately 3200 mg P/ kg biochar. When equilibrium pH increased by 5.1 pH units, increase 

in P adsorbed was marginal. Increasing equilibrium pH further to 11.6 decreased P adsorption to 

approximately, 2000 mg P / kg biochar. This decrease at equilibrium pH 11.6 was about a 1000 

mg P/kg biochar less than that at equilibrium pHs 2.8 and 7.9. Increasing initial P concentrations 

elevated P adsorption with maximum adsorption occurring at equilibrium pH 7.6, 7.2 and 7.2, 

respectively for initial P concentrations 24.8 mg/L, 37.2 mg/L and 49.6 mg/L. Increasing 

equilibrium pH above the optimum led to decreases in the concentration of P adsorbed. 

It is worth noting that for the rice straw at lower initial concentration of 12.4 mg/L there was no 

statistical difference in P adsorbed at equilibrium pH 2.8 and 7.9 and at 2.7 and 7.6 for init ia l 

concentration 24.8 mg/L. However, at higher concentrations of 37.2 ppm, amount adsorbed was 

statistically significant with 1000 mg/kg P more adsorbed when pH increased from 2.5 to 7.2. A 

similar trend was observed at 49.6 initial P concentrations, where almost 1500 mg/kg more P was 

adsorbed when equilibrium pH increased from 2.4 to 7.2. 

The cocoa pod (very high pH of 10.4) expectedly after equilibration with the P solution at the 

various initial concentrations and at initial pH 2, had its equilibrium pH ranging between 6.7 and 

7.1. The equilibrium pH was highest (7.1) at initial P concentration of 12.4 ppm. Increasing 
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equilibrium pH at all the various initial concentrations of P led to decreases in adsorption with the 

least adsorption occurring at equilibrium pH 11.9. 

Generally, increasing equilibrium pH from 2.2 to about 6.9 for the RH, SD and RS resulted in 

increasing P adsorption (Fig 4.4a-d) beyond which adsorption decreased 

4.2.3 Effect of pH on maximum phosphorus adsorption 

The overall maximum adsorption occurred on the rice husk biochar at an equilibrium pH of 5.7 

with a maximum phosphorus adsorption of 7010 mg/kg. This was followed by the sawdust biochar 

with maximum adsorption of 6940 mg/kg occurring at an equilibrium pH of 6.2. The rice straw 

biochar was next with a maximum adsorption of 6100 mg/kg, which occurred at an equilibr ium 

pH of 7.2. The cocoa pod biochar had the lowest adsorption of 5800 mg/kg that occurred at an 

equilibrium pH of 6.7. Adsorption on the various types of biochars increased in the order of rice 

husk biochar > saw dust biochar > rice straw biochar > cocoa pod biochar. Statistical analysis at 

95% confidence level revealed that there was no significant difference between adsorption at pH 

6.7 and 7.2. There was also no significant difference between adsorption at pH 5.7 and 6.2. 

However, there were differences in adsorption at pH 5.7 - 6.2 and pH 6.7 - 7.2. 

4.2.4 Phosphorus sorption capacity (Pmax) for the various biochars 

To estimate the Langmuir sorption maximum which measures the maximum amount of 

phosphorus (P max) that can be sorbed on the adsorbent (biochars) and the binding energies for 

the various biochar types, the equilibrium concentration of P (Ce) as a fraction of quantity of P 

adsorbed (qe) per unit biochar was plotted against the equilibrium concentration for the various 

biochar types. Linear and curvilinear models were fitted to the graphs (Figure 4.5) from which the 

q max and the binding energies were calculated. The goodness of fit of the model was ascertained 
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by looking at the R2 values. All the plots were highly significant with R2 values range from 0.98 

to 0.99 indicating apparent high conformity of the adsorption data to the Langmuir model. 

Table 4.4 shows the calculated P max and the accompanying binding energies for all the biochar 

types. The results indicated that the rice husk biochar and the sawdust biochar had the same 

sorption capacity and the highest sorption capacity with Pmax values of 7300 mg/kg, which 

occurred between equilibrium pH of 5.7 and 6.2. The rice straw biochar with a Pmax of 6300 

mg/kg occurred at equilibrium pH of 7.2 and this is 1000 mg/kg more than the P max for the cocoa 

pod biochar that occurred at equilibrium pH of 6.7. The binding energies, b, (0.2 L/mg) for rice 

husk, sawdust, and rice straw biochar types were the same whiles the cocoa pod biochar had a 

lower energy of 0.18 L/mg. 

4.2.5 Change in pH with adsorption 

The pH of the blank run (0 concentration of P) was considered the initial pH of the biochar samples 

mixed with phosphorus at various concentrations and pH. To ascertain whether the change in pH 

was a reflection of adsorption, concentration of P adsorbed was plotted against change in pH and 

the results are shown in Figure 4.6 a-d. From the figures, there was generally no change in solution 

pH with increasing adsorption in the rice RH since most of the changes in pH were below 0.5 pH 

units (Nartey et al., 2001). It is worthy of note that, the SD which had the highest adsorption, 

maximum adsorption coincided with a 1.2 decrease in pH after adsorption at initial pH 4 and 6. 

The RS and the CP did not generally experience changes in pH with increasing adsorption since 

most of the ∆pHs were below 0.5 pH units. 
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Figure 4.5: Linear and curvilinear fitting graphs of the four biochar types for Pmax. 
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Table 4.4: maximum phosphorus sorption capacity and binding energies from Langmuir 

model. 

Biochar types  Pmax* 

(mg/kg) 

b+ 

(L/mg) 

R2 

Cocoa pod  6200 0.18 0.99 

Rice straw  6300 0.20 0.99 

Rice husk  7300 0.20 0.98 

Sawdust  7300 0.20 0.98 

*Pmax = maximum phosphorous sorption capacity  

+ b = binding energy  
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Figure 4.6a: Change in equilibrium pH with P adsorption on the rice husk biochar. 

 

Figure 4.6b: Change in equilibrium pH with P adsorption on the sawdust biochar. 
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Figure 4.6c: Change in equilibrium pH with P adsorption on the rice straw biochar. 

 

Figure 4.6d: Change in equilibrium pH with P adsorption on the cocoa pod biochar. 
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4.2.6 Ca and Mg release with adsorption 

To ascertain whether the release of Ca and Mg was as a result of adsorption, concentrations of the 

two elements in equilibrium solutions were plotted against P adsorbed (Figs 4.7 a and b). The Ca 

released into solution was between 0.056 and 0.072 mg/L for RH. However, this level of Ca 

released did not reflect adsorption with a coefficient of determination was 0.0323. The amount of 

Mg released (0.0024 – 0.0192 mg/L) into solution by the rice husk biochar reflected adsorption of 

phosphate onto the biochar as R2 value was 0.91* indicating a strong relationship between Mg 

released and P adsorbed. The highest release of Mg (0.0192 cmol/kg) occurred at equilibrium pH 

5.7 which coincided with the highest P adsorption. Similarly, 0.08 – 0.16 mg/L of Ca and 0.0048 

– 0.0169 mg/L of Mg were released into solution for the sawdust biochar. The amounts of Ca and 

Mg released were positively correlated with the P adsorption with R2 values of 0.85* and 0.89*, 

respectively. The high R2 values revealed a strong relationship between amounts of P adsorbed 

with Ca and Mg released. 

Rice straw biochar released between 0.004 – 0.08 mg/L of Ca and 0.072 – 0.0168 mg/L of Mg into 

solution. However, both the Ca and Mg released had no relationship with P adsorbed as the R2 

value of 0.76 was not significant at 5% probability level. On the other hand, Mg released did not 

reflect the adsorption of phosphate onto the rice straw biochar.  

Cocoa pod biochar released 0.076 mg/L of Ca and 0.0168 mg/L Mg, which was the same at all 

pHs. The amount of Ca and Mg released into solution by the CP biochar did not reflect the 

adsorption of phosphate onto the material.  
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 Fig 4.7a: Relationship between P adsorbed and Ca released. 

 

 

Fig 4.7b: Relationship between P adsorbed and Mg released. 
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CHAPTER FIVE 

DISCUSSION 

5.1 Characterization of biochar 

The comparatively higher ash contents in the RH (42%) and CP (34%) is an indication that the 

feed stock i.e. cocoa pod and rice husk from which the two biochar types were prepared are more 

prone to combustion. The feedstock for the SD is mainly woody material and it is expected that 

this material and the rice straw would be more lignified than the cocoa pod and rice husk and hence 

more resistant to combustion. For higher yield per unit mass of RH and CP, therefore, lower 

temperatures than the 450oC used in this study will be better. 

The higher pH values (>7) of the four biochar types are due to pyrolysis (Struebel, 2011). At 

pyrolysis temperatures between 300 oC to 600 oC, organic acids and phenolic substances are 

released during the cracking of hemicellulose and cellulose. These acids then combine with basic 

cations in the feedstock to form alkali salts with a concomitant increase in pH of the biochar 

(Streubel, 2011; Shinogi and Kanri, 2003). It is evident that the type of feedstock has accounted 

for differences in pH of the four biochar types. The concentrations of both total and exchangeab le 

bases particularly K, Ca and Mg are highest in the CP followed by the RS and this is reflected in 

the strongly alkaline pH of these two biochar types with the CP having the higher pH. The strongly 

alkaline pH (10.4) in the CP is further corroborated by the presence of appreciable quantities of 

KHCO3, and MgCO3 and small quantities of MgO which are all liming materials. The RS also has 

large amounts of calcite and periclase which may, in part, have influenced the material’s strongly 

alkaline pH. 
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Electrical conductivity (EC) is a measure of the ability of the biochar to conduct electrical current 

and is used to estimate salinity (Essay, 2013; Doerge, 1999). The EC measurements also have the 

potential for estimating variation in physical properties such as moisture content and porosity. 

Presence of charged species (such as Na+, K+, Ca2+, Mg2+,) especially high exchangeable Na 

enhances the electrical conductivity of the material (Essay, 2013). The high total and exchangeab le 

Na in the CP may account for the material's high EC. 

According to Doerge (1999), high EC of biochar connotes greater porosity which may imply that 

cocoa pod biochar may have higher porosity than the other biochar materials. Though the EC of 

the CP is not up to the critical level (4 dS/m), its continuous application to soils, particularly those 

high in Na content may lead to the destruction of the structure of those soils. The low EC of the 

other biochar types is as a result of their low total levels exchangeable Na+. These low EC values 

imply these biochar types would be better suited for P enrichment of soils with minimal Na threat 

should they be amended to soils. 

In all, cocoa pod biochar had the highest nutrient concentrations with respect to total N and 

exchangeable bases with the exception of Ca. High concentrations of these nutrients in the cocoa 

pod biochar coupled with its high pH and the abundance of liming potential make it a suitable 

material to be used as soil amendment in highly acidic Oxisols such as the Ankasa and Boi series 

in the Western Region of Ghana. The RS has similar properties albeit lower concentrations. Its Na 

and EC are, however, lower. It could therefore be used in most acid soils in Ghana to minimize P 

sorption by increasing pH. 

According to Streubel (2011), most of the N is lost during pyrolysis as temperature increases from 

350 to 600 oC. This is because as pyrolysis temperature increases, the N forms pyridine- like 

complexes that reduce its availability (Bagreev et al., 2001). Decrease in N concentration can also 
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be attributed to volatilization during heating and with some of the N–containing structures in the 

biochar (e.g., amino acids, amines, amino sugars) condensing into recalcitrant forms and therefore 

may be unavailable for plant use (Cao and Harris, 2010). It is therefore a matter of consequence 

that all the biochar samples have low total N (< 4 g/kg) contents. The relatively higher total N 

content in the CP which is about 1.6 times that in the RS and the SD could be due to the higher 

fertilization regimes of cocoa in Ghana. 

Cation exchange capacity (CEC) is defined as the sum of the total exchangeable cations that a 

biochar can hold or adsorb (Essay, 2013) and is also a reflection of the number of negative charges 

created on the surface of the material. The cation exchange capacity (38.89 – 81.67 cmol/kg) of 

the four biochar types was higher than the anion exchange capacity (28.12 – 39.98 cmol/kg) for 

the same materials. High amounts of oxygen-containing functional groups (e.g. –CO[O] and –OH) 

on biochars were the main reason for their high CEC (Yuan and Xu, 2012). These functiona l 

groups are likely to deprotonate in solution considering the neutral to strongly alkaline pH regimes 

of the four biochar types. The deprotonation will then culminate in higher CEC than AEC. 

Glaser et al. (2002) also attributed the high CEC of biochar to the formation of carboxylic and OH 

groups by oxidation on the edges of the aromatic backbone of biochar. This may imply that cocoa 

pod with its very high polyphenol contents will possess more of the OH groups accounting for the 

highest cation exchange capacity of 81.67 cmol/kg. The CEC is used as a measure of the soil 

nutrient retention capacity, and the capacity to protect groundwater from cation contamina tion 

(Essay, 2013). 

The total exchangeable bases in the four biochar types were in the order of CP > RS > SD > RH 

and CEC corroborates the order of CEC. The high CEC of the CP which is 30.11 cmol/kg more 

than the RS could therefore be taken advantage of in removing hazardous heavy metals from waste 
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water and soil through surface adsorption and complexation or precipitation. Its added advantage 

of high pH could also aid the removal process by helping to precipitate the heavy metals. 

The higher AECs of the CP (38.88 cmol/kg) and the RS (I37.89 cmol/kg) than the SD (28.91 

cmol/kg) and the RH (28.12 cmol/kg) imply that the former two have approximately 10 cmol/kg 

more positive charges than the latter two. Considering the fact that the former two particularly the 

CP have high pH, these materials could be used to remove anions which are pollutants from waste 

water. The latter two could rather be used as soil amendments to minimize leaching of anionic 

plant nutrients. 

5.2 Sorption isotherms 

The sorption isotherms fitted to the Langmuir model better than the Freundlich model implying 

that the four biochar surfaces have a finite number of sorption sites. With the initial P concentration 

not exceeding 2 mM, polymerization was avoided and thus only a single molecule occupied each 

sorptive site and there was no interaction between the sorbed molecules. The binding sites were 

identical for rice husk, sawdust and rice straw with value of 0.2 L/mg and slightly lower for cocoa 

pod biochar with 0.18 L/mg. The lower binding energy of the cocoa pod biochar could have 

accounted for its lower adsorption. 

The fact that by the second hour of shaking, adsorption of phosphate onto the four biochar types 

was between 6900 mg/kg and 6952 mg/kg with maximum adsorption after six hours increasing by 

a paltry 105 mg/kg which did not show any significant difference at 5% is an indication that 

adsorption of P on the biochars was rapid within the first two hours of shaking. Adsorption onto 

an adsorbent from the aqueous phase involves three steps: 
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i. the transport of the adsorbate from the bulk phase to the exterior surface of the 

adsorbent (film diffusion), 

ii. the transport into the adsorbent by either pore diffusion and/or surface diffus ion 

(intraparticular diffusion) and 

iii. the adsorption on the surface of the adsorbent which are often dependent on contact 

time (Kolodyn'ska et al., 2012). 

This means all the three processes viz film diffusion, intra-particular diffusion and adsorption were 

working concurrently to adsorb P onto the surface of the four biochar types and explains why 

within two hours, approximately 95% of the maximum adsorption had been attained (Kolodyn'ska 

et al., 2012). This result is in conformity with a study by Zhang et al. (2013) who revealed that the 

adsorption of phosphate on biochar showed rapid kinetics and reached equilibrium within 1 hour. 

Adsorption capacity and removal efficiency significantly increased during the initial adsorption 

stage and then continue to increase at a relatively slow speed with contact time until a state of 

equilibrium (Mostafapour et al., 2013). According to Mostafapour et al., 2013, adsorbate is 

adsorbed easily on macropores at surfaces of the adsorbent whilst micropores surfaces adsorb more 

slowly due to diffusion. This may suggest that macropores surface adsorption played a significant 

role in the adsorption process of these four biochar types. The higher P maxima for the RH and 

SD may be due to a relatively larger macropore surfaces. 

After the first two hours, a further increase in contact time had an insignificant effect on the amount 

of adsorption. This phenomenon is attributed to the fact that a large number of vacant surface sites 

available for adsorption at the initial stage had been saturated by the second hour, and after which 

the remaining adsorption was slower due to repulsive forces between the solute molecules on the 

solid and bulk phases (Cengiz and Cavas, 2008; Gulnaz, 2011, Mostafapour et al., 2013). 
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The fact that at lower P concentrations there were generally no significant increases in adsorption 

when pH is increased from 2.7 to 7.6 but at similar pH increase, more than 1000 mg/kg P was 

adsorbed at higher initial P concentrations shows that initial high P concentration increases P 

adsorption. 

The P sorption maxima for the rice husk and saw dust biochar types being about 1000 mg/kg higher 

than those for the CP and RS could be due to the differences in the inherent pH of the samples. 

Though the AEC of the CP and RS are higher than their RH and SD counterparts, the former two 

biochar types have higher CEC. With their strongly alkaline pH and higher CEC, the CP and RH 

are likely to repel more of the anionic P from their surfaces with a resultant decrease in adsorption.  

The lower P maxima for the CP and RS could also be due to their relatively high inherent available 

and total P. A higher total and available P could reduce the potential for P adsorption (Zhang et 

al., 2013). 

5.2.1 Effect of pH on adsorption 

The isotherms indicated that with increasing equilibrium P concentrations, amount of P adsorbed 

increased. In addition, increasing equilibrium pH above the pH for maximum adsorption led to 

decrease in adsorption onto the various biochars. Low adsorption was observed at equilibrium pH 

between 2.2 and 2.8 for rice husk, sawdust and rice straw biochar. Low adsorption was also 

observed above equilibrium pH 7.2 for all the biochar types. Maximum adsorption onto the RH 

and SD biochars occurred between equilibrium pH 5.7 to 6.2 which is consistent with the findings 

of Yao et al. (2011b) and Zeng et al., (2013) on other biochar types. Maximum adsorption was, 

however between equilibrium pH 6.7 and 7.2 for the CP and RS. 

The fact that statistically similar maximum adsorption for the RH and SD occurred between 

equilibrium pH 5.7 and 6.2 (slightly acid) and this level of adsorption was statistically higher than 
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the maximum P adsorption for the CP and RS which occurred at relatively higher pHs of between 

6.7 and 7.2 (neutral) suggests that pH plays an important role in P adsorption onto these biochar 

types. The higher pH of the RS and CS may have contributed, in part, to their lower maximum P 

adsorption. This trend is corroborated by the negative correlation coefficient values of between 

0.85* and 0.96* when amount of P adsorbed at the various initial concentrations is regressed on 

equilibrium pH for CP. The fact that the correlations are negative for the CP indicates that beyond 

an optimum equilibrium pH of between 5.7 and 6.2, adsorption decreases. In a similar study, Zhang 

et al. (2013) found pH for maximum adsorption of P around 5.0 and Yao et al. (2011b) also found 

pH for maximum adsorption of P to be around 5.2 for other biochar types. Thus optimum pH for 

maximum P adsorption depends on the biochar type. The coefficient of determination for the CP 

was between 0.92 and 0.98 for the various initial P concentrations showing that between 92% and 

98% of P adsorbed is explained by pH. 

5.3 Change in pH and Ca and Mg released 

A release of Ca and Mg into solution was observed at all pH for all the four samples. The amount 

of Ca released into solution for the sawdust biochar indicated a significant positive correlation 

with P adsorbed suggesting possible surface Ca precipitation of P on the sawdust biochar. Yao et 

al. (2011b) explained that when Ca is released from the biochar as free ions into solution, it may 

remove phosphate through precipitation. 

Magnesium released into solution showed significant positive correlation with P adsorbed onto the 

rice husk and sawdust biochars. This implies that possible surface Mg precipitation of P could also 

be a mechanism of phosphate removal on the sawdust and rice hush biochars as noted by Zeng et 

al. (2013) and Yao et al. (2011b). 
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5.4 Mechanisms of adsorption 

Different mechanisms will be proposed as being in part responsible for the adsorption of P on the 

various biochar types. Sawdust biochar showed significant correlation between the P adsorbed and 

Ca released into solution indicating possible Ca precipitation as a mechanism of P removal. 

Optimum P adsorption on the saw dust biochar type occurred at equilibrium pH 6.2. At this pH 

about 95% of P exists as H2PO4
- with only about 5% existing as HPO4

2- (Lindsay, 1979). 

Precipitation reactions at pH 6.2 may thus occur as: 

Ca2+   +   H2PO4
-       →       Ca(H2PO4)2     (Eqn 5.1)  

Ca2+  +   H2PO4
2-       →       CaHPO4     (Eqn 5.2) 

A similar reaction is proposed for Mg that was released from the RH and the SD. 

Mg2+     +   H2PO4
-   →     Mg(H2PO4)2     (Eqn 5.3) 

Mg2+       +  H2PO4
2-      →     MgHPO4     (Eqn 5.4) 

In Eqn 5.1 and 5.3, the products are soluble and hence may be the likely surface precipitat ion 

reactions. 

Magnesium oxide (MgO) present on the surfaces of cocoa pod biochar, rice straw and sawdust 

biochar may have removed P through electrostatic interaction and or ligand exchange. When in 

solution the MgO is hydroxylated. The point of zero charge (PZC) of MgO is very high near pH 

12 (Kosmulski, 2009; Yao et al., 2011b). The pH at which maximum adsorption occurred for the 

CP, RS and SD is between 6.2 and 7.2. These equilibrium pHs are between 4.8 to 5.8 pH units 

below the PZC. The hydroxylated surface of the MgO can then become protonated. At the pH 
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between 6.2 and 7.2, both H2PO4- and HPO4
2- will exist in solution since pK2 of orthophosphoric 

acid is 7.2 (Lindsay, 1979). Adsorption of P on the protonated surface can then take place as: 

 

Equation 5.5 is an electrostatic one in which the orthophosphate ion is held loosely and can be 

exchanged by other anions into solution. The P held in this form could then be made available for 

plant uptake. Equation 5.6 is a mononuclear reaction involving ligand exchange where the H2PO4
- 

replaces the OH2
+ to release water into solution. Equation 5.7 is binuclear one where two of the 

mineral surfaces are involved. Two OH2
+ are coordinated to the HPO4

- releasing two moles of 

water into solution. The P then becomes part of the mineral structure and is not available for plant 

uptake.  

Brucite (Mg[OH]2) as a mineral was identified only in the rice husk. Its mechanism of P adsorption 

may therefore be different. At the optimum pH of 5.7 for maximum P adsorption, the brucite 

mineral could also be protonated to react with the H2PO4
- mainly present in solution as:. 
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From the change in pH values in adsorption, there was generally no change in pH except in the SD 

and RS where there was decrease in pH at the maximum adsorption. This decrease in pH connotes 

proton release as a result of adsorption which for now is inexplicable. The no change in pH 

observed on the cocoa pod and rice husk biochar types could be a confirmation of the proposed 

reactions where water is released into solution after adsorption. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATION 

6.1 Conclusions 

The study revealed that cocoa pod, rice husk, sawdust and rice straw charred at 450 oC produced 

biochar types with varying ash contents, chemical and mineralogical composition. The rice husk 

and the cocoa pod biochar types had the highest ash contents at charring temperature of 450 oC 

suggesting that they are more prone to combustion. 

The cocoa and rice straw biochar have strongly alkaline pH with large amounts of KHCO3 in the 

CP and CaCO3 in the RS suggesting that these two biochar types could be exploited for use as 

cheap liming materials.  

The study has shown that six hours of shaking is optimum for adsorption of P onto biochar and 

that optimum equilibrium pH for maximum adsorption of P for biochar is between 5.7 and 7.2. 

Maximum P sorption capacities for the sawdust and rice husk biochar types were estimated to be 

7300 mg/kg with binding energies of 0.2 L/mg. The maximum P sorption capacity for the rice 

straw biochar was estimated to be 6300 mg/kg with a binding energy of 0.2 L/mg. The cocoa pod 

biochar had the least P sorption capacity of 6200 mg/kg and a binding energy of 0.18 L/mg due to 

in part, its strongly alkaline pH of 10.4 

Phosphate adsorption mechanism varied with biochar type. Surface precipitation by Ca and Mg 

was an important mechanism of P adsorption onto the sawdust biochar with Mg precipitation also 

proposed as an important mechanism of P adsorption onto the rice husk biochar. Both electrostatic 

attraction and ligand exchange reactions by periclase (MgO) with P was the main mechanisms of 

adsorption on cocoa pod, rice straw and sawdust biochar types. Electrostatic attraction and ligand 
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exchange of orthophosphate ion with brucite was proposed as the main mechanism of adsorption 

on the rice husk biochar. 

6.2 Recommendations 

In order to make the findings of this research useful, field application of the P enriched biochar to 

study the bioavailability of the adsorbed nutrients, rate of nutrient release upon soil amendment   

vis-a-vis productivity of the soil should be studied. 

Post adsorption mineralogical studies including spectroscopy (NMR, FTIR) and Scanning 

Electron Microscopy (SEM) and surface properties (surface acidity) studies be carried out to fully 

elucidate the mechanism of adsorption of P on the different biochar types.  
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