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ABSTRACT 

The increased presence of Heavy Metals (HMs) in soil has been a great public health and 

environmental concerns in developing countries. Spent oils that are discharged indiscrimately 

into the environment or used as herbicides have been found to contribute to the release of HMs 

into the soil. The use of biochar as an amendment agent in Spent Oil-contaminated Soil (SOS) 

has been found to be a simple, cheap, and sustainable HMs remediation technology. This study 

aimed at investigating the potential of Rice and Sorghum Straw-derived Biochars (RSSB) on 

HMs mobility in Tridax procumbens, Zea mays, Tithonia diversifolia and Pennisetum glaucum 

grown in SOS. The objectives of the study were to determine the: (i) physicochemical properties 

of RSSB; (ii) functional properties of RSSB; (iii) physicochemical properties and HMs contents 

of SOS; (iv) growth potential of the selected plants in SOS; (v) mobility of HMs in the selected 

plants; and (vi) phytoextraction potentials of the selected plants. 

Biochars derived from rice and sorghum straws by slow pyrolysis were characterized for 

physicochemical and functional properties using standard methods. Composite soil was spiked 

with spent oil (5% v/w), potted and amended with different concentrations (0, 1, 2 and 3% w/w) 

of biochar. The soil was incubated for 30 days and physicochemical properties were determined 

using standard methods. Seeds of the selected plants were sown in the treated soil and their 

growth attributes were measured with standard methods. Harvested plant parts and soil samples 

were digested and analyzed for copper, zinc, lead, cadmium and chromium contents using 

Atomic Absorption Spectrophotometer. The transfer factor and bioconcentration factor of the test 

plants were determined with standard models. Data were subjected to Analysis of Variance while 

Duncan’s Multiple Range Test at p≤0.05 was used to separate the means. 

The findings of the study were that: 
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(i) rice biochar had pH (8.54), ash (52.37%), Mg (0.70%), K (11.88%) and Si (14.36%) 

contents while sorghum biochar had pH (8.41), ash (35.07%), Mg (0.69%), K (7.89%) 

and Si (14.72%) contents;  

(ii) the biochars possessed micropores and macropores and functional groups such as OH 

(3400 cm-1) and aromatic compounds, C-H (900 to 885 cm-1); 

(iii) biochars significantly (p≤0.05) increased soil properties such as pH (20.66%), water 

holding capacity (36.67%) and porosity (37.29%) but significantly (p≤0.05) reduced 

heavy metals below the permissible limits recommended by WHO; 

(iv) rice biochar at 3% increased the height of the plants: Pennisetum glaucum (76.03%), 

Zea mays (81.50%), Tithonia diversifolia (39.27%) and Tridax procumbens (66.42%) 

while sorghum biochar at 3% increased the height of the plants: Pennisetum glaucum 

(157.61%), Zea mays (23.01%), Tithonia diversifolia (83.33%) and Tridax 

procumbens (66.66%); 

(v) the biochars significantly reduced (p≤0.05) the availability of Cu, Zn, Pb, Cd and Cr; 

and 

(vi) only Zea mays extracted Cu and Cr while others stabilised the HMs. 

 

The study concluded that RSSB amended spent oil-contaminated soil by reducing the availability 

of the HMs and improving the properties and nutrients required to support plant growth. The 

study therefore recommended the two biochars for the remediation of SOS. 

 



1 
 

CHAPTER ONE 

INTRODUCTION 

Spent oil is any refined oil from natural or fabricated oil which was used and contaminated by 

physical or chemical impurities resulting from its use (USEPA, 2000; MEF, 2008). Tyson- 

Young (2008) defined spent oil as petroleum or synthetic oil from industrial and non-industrial 

sources, obtained for lubricating uses which has made it to become unsuitable for its initial use 

because of the impurities present in the spent oil. The chemical name for spent oil is used 

mineral crankcase oil (DOE, 1989) which is yellowish brown to black in colour and insoluble in 

water at 20ºC.  Spent oil is an heterogenous mixture that constitute a very large amount of 

chemicals with unfamiliar biologic activity involved that which is genotoxic (Clonfero et al., 

1996). The toxicity of waste engine oils has been assigned to its chemical composition which 

varies widely depending on the original crude oil, the refining processes, types of additives and 

the efficiency of the engine (Obinia and Afiukwaa, 2013).  

Spent oil contains metals like iron, steel, copper, lead, zinc, barium, manganese, arsenic, 

cadmium; additives like detergents, metallic salts such as molybdenum and zinc salts; sulfur, 

water, ash and polycyclic aromatic hydrocabons (PAHs) (ATSDR, 1997). Majority of heavy 

metals like aluminium, lead, iron and nickel below detection in unused oil were found to be very 

high in used oil making them to be harmful to the environment (Davis et al., 2001; Abioye et al., 

2012). These heavy metals are regarded as pollutants to the environment (Dickson and 

Udoessien, 2012; Fatoba et al., 2015). These metals could be stored as base metals, hydrated 

oxides, carbonates, exchangeable positively charged ions in soils or they attached with biological 

components of the soil (Stengel and Gelin, 2004).  

https://www.omicsonline.org/open-access/application-of-a-validated-stabilityindicating-hptlc-method-forsimultaneous-estimation-of-paracetamol-and-aceclofenac-and-theirimp-2157-7064-1000324.php?aid=74891
https://www.rroij.com/international-journal-of-innovative-research-in-science-engineering-and-technology.php
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The nature of heavy metals resulting from their inability to break down makes them toxic to the 

environment especially when they are beyond the permissible limit (Xu et al., 2014). The 

continuous presence of these contaminants is becoming a threat to human safety as well as the 

environment (Paz-Ferreiro et al., 2014). The translocation factor of a certain metal to plants is 

influenced by the kind of plant, for example, cadmium is mainly regarded as a toxic metal in soil 

as a result of its high transfer factor for any plant (Javied et al., 2009; Khan et al., 2010).  Metals 

like copper and cadmium are present in polluted soils. Heavy metals mobility can be disturbed 

by oxidoreduction and acid-base properties of metal ions (Uchimiya et al., 2010).  Zinc and lead 

remain in soil, whereas chromium, copper, and cadmium pass through soil pore water (Uchimiya 

et al., 2010). A complex compound result from the reaction of Cadmium and Cu with available 

soil organic matter (Uchimiya et al., 2010). The sources in respect to Cu are liquid waste, 

municipal composts, mining wastes, and copper-containing antifungal agents (Uchimiya et al., 

2011a). Higher level of Cu results to the reduction of microflora and fauna population in the soil 

(Mackie et al., 2015) and also leads to gastrointestinal cancer when Cu polluted crop is being 

consumed (Turkdogan et al., 2003). 

The significant human-induced sources of Cd in the ecosysytem are incineration, smelting, 

nickel-cadmium batteries (WHO, 2010). There has been increased Cd level in polluted soils 

which resulted from frequent fertilizers application and sewage sludge on arable soils (Lu et al., 

2015). The sources of Zn production include smelting, production of cosmetics, metal coating, 

television, rubber and tire industries (Baccio et al., 2005). Zinc is less toxic as compared to other 

metals but toxic at higher concentrations (Baccio et al., 2005). Organic material, pH and type of 

parent material influence the Zn presence in soil (Alloway, 2009; Ivezic et al., 2012; Perez-

Esteban et al., 2013). Zinc, a transition element and an essential micronutrient is the most 
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frequently existing trace heavy metal in agro-ecosystem (Baccio et al., 2005).  Weathering and 

oxidation processes are the causes of Pb increase in soil after which it is adsorbed on the soil 

particles and are accumulated in plants and animal bodies (Ahmad et al., 2012).  

From Boughton and Horvath (2004) research, an estimate of 45% of used oil were obtained 

globally while the 55% is disposed into the environment by the final user. In Nigeria, Opeyemi 

(2004) revealed that roughly 300 million litres of engine oil went into sales annually together 

with estimate of roughly 150 million litres of spent oil generated annually. Bamiro and Osibanjo 

(2004) reported an estimate of over 200 million litres of spent oil generated per annum in 2004. 

About 75% of this figure came from spent engine oil while industry based used oil covers the 

remaining 25 % (Obinia and Afiukwaa, 2013). In some parts of Imo State, Udebuani et al. 

(2011) reported that estimate of 4710 litres weekly of spent oil were released into the 

environment.  

Spent oil poses a serious threat to the environment as a result of higher production of mineral 

crankcase oil, improper disposal and lack of policy for recyclying after use (Bamiro and 

Osibanjo, 2004; El-Fadel and Khoury, 2004). In some emergent countries, there is no appropriate 

management of this used oil (Sempebwa and Carpenter, 2009). El-Fadel and Khoury (2004) 

suggested that spent oil can be refined to new engine oil and also can be re-used.  The disposal of 

spent oil into the environment needs to be alienated for the sake of human safety and protection 

of the environment (Opeyemi, 2004). Some countries have laid down rules and regulations to 

control the release of their spent-oil for the protection of the environment. In most developed 

countries, spent oil is being recycled. It can be used directly as fuel, re-refined to fuel oil and 

regenerated to base oil (Kristensen, 2006).  



4 
 

Oil pollution renders soils infertile for decades, reducing plant growth and development (Dale et 

al., 2006). Land has been degraded as a result of oil spilling, deliberate release of engine oil, use 

of chemicals and unwanted substances from vehicle and industries, thus having negative impact 

on the ecosystem. Oil pollution was revealed to be the main cause of environmental pollution in 

some areas that produce oil in Nigeria (Shell Nigeria, 2014). In Nigeria, there was a report that 

over 87 million litres of used oil were wasted yearly (Anon, 1985) and there was no concern 

about this disposal of oil (Anoliefo and Vwioko, 1995). The ecosystem has been victimized by 

these oil producing areas with heavy metals.  

Heavy metals like zinc, lead, nickel, chromium and cadmium have been revealed to be oil 

component (Dickson and Udoessien, 2012), and are regarded as heavy metals, causing pollution 

of the environment (Shtangeeva, 2006; Fatoba et al., 2015). Other metals include cobalt, iron, 

arsenic and silver (Nagajyoti et al., 2010). These pollutants are hazardous and not valued as a 

result of their negative effects on the environment and human safety (Guilbert, 2003; WHO, 

2010). The increased contents of these pollutants through spilling of oil impose harmful 

substance on soil which could lead to absorption by plants giving rise to their bioaccumulation in 

plants and finally causing toxicity to the food chain (Ekundayo and Obuekwe, 2000). 

Plants are continuously introduced to unfavourable environmental conditions that are not 

beneficial to their lifecycle and yield by altering their physiological and metabolic processes 

(Kalaivanan and Ganeshamurthy, 2016). Ogboghodo et al. (2001) noted that land degradation as 

a result of oil pollution could lead to alteration of soil structure, compactibility and permeability. 

Moreover, chemical properties could be affected (Odu, 1981). Nwankwo (1989) reported that 

spent oil inhibits seed germination in plants. Oil penetrates and accumulates in plant thereby 

damaging the membranes and causing discharge of cell contents (Baker, 1970). Oil contaminated 
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soil has negative effect on cereals by causing yellowing of leaves and water loss (Udo and 

Fayemi, 1975). Contaminated plots had significantly lower total vegetation cover and litter than 

uncontaminated plots (Diana et al., 2004). 

Sustainability comes into place when valuable resources are losing their qualities. Environmental 

sustainability is a reasonable interaction with the environment to avoid depletion or degradation 

of natural resources so as to sustain the existing and later generations (John, 2011). This can be 

possible by managing and securing the natural resources for our needs today and for future. In 

natural environment, without human interference, the environment has an interesting way of 

protecting itself. For instance, when a tree falls, decomposition takes place which result to 

availability of nutrients to the soil. These nutrients nourish the soil creating suitable conditions 

for the future saplings to survive. Environmental sustainability would be in place if humans can 

take actions to reduce the use of physical resources, recycle whatever resource that has been 

used, use renewable resources rather than depletable resources, create strategic methods of 

eliminating production of toxic materials and protect as well as bring to life the natural habitats 

(Sutton, 2004). 

Soil as one of the natural resources has been threatened by contaminants released on it, therefore, 

its sustainability is needed. Soil degradation resulting from anthropogenic activities has become 

urgent concern (Jien et al., 2015). Soil can be rescued through sustainable agriculture (Kamara et 

al., 2015). This involves the use of farming techniques that will protect the environment such as 

less dependence on chemicals and introduction of soil amendments to improve the soil nutrient. 

These could reduce the mineral content of added organic matter and helps to sequester carbon in 

soils to facilitate soil sustainability (Bolan et al., 2012; Troy et al., 2013).  Amendment agent for 

soil such as biochar could be encouraged in this context. The key features of biochar that makes 
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it exceptional as an amendment agent for soil is its high porosity nature and surface area 

potentially responsible for improved water retention and its high sorption capacity respectively 

(Glaser et al., 2002; Warnock et al., 2007; Sohi et al., 2009). 

It is understood that biological and chemical stability contribute to biochar’s ability to pose as a 

carbon sink which is beneficial to soil that are long-lived (Sohi et al., 2009). Introduction of 

organic content like fertilizers and dungs has been used to retain nutrients in soil and remain 

available to crops but biochar is much more effective and a stable nutrient source (Chan et al., 

2007; Zheng et al., 2010). Biochar plays a key role in phytoremediation of soil (Rizwan et al., 

2016). Oxygenated functional groups, increased pores, high surface area and increased cation 

exchange capacity of biochar are key features that help in the immobilization of pollutants 

(Gaskin et al., 2008; Beesley et al., 2010; Lee et al., 2010; Mukherjee et al., 2011; Harvey et al., 

2012; Ahmad et al., 2014). 

Biochar is a minute and poriferous substance which is similar to charcoal in appearance 

generated by the combustion of green wastes and livestock wastes in the absence or limited 

oxygen for environmental sustainability (Hans-Peter, 2013). The International Biochar Initiative 

(IBI) defined biochar as a substance made through charring of feedstocks (IBI, 2015). It is an 

environmental black carbonic sorbent in soils (Knicker et al., 2005). It is a substance that has 

been produced under conditions modified to achieve distinquishing features which include high 

surface area to volume unit and little quantity of residual resins, having a useful function for 

agriculture and the environment, (Lehmann and Rondon, 2006). Char, activated charcoal, 

charcoal and other black charcoal substances are other types of char which are produced 

industrially though the differences are relatively elusive since they are gotten from heating of 

carbon rich biomass. 
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Natural occurrence such as forest and grassland fires brought biochar into existence which is 

continued in soil matrix (Skjemstad et al., 2002; Sohi et al., 2009). Between 450 BC and 950 

AD, Amazonian dark earth and brown earth soils in the Amazon Basin were formed due to the 

indigenous practice (Barrow, 2012). They were found to be highly rich and fertile as compared 

to relatively infertile soil surrounding it (Glaser, 2007; O’Neill et al., 2009; Almuth, 2011). 

Gradual process of accumulation of black carbon present in the soil contributes to the soil 

fertility and the richness of carbon (Solomon et al., 2007).  Evidence showed that concentrated 

mass of biochar in soil is possibly useful under certain circumstances that arise from terra preta 

and terra mulata (Glaser, 2007; Pagano et al., 2016). An instance reported by Ponomarenko and 

Anderson (2001) showed the fertile black earth, existing across Western Canada, have 25-65% 

carbon formed from black coal. Half-life dating also proved that woodland soils in East-Central 

British Columbia consist of carbon made out of biochar which ranged from 182 to 9558 lifespan 

(Sanborn et al., 2006). 

Thermal degradation of cellulose at relatively high temperature results in reasonable weight 

reduction that exists as volatiles, remaining a rigid uncrystalized charcoal (Lehmann and Joseph, 

2015). In pyrolysis, aromatic carbon in the biochar increases with increase in temperature 

(Lehmann, 2007). As a result of increase in volatile matter reduction (other products released are 

water, followed by hydrocarbons, tars, vapours, H2, CO and CO2) leading to alkyl and O-alkyl C 

being converted to aryl C (Baldock and Smernik, 2002; Demirbas, 2004). Carbonization occurs 

at higher temperature (>600ºC) leading to the removal of non-C atoms thereby increasing carbon 

content which may be up to 90% (in woody biomass) but could be less than 70% in straw 

derived biochar (Antal and Gronli, 2003; Demirbas, 2004). 
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Biochar is composed of heterogeneous substances which are stable and labile (Sohi et al., 2009). 

Antal and Gronli (2003) regarded fixed carbon, volatile VM, water and ash contents as its major 

components. The biochar constituents determine its physical, chemical and functional behaviour 

(Brown, 2009), resulting to its adequacy for soil amendment in the environment (Downie et al., 

2009). Conforming to Sohi et al. (2009), production of biochar from different type of feedstocks 

under various carbonization does not alter the constancy of elevated carbon content and strong 

aromatic structure that makes it to be chemically stable. 

Virtually natural resources can undergo pyrolysis, energy transformation capacity, the biochar 

quality and by-products (bio-oil and syngas) depends on type of the raw material.  For energy 

loss reduction, the materials to be pyrolyzed must have low moisture content <10% by mass (Wu 

et al., 2012).  Biochar is produced through exposure of raw material to heat with limited or 

without oxygen (Lehmann, 2007). Sustainable biochar is made from sustainably secured 

feedstocks like plant and animal materials making use of contemporary pyrolysis technique 

(Woolf et al., 2010). Traditional method of charcoal production causes pollution to the 

ecosystem by releasing the energy and pollutants into the ecosystem (Woolf et al., 2010). In 

modern pyrolysis, energy produced from the combustion of biomass is captured in gaseous 

(syngas) or liquid (bio-oil) forms leaving behind char (biochar) as a by-product (Zheng et al., 

2010; Almuth, 2011; Gul et al., 2015). Biochar pyrolysis emits more energy when compared to 

its consumption, this depends on the water content of the biomass (Lehmann, 2007). Presently, 

there are various thermo-chemical technologies which include pyrolysis and gasification for 

biochar production.  

Pyrolysis is the burning of biomass without or with little oxygen to produce by-products: 

biochar, bio-oil, and syngas (Gul et al., 2015). Pyrolysis is a simple and low-cost method used to 
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generate charcoal for millenia (Zheng et al., 2010). It is the most common method for producing 

biochar (Almuth, 2011). The biomass type used and the production conditions determine the 

biochar efficacy as an amendment agent for soil (McClellan et al., 2007; McLaughlin et al., 

2009). Pyrolysis is classified into two: slow and fast pyrolysis. 

Slow pyrolysis is the exposure of feedstock to heat at a low temperature in the with or without 

little oxygen producing biochar and its by-products (syngas and bio-oil). (The liquid produced 

are in two phases: a pyrogyneous water and decanted oil. Kilns, retorts and converters are used 

for slow pyrolysis (Garcia-Perez et al., 2010). Slow pyrolysis has the following advantages over 

other thermochemical conversion technologies: 

- inexpensive; 

- accomodates diverse sources of feedstock; 

- reduction of feedstock to particle size is not necessary; 

- long residence time of feedstock in the reaction chamber; 

- high quantity of biochar and little quantity of usable energy products are produced; 

- production of high-quality biochar biochar determined by the selected application, type of 

biomass and details of thermochemical process; and 

- suitable for the supply of little amounts of heat (Brownsort, 2009; Pecha and Garcia-

Perez, 2015). 

Fast pyrolysis is a method whereby particle sized organic material is subjected to heat at a high 

temperature in a designed reactor (Garcia-Perez et al., 2010) to yield 60-70% weight of the 

feedstock as bio-oil and 15-25% weight as biochar (Bridgwater et al., 2001; Czernik and 

Brigwater, 2004; Mohan et al., 2006). Feedstock undergoes heating from the temperature of 400-
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700°C without oxygen. There must be a reduction in the feedstock particle size to < 2mm so as 

to get rapid heating rate which requires significant amounts of energy (Cummer and Brown, 

2002). Bio-oil, being the main byproduct for the biomass is a dark brown liquid generated from 

the pyrolysis. The other pyrolysis method is gasification. Gasification is a thermo chemical 

process (600-1400˚C) which involves heating of biomass with high temperature and a little 

amount of air in the reaction chamber to produce a main product-syngas (Zheng et al., 2010; 

Almuth, 2011) with little biochar at most 10%. The gas majorly consists of CO, H2, CO2 and 

traces of CH4 (Higman and Burgt 2008).  Some of the water vapor generated is being is 

converted to H2 (Narzari et al., 2015). 

Intensive agricultural practice and poor management scheme without adequate recuperative 

measures to revive the soil have led to decline in soil fertility and biodiversity (Ndor et al., 

2015). The particular temperature of natural feedstock for biochar production promotes its ability 

of persistency in soils with minor decomposition in creating friendly habitat for microorganism 

survival (Lehmann and Rondon, 2006).  Efficiency of biochar as an amendment agent for soil is 

a method that is related to the conventional “slash-and-burn” practice, which involves the 

removal of vegetation and introduction of nutrients in the soil for fertility purpose. However, this 

practice has not been favourable to the environment because of deforestation and air pollution 

(Zheng et al., 2010). Biochar could stay in soil over centuries as a result of its resistant ability to 

microbial activities related to decomposition. This feature could be affected by the conditions 

that surrounds the production and the kind of feedstock used during pyrolysis (Zheng et al., 

2010). 

Biochar can be introduced progressively and mixed with fertilizers which improves the soil 

quality thereby increasing crop production (Ndor et al., 2015;). Biochar as an amendment agent 
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of soil possess the capacity to enhance soil quality as well as change the physico- chemical 

properties of soil having the intention to boost agricultural yield (Lehmann et al., 2006; 

Lehmann, 2007; Jeffery et al., 2011; Liu et al., 2013; Paz-Ferreiro and Fu, 2014; Colantoni et al., 

2016). The quality of soil can be achieved through biochar by soil pH increase, high moisture 

holding capacity, providing convenient habitat for the microorganisms, increasing CEC, and 

improving the retention of nutrients (Curaqueo et al., 2014; Gul et al., 2015). Biochars made 

from manure and bone meal-derived feedstocks contain high nutrient content and boosts plant 

growth (Amonette and Joseph, 2009; Uzoma et al., 2011; Hass et al., 2012; Lentz and Ippolito 

2012). Biochar as a soil conditioner could possibly possess combined advantage which may 

potentially enhance activity of microbes and decrease nutrient losses (Dias et al., 2010). 

Decay of organic materials results to discharge of greenhouses gases into the atmosphere (Liang 

et al., 2008). Pyrolysis of these organic materials retains much carbon to become well stable in 

nature. Application of the derived biochar to soils helps in effective carbon sequestration (Liang 

et al., 2008). Approximately, this method can be used to “fix” carbon for the reduction of 

ongoing global carbon discharge to a feasible extent of 10 percent (Woolf et al., 2010).  Biochar 

possess the capacity to capture carbon from the airspace and convey into soil (Winsley, 2007; 

Gaunt and Lehmann, 2008; Laird, 2008; Ndor et al., 2015). Biochar with high temperature 

possibly reduces greenhouse gas emissions as a result of high recalcitrant carbon (Gascó et al., 

2012; Brassard et al., 2017; Xiao et al., 2018). 

A widespread pollution of soil with organic and inorganic pollutants has remained a threat to the 

ecosystem (Adams et al., 2007).  Reports varied on the different heavy metal remediation which 

could be as a result of the biomass type and pyrolysis of biochar. It is mandatory to weigh up the 

key properties of biochar responsible for heavy metal remediation during selection of biochar 
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(Lima et al., 2014). Biochar aromaticity can be improved by the increase in temperature used for 

the purpose of biochar production (Harvey et al., 2012; McBeath et al., 2013). Biochar is able to 

remediate polluted soil by decreasing the rate at which heavy metals are being take up (Semple et 

al., 2004; Yang et al., 2016; Trakal et al., 2018) thereby resulting in reduced metal uptake by 

biological organisms and probably reducing the toxic effects (Gomez-Eyles et al., 2011; Park et 

al., 2011; Oleszczuk et al., 2012). Biochar alkaline nature could help metals to precipitate from 

solution to the surface of biochar thereby lowering the available contaminants to plants (Zhang et 

al., 2013; Inyang et al., 2016). 

1.1. Statement of problem  

Sustainable agriculture is a method of producing healthy food for the public by creating no harm 

to the ecological community (Zheng et al., 2010). Sustainable agriculture has been faced with 

two major problems of low nutrient in the soil and quickened mineralization of soil organic 

material (Renner, 2007). Contamination resulting from used lubricant is one of the 

environmental challenges in Nigeria contributing to these problems mentioned earlier and 

obviously more widespread than crude oil pollution (Edebiri and Nwanokwale, 1981; Odjegba 

and Sadiq, 2002; Lale et al., 2014). Spent lubricant is carelessly discharged into the environment 

after repair of car and generator engines in garages, service stations and industrial sites (Lale et 

al., 2014). In Nigeria, reports accounted for over 150 million litres of used oil discharged 

annually (Bamiro and Osibanjo, 2004). 

The chemical compound in spent oil that are of health and environmental concerns include heavy 

metals, polycyclic aromatic hydrocarbons and chemical additives like amines, phenols, benzenes, 

metal oxides and trace metals (Smith et al., 2006; Ogbeide, 2010).  This has contributed 
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negatively to the physico-chemical and biological characteristics of soil, crop yield and safety of 

plant materials for consumption. 

1.2. Justification of the study 

Several reports warned about the negative effects of pollutants in the ecosystem, including 

plants. Impacts on arable soil include soil degradation and depletion of soil biodiversity (Foley et 

al., 2005; Robertson and Swinton, 2005; Ndor et al., 2015). Various soil remediation 

technologies such as physical and chemical techniques for example washing (Paria, 2008; Svab 

et al., 2008), venting (Nobre and Nobre, 2004; Hoier et al., 2007), thermal treatment etc 

(Araruna et al., 2004) and bioremediation have been developed and ameliorated on the basis of 

soil standards for the protection of human health and ecosystem. However, most of these 

techniques are sophisticated and expensive. Though, bioremediation has been of relative 

importance in the remediation of pollutants. It is necessary to seek less sophisticated method of 

remediating the contaminated soils.  Biochar could serve as a tool to address these limitations. It 

can effectively contribute to sustainable soil regulation by decreasing environmental impact of 

pollutants on soil and improving soil productivity. 

Biochar technology is simple and readily available to the developing world. The key features of 

biochar that considers it as an amendment agent for soil is its highly porosity, increased surface 

area which contribute to the increase in water holding capacity and high sorption capacity 

(Warnock et al., 2007). Lehmann and Rondon (2006) suggested biochar introduction as a 

feasible method to enhance seriously deteriorated soils. Adoption of biochar management 

promotes effective and eco-friendly use of existing resources (Lehman and Rondon, 2006). High 

volume of wastes is generated from agriculture in sub-Saharan Africa. They are prospective 
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biomass for generating biochar. The efficacy of biochar can at best be evaluated through the 

cultivation of plants in the biochar-amended soil.  Moreover, there is the need to investigate the 

potential of plants in this respect, hence, the need for good candidates. 

1.3. Aim of the study 

This research study aimed at characterizing biochars produced from rice and sorghum straws and 

determining their effects on the mobility of heavy metals (cadmium, chromium, copper, lead and 

zinc) in selected plants (Zea mays, Tithonia diversifolia, Pennisetum glaucum and Tridax 

procumbens) grown in spent oil-contaminated soil. 

1.4. Specific objectives  

The specific objectives of the study were to determine the: 

(i) physicochemical and functional properties of locally produced sorghum and rice 

straw biochars; 

(ii) effect of biochars on the physicochemical properties of spent oil-contaminated soil; 

(iii) effect of biochars on the growth of selected plants grown in spent oil- contaminated 

soil;  

(iv) effect of different concentrations of biochars on the mobility of heavy metals (Zinc, 

Copper, Cadmium, Lead and Chromium) in selected plants grown in spent oil-

contaminated soil; and 

(v) phytoremediation potentials of the selected plants. 
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CHAPTER TWO 

LITERATRURE REVIEW 

2.1. Effect of oil on soil and plants 

Deficiency of available forms of Nitrogen and Phosphorous could result from the negative effect 

of contaminated soil (Wyszkowska and Kucharski, 2004). These also have negative effects on its 

metabolic activity, physico-chemical properties of soil and plant production (Wyszkowski and 

Ziolkowska, 2008; Uchendu and Ogwo, 2014) depending on the level of the oil, nature of soil 

and other related factors (Agbogidi and Egbuchua, 2010).  Ogboghodo et al. (2001) noted that oil 

contamination could alter the soil physico-chemical properties such as soil structure, soil 

permeability as well as compaction. Infiltration rate, moisture content and soil porosity 

(Agbogidi and Enujeke, 2012; Nwite et al., 2012; Nwite and Alu, 2015),                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

soil pH and nutrient mobilization (Dick, 2007) were also affected. Wyszkowski and Ziolkowska 

(2008) also revealed that polluted soil significantly reduced soil organic matter. Ahamefule et al. 

(2014) concluded that soil polluted with 1– 3 % used lubricating oil significantly decreased water 

retention capacity. 

Diana et al. (2004) reported scanty vegetation cover on oil contaminated sites as compared to 

non-contaminated sites studied. Spent oil reduced the percentage seed germination as a result of 

the oil covering the seed surfaces which led to disturbance in the physiological activities in the 

seed (Udo and Fayemi, 1975; Amadi et al., 1993). Agbogidi and Nweke (2005) and Agbogidi et 

al. (2006) indicated that significant decrease in the growth of Okra and five cultivars of Soy 

beans on spent oil polluted soil. Daniel-Kalio and Pepple (2006) demonstrated that plant height, 

leaf area and dry weight of Comelina begalensis were significantly higher at control level when 



16 
 

compared to 50 mg g-1 treatment. Furthermore, Ibmesin (2010) indicated that vegetative cutting 

of sour grass thrived better in control and 75% of the studied plants survived in soil polluted at 

low concentration while the heavily polluted soil resulted to the death of the plants. 

From studies, oil contaminated soil affected plants in the following ways; transfer of toxic 

substances in vegetative tissue (Baker, 1970), low biomass production (Brandt et al., 2006; 

Adenipekun et al., 2008). Udo and Fayemi (1975) reported retardation of growth and leaf 

chlorosis in plants grown in oil polluted soil. Adu et al. (2015) reported that soil contamination 

with used and unused engine oil could have negative influence on the vascular network of the 

Vigna unguiculata growing in such environment as a result of heavy metals available. 

Ahamefule et al. (2014) posited that the negative impact of oil on soil properties generally did 

not promote the growth of maize. Heavy metals are built up in oil contaminated soil resulting to 

metal transfer into plant tissues (Vwioko et al., 2006). Moreover, Ubuoh et al. (2016) confirmed 

that there was adverse impact of oil on the growth together with biomass yield of Panicum 

maximum. Nwite and Alu (2015) also confirmed negative effect of spent oil on maize. 

2.2. Sorption mechanism of biochar 

Sorption is a situation whereby a substance gets bonded to another. The following terminologies 

are associated with sorption of which biochar possess in reducing heavy metal availability.  

- Absorption - the immersion of gas or liquid into liquid or solid substance respectively. 

The absorbent which can be either liquid or solid receives the absorbate that is either gas 

or liquid and expands in size and volume as a result of the absorption that occured. 

- Adsorption – this is a process whereby gas or liquidis being collected in ions and 

molecules on the surface of another substance of different state (adsorbent) (e.g. reagents 
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adsorbed to a solid catalyst surface). In this case, the adsorbent still maintains the size of 

the outer part while the internal part is being altered by receiving the absorbate to fill up 

the pores present in it.  

- Ion exchange: this is a sorption phenomenon whereby ions in liquid form moved into a 

solid matrix after which ions of a diferent type but of the same polarity are being let out. 

Demonstration of surface sorption of heavy metals on biochar has been made with the use of 

Scanning Electron Microscopy (SEM) (Beesley and Marmiroli, 2011; Lu et al., 2012). The key 

features responsible for biochar quality includes increased adsorption rate, cation exchange 

capacities and low levels of mobile matter (tars, resins, etc) (Glaser et al., 2002; Liang et al., 

2006; McClellan et al., 2007; McLaughlin et al., 2009). Sorption capacity increases in biochar 

when compared to organic fertilizer as a result of increased surface area, negative surface charge 

and charge density ((Liang et al., 2006) and resistant to degradation (Sizmur et al., 2015). 

Application of biochars have been investigated both in laboratory and field scales as in situ 

remediation strategy for both organic and inorganic contaminants by boosting sorption capacity 

of soils and sediments (Cornelissen et al., 2005; Cho et al., 2009). Fellet et al. (2011) showed 

that the biochar applied to the mine tailings of Cave del Predil resulted to beneficial effects on 

bioavailability and leachability decrease of some of the contaminants which describe potential 

biochar as an amendment material for polluted sites.  

Heavy metal movement is being reduced by biochar as a result of the alteration in their redox 

states (Choppala et al., 2012). Biochar pyrolyzed at low temperature carries more of oxygen 

containing functional groups which create surface complex between cationic metals and biochar 

site (Beesley and Marmiroli, 2011; Uchimiya et al., 2011a). A negatively charged biochar 

attracts the hydrogen ions from the soil, thereby increasing the soil pH (Sizmur et al., 2015). 
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Particularly in acidic soil, reduced cation exchange capacity and total organic carbon soils, 

increase pH contributes to the metal sorption as a result of removal of proton from pH depending 

on the cation exchange surfaces on the soil (Uchimiya et al., 2011a; Rees et al., 2014). The 

functional groups of biochar affect the sorption process which is determined by the type of their 

surface charge with the aim of sorbing the metals onto the biochar surface (Amonette and 

Joseph, 2009). Mendez et al. (2012) noted that there was a connection between Cu2+ sorption and 

increased oxygen-containing functional groups, increased pore diameter, high superficial charge 

density and cation exchange content of biochar. 

Biochar can effectively take out several positively charged metal ions and also take up negatively 

charged nutrients e.g phosphate ions (Lehmann, 2007). Carboxylic, phenolic and other oxygen-

containing surface functional groups are formed as a result of slow and measurable in situ 

oxidation process which biochars undergo in soils (Cheng et al., 2006). These oxygenated 

surface groups of biochars contribute to the elevated cation exchange capacity of soil (Lee et al., 

2010).  Zheng et al. (2010) reported that unmodified biochar derived from waste feedstock had 

the capacity to efficiently take up two triazine pesticides, and still restrict their movement 

through the soil matrix.  

Heavy metals are not degradable, hence biochar is introduced to reduce their availability to plant 

by building metal ions on their surfaces, adsorb them thereby providing a lesser risk (Uchimiya 

et al., 2010). Uchimiya et al. (2011a) reported that cation exchange capacity (CEC) of biochar 

enhanced Cu retention in sandy loam soil while its sorption mechanism helped to withold Cu in a 

clay soil with alkaline nature. Uchimiya et al. (2011b) noted that sorption desorption mechanism 

brings about increase in the rate at which soil solution comes to equilibrium when biochar is 
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being added to contaminated soil however, could enhance the sorption capacity of any new 

pollutants introduced to the soil. 

On a certain note, there are some determinants of soil that affect metal complexation and effects 

of biochar application to soil. Addition of biochar significantly reduced the Cd and Zn in pore 

water obtained in the course of 60-day field experiment (Beesley et al., 2010) and in leachate in 

a column experiment (Beesley and Marmiroli, 2011). Reports showed a reduction in Zn contents 

in sludge after application of pecan-shell biochar on acidic arable soil (Novak et al., 2009). Laird 

et al. (2010) had a similar report on decreased Zn concentration with increasing application rates 

of dried swine manure biochar (0 to 20 g/kg) in loamy soil. They further pointed out that 

introduction of biochar reduced the content of Cu, P, K, Mg and Ca. Fellet et al. (2011) 

presented reduction in bioavailable (Diethylenetriaminepentaacetic extractable) Cd, Pb and Zn 

contents after amendment of mine tailings with 0-10% biochar derived from orchard prune. 

2.3. Biochar properties 

Biochar properties are influenced by wide range of factors which include the kind of feedstock, 

the particle size of the feedstock and temperature and conditions of production. These different 

biochar features have made some feedstock more suitable than other for the remediation of 

different heavy metals. Thus, selection of biochar as amendment agent for soil remediation 

depends on biochar properties like pH, surface area, ash and carbon contents of biochars. All 

these improve efficiency of biochar to restrict the heavy metals movement (Lima et al., 2014). 

Several reports have proved that biochar properties particularly enhance the plant growth and 

yield after being applied to soil (Cheng et al., 2006, 2008; Major et al., 2010). These studies 

were carried out in the tropics applying locally produced biochar to soils that are low in organic 
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matter content (Laird et al., 2009). Occasionally, it was shown that biochar has negative or no 

impact on the soil when introduced to soil matrix (Laird et al., 2009). The differences in the 

biochar result on plant growth depends on factors like biochar quality, application rates, type of 

soil and crop (Rawat et al., 2019). Alkaline nature of biochar may have slight influence on the 

low contents of available metals in soils amended with biochar. Additon of biochar enhance the 

heavy metal precipitation in soils due to the increased pH possessed by biochar. The elevated pH 

value of biochar is influenced by the production temperature (Wu et al., 2012), thus connected 

with high ash content (Cantrell et al., 2012). Houben et al. (2013) postulated that pH could be 

responsible for the varying mechanism to heavy metal remediation in soil by different biochars. 

The key feature of biochar is possession of large surface areas, that indicates ability for 

complexation of heavy metals on their sites. Metal sorption on biochar was carried out on several 

cases with the use of Scanning Electron Microscopy (SEM) (Beesley and Marmiroli, 2011; Lu et 

al., 2012). This sorption could result from complexation of the heavy metals with different 

functional groups exisiting in the biochar, as a result of the interchange of heavy metals with 

cations related with biochar, such as Ca2+ and Mg2+ (Lu et al., 2012), K+, and Na+ (Uchimiya et 

al., 2011c). Beesley and Marmiroli (2011) found out that biochar were able to take up and retain 

Cd and Zn on their surfaces. Beesley and Marmiroli (2011) noted that metal sorption occurred on 

the biochar surface and there was no immediate reversible process. Cadmium and Zn contents on 

the surface-water decreased 300- and 45-fold, respectively. 

The ash content in feedstock determines the ash content found in biochar. Green and animal 

feedstocks generate biochar rich in ash contents in comparism to woody materials (Demirbas, 

2004). Park et al. (2011) revealed that biochar made out of chicken droppings successfully 

reduced the extractable Cd and Pb contents except Cu while biochar derived from the plant 
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residue was better in reducing all the metals in a heavy-metal-contaminated soil and soil with 

natural pollution. Application of biochar elevated heavy metal that were attached to organic 

matter. Both biochars also reduced cadmium and lead in pore water of soil. The two biochars 

showed sorption capacity for Pb, perhaps owing to precipitation and complexation of Pb with 

carbonate, sulphate and phosphate that are available in these biochars. Karami et al. (2011) 

opined that phosphorus had a positive effect on Pb that was retained in polluted mine soil 

amended with biochar (psuedo-total lead; 2%). Regarding to the previous work, biochar 

application decreased Pb content from 80 mg to less than 40mg in porewater. 

Uchimiya et al. (2012) demonstrated the effect of 10 biochars derived from 5 different biomass 

at 2 different pyrolysis temperatures. They noted that droppings with high or low portion of ash 

contents or phosphorus did not effectively restrict heavy metal movements. On the contrary, 

biochars pyrolysed at 700ºC effectively stabilized the heavy metals, which may be due to 

feedstock modification which include the nitrogen containing heteroaromatic and leachable 

aliphatic functional groups which have been removed during pyrolysis. They observed 

stabilization of Cu and Pb contents in soil, while Cd and Ni responded positively to the biochar 

type applied to the soil. 

Uchimiya et al. (2011b) carried out a study using biochars derived from woody feedstock and 

grass pyrolysed at the varied temperatures (650ºC to 800ºC) for heavy metal immobilization. 

However, Uchimiya et al., (2012) carried out experiment using poultry droppings pyrolysed at 

four different temperatures to retain Pb. They reported that biochar pyrolysed at low 

temperatures were more effective than the ones pyrolysed at higher temperature as a result of the 

stabilizing capacity they possess. It is required for biochar derived from chicken litters to pass 

through high pyrolysis temperature to achieve same remediating capacity as plant-derived 
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biochars. Cao et al. (2009) showed that biochar pyrolysed at 200ºC had a stronger effect in Pb 

sorption than biochar pyrolysed at 350ºC.  

2.4. Effect of biochar on soil properties and plant biomass 

Biochar as an amendment agent for soil boosts crop growth and yield by enhancing the physico-

chemical and biological properties of the soil (Glaser et al., 2002; Lehmann et al., 2003; Shaaban 

et al., 2018). Collison et al. (2009) noted considerable moisture content up to 10% in biochar. 

Changes in porosity and size aggregation distribution The porous nature and distribution of size 

aggreagation of biochar improves soil physico-chemical properties which include, porosity, pH 

and water holding capacity (De Pasquale et al., 2012; Ouyang et al., 2013) which contribute to 

the consistency of soils for crops. Studies reported increase in Ca and Mg in soil (Lehmann et al., 

2003; Major et al., 2010; DeLuca et al., 2015), increase in soil N and P (Glaser et al., 2002; 

Lehmann et al., 2006; Borchard et al., 2012) and even ammonia emission capture as a means of 

returning available soil N (Taghizadeh-Toosi et al., 2012), adsorption of pollutants from soil 

leachates (Beesley et al., 2010; Beesley and Marmiroli, 2011; Fellet et al., 2011) due to 

introduction of biochar to soil. 

Various greenhouse and field experiments were performed to investigate the effects of biochars 

on plant growth (Glaser et al., 2002; Yamato et al., 2006; Chan et al., 2007; Chan et al., 2008).  

Majority of the works revealed that biochar application improved the plant yields. For instance, a 

field test where biochar derived from plant residue was used to amend soil, showed a positive 

effect of biochar on the soil properties and plant growth (Chan et al., 2007). Field tests further 

revealed significant increase in plant yield resulting from the biochar addition (Glaser et al., 

2002; Yamato et al., 2006). Studies indicated that both nitrogen fixation and mycorrhizal 
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activities in beans (Phaseolus vulgaris) are improved as a result of biochar addition (Rondon et 

al., 2007; Warnock et al., 2007). The appropriate proportion of biochar is dependent on the soil 

and crop type. Some studies indicated that much less proportion had better results (Glaser et al., 

2002). 

Namgay et al. (2010) indicated that cadmium, arsenic and lead contents in corn aerial part 

reduced after addition of biochar. Beesley et al. (2013) also revealed that arsenic was elevated in 

soil pore water after biochar application. However, arsenic movement to the plants was 

decreased. This suggested that some biochars did not improve the heavy metals increase in crops. 

Therefore, the crops are secured for consumption. For the studies carried out in the humid 

tropics, Steiner et al. (2007) reported that plant growth increased with increasing biochar 

application rate up to 140 mgcha-1 on weathered soils. Rondon et al. (2007) observed that 

biomass growth of beans (Phaseolus vulgaris L.) was elevated after biochar additions up to 60 

mgcha-1 however, dropped down to the same value of control plots after biochar addition was 

elevated to 90 mgcha-1 (however, there was increase in the yield of beans). Steiner et al. (2007) 

also concluded that “biochar addition up to 50 mgcha−1had a positive effect on the crops and this 

has the tendency to reduce the plant growth at very high applications rate.” 

Presently, field studies are initiated at different localities across the USA with use of biochars 

derived from different feedstocks (Almuth, 2011). Further investigations on interactions between 

various biochars, agricultural soils, climates and crops should be done (Dominic, 2008; Almuth, 

2011). Fellet et al. (2011) suggested further studies on biochar application to polluted 

environments todecrease some bioavailable heavy metals in the soil. It can be envisaged from the 

results of previous work that described short term boosting of labile nutrients but large leaching 

losses after a relatively short time associated with amendments such as composts and manure, 
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that biochar could provide a mechanism of regulation in its combination with such amendments. 

Therefore, biochar application to soil provides a possible environmental advantage. 

2.5. Plants and heavy metals 

Pollution of arable soil by heavy metals has been a serious environmental problem as a result of 

their adverse effects on the ecosystem. Plants responds quickly to both lack and excess metal 

ions. Metal ions at higher concentrations such as cadmium and chromium are strongly harmful to 

the plants metabolism (Foy et al., 1978). These harmful metals are regarded as soil pollutants as 

a result of wide range of phenomenon and their severe and persistent negative effects on plants 

from the affected soils (Reeves and Baker, 2000). Report was made on the alteration in catalytic 

capacity of enzymes in Phaseolus vulgaris and pea plants caused by high concentration of Cd 

and Zn (Somasekharaiah et al., 1992; Romero-Puertas et al., 2004). Toxic level of zinc caused 

unfavourable effects on root and shoot growth, chlorosis in the young leaves which could affect 

the older leaves as a result of prolonged exposure to excess Zn in plants (Ebbs and Kochian, 

1997; Fontes and Cox, 1998).  

High levels of Cd found in plants grown in contaminated soil showed visible symptoms like 

yellowing of leaf, leaf rolls, growth retardation, brown colour on the root tips, and eventually 

mortality (Mohanpuria et al., 2007; Guo et al.,2008). Generally, cadmium was found to restrain 

the intake and movement of some elements, such as Ca, Mg, P, and K and water in plants (Das et 

al., 1997).  Hattab et al. (2009) discovered alteration in physiological effects and photosynthesis 

of pea (Psium sativum L.) due to excess Cd and Cu concentration. Copper is known to be a 

microelement for plants (Thomas et al., 1998) and functions in carbon fixation and ATP 

synthesis.  Cu constitutes various proteins such as plastocyanin in photosynthsis (Demirevska-
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Kepova et al., 2004). Excess copper in soil causes a toxic effect to plant cells, causes stress and 

injury to plants resulting to hindrance in growth of plant and yellowing of leaves (Lewis et al., 

2001). 

Chromium affects activities in photosynthesis such carbon fixation, electron transfer, 

photophosphorylation, and enzyme activities (Nagajyoti et al., 2010). Chromium stress induces 

metabolic activities in plants such as pigments reduction (Boonyapookana et al., 2002). 

Chromium affects the higher plants at 100 μg/kg dry weight as a result of its toxicity (Davies et 

al., 2002) and seed germination is the first to be influenced. In this respect, germination can be 

improved by the level at which plant tolerate Cr in soil thereby making the plant an indicator 

(Peralta et al., 2001). Seed germination of Echinochloa colona decreased to 25% with 200 μM 

Cr and similarly in beans (Parr and Taylor, 1982; Rout et al., 2000). Peralta et al. (2001) showed 

that 40 ppm of Cr (VI) decreased by 23% germination rate of Lucerne seeds (Medicago sativa 

cv. Malone) grown in the contaminated medium. It was observed in sugarcane that germination 

decreased by 32% and 57% with 20 and 80 ppm Cr, respectively (Jain et al. 2000). 

Lead gets easily transported and accumulated in various plant parts. It has negative influence on 

morphology, growth and physiological activities in plants. Increased lead content in plant give 

rise to symptoms such as growth retardation, yellowing of leaves and darkening of roots (Sharma 

and Dubey, 2005; Nas and Ali, 2018). Reactions of lead with sulfhydryl groups result to 

inhibition of enzymatic activity at cellular level (Nagajyoti et al. 2010). Excess Ni2+ in soil has 

chronic effect on different physiological activities and causes various toxic effects like yellowing 

of leaves and plant death in various species (Pandey and Sharma 2002; Rahman et al. 2005; 

Yadav, 2010). The reduction in water intake showed the level of Ni chronic effects in plants 

(Pandey and Sharma, 2002; Gajewska et al. 2006). Studies on responses of Tithonia diversifolia 
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on contaminated sites can act as indicators for soil improvement which is responsible for a cheap 

sustainable strategy of cleaning up the environment (Obilo and Ogunyemi, 2005). Plants possess 

different mechanisms in the regulation of concentrations of metal ions and reduction of being 

exposed to heavy metals.  Tolerance of plant to a specific metal is based on the interrelationship 

of physiological and molecular mechanisms. There is need to understand these mechanisms in 

developing plants as phytoremediators. Plants resist surplus heavy metals through adaptation 

(Meharg and Hartley-Whitaker, 2002). In the first stage of defense, most plants prevent or reduce 

uptake into root tissues when exposed to toxic metal include: restriction of metal ions to the 

apoplast, binding them to the cellular exudates and inhibition of further transport (Manara, 

2012). If these methods did not work, existing metals in the cell are approached by the use of 

storage and detoxication methods, movement restriction and synthesis of certain heavy metal 

transferers, chelated compounds, and heavy metals capture by particular ligands e.g 

phytochelatins (Kalaivanan and Ganeshamurthy, 2016).  

Phytochelatins are sulphur rich peptides that act as major components of Cd- binding complexes 

in many plants. It detoxifies Cd and bind it with other heavy metal like Cu, Zn or As through the 

thiol and carboxylase (Cobbett and Goldsbrough, 2002; Mudgal et al., 2010). After the options 

have been used up, activation of defense mechanisms such as oxidative stress occurred opposing 

the results of reactive oxygen species (ROS) and Methylglyoxal (MG) such as regulation of 

antioxidant and glyoxalase system, and the plants synthesize stress-related (hormones, the 

biosynthesis of polyamines and proteins) and signaling molecules, such as salicylic acid and 

nitric oxide (Hossain et al., 2011). 

Reports have been carried out and confirmed that a medicinal plant act as a Cd hyperaccumulator 

(Marquard and Schneider, 1998; Masarovičová et al., 1999; Kráľová et al., 2000). Masarovičová 
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and Kráľová (2007) classified Hypericum perforatum as Cd hyperaccumulator due to high 

content of Cd in the shoot dry mass. Chelated compounds react with specialised metabolites of 

H. perforatum to improve its ability to tolerate metals. Similarly, Masarovičová et al. (2011) 

reported chelation of Cd ions with hypericin in H. perforatum. Chromium toxicity to plants is 

determined by its valency such as Cr(VI) which has chronic effect and motile and Cr (III) is less 

chronic (Lionel and Karunakaran, 2017). Chromium causes harmful effects on the physiological 

activities of plant. Exposure of plant to Cr alters plant metabolism by directly affecting the 

enzymatic activities or other metabolites or capacity to produce ROS that may result to oxidative 

stress (Shanker et al., 2005). It was further pointed out that plants producing specialised 

metabolites (medicinal plants) could create adaptive methods of tolerance. This method is 

interrelated with chelation of metal ions by some certain specialized metabolites such as 

hypericin and pseudohypericin found in H. perforatum. Conversion of the chronic ionic type of 

metal into non-chronic metal ions occurred. The peri-hydroxyl groups located in the 

neighbourhood of the carbonyl groups show the best prerequisites to produce chelates with 

transition metal ions. However, Palivan et al. (2001) reported that reaction of copper complexes 

with hypericin in solutions with the use of Electron Paramagnetic Resonance (EPR) spectroscopy 

and discovered that hypericin produces a four-coordinated copper species where the solvent 

invoved in the relationship of the metal.  

As a result of the above interaction, free metal ions reduces thereby diminished their chronic 

effect. It was concluded that medicinal plants possessing specific secondary metabolites are able 

to form complexes with heavy metal for their tolerance against divalent metal (Lomaglio et al., 

2016). It was also confirmed that Matricaria recutita species grown in contaminated soils 

tolerate high Cd concentrations in shoots (Grejtovský and Prič, 2000; Masarovičová et al., 2003). 
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It was pointed out that M. recutita which is one of the most favoured medicinal plants all around 

the world (Masarovičová and Kráľová, 2007) was regarded as Cd hyperaccumulators. The plant 

has a different labile spcialised metabolites such as chamomillol, gossonorol, cubenol and 

herniarin (Masarovičová and Kráľová, 2012) to mention but few. It was confirmed that 

chamomile plants (Matricaria chamomilla) had the tendency to highly take up f cadmium from 

the soil and Salvia officinalis is an excluder of Cd (Marquard and Schneider, 1998).  

Helianthus annuus and Hemidesmus indicus are Pb hyper-accumulating plants that were used to 

phytoremediate mines tailings and companies sites polluted with high lead levels in the soil 

(Boonyapookana et al., 2005; Chandra et al., 2005). The former accumulated in the shoot system 

while the latter was in both shoot and root systems. Transformation of lead nitrate in the nutrient 

solution to lead acetate and sulfate occurred in the tissues of Sesbania drummondii and take up 

the metal into roots and aerial parts (Sharma et al., 2004). Anoliefo and Vwioko (1995) noted 

that used lubricating oil pollution had a stronger effect on Lycopersicon esculenta than on 

Capsicum annum. Anoliefo and Edegbai (2000) showed that Solanum melongena had higher 

level of tolerance than S. incanum. Sharifi et al. (2007) also observed that Medicago truncatula 

had the highest tolerance level among the six plant species studied. Cadmium absorb and 

translocate differently in cultivars of amaranthus (Varalakshmi and Ganeshamurthy, 2009) and 

radish (Varalakshmi and Ganeshamurthy, 2013). Varalakshmi and Ganeshamurthy (2012) 

reported high levels of lead in leafy vegetable, then carrot and radish roots, tomato and French 

bean. 

In temperate region, studies confirmed hyper-accumulation of Zn and Cu by Cardiaminopsis 

helleri (Neumann and Zur-Nieden, 2001); Cu and Ni by Empetrum nigrum (Monni et al., 2000); 

Cr and Ni by Echinocloa coIona (Rout et al., 2000). Peralta-videa et al. (2004) revealed the 
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capability of Medicago sativa in cleaning up Cd, Cu and Zn from heavy metals polluted soils. 

Obilo and Ogunyemi (2005) reported that Zea mays bioaccumulated Cd and Pb from crude oil-

polluted soil in southeastern Nigeria.  According to Schnoor (2002), phytoextraction is more 

efficient with fast growing plants which are vigorous and can take up high concentration of 

pollutants in their harvestable form. 

2.6. Phytoremediation 

Phytoremediation is the removal of pollutants using selected plants species, which resist 

pollutants, or can take up large quantity of these pollutants and promote reclamation of 

contaminated sites (Bizly et al., 2000; Lasat, 2002; Zulfqar et al., 2012). During 

phytoremediation, plants accumulate the pollutants and they either degrade to less harmful forms 

or uptake them into plant tissues. Thus, this technique is an environmentally friendly and cost-

effective technology. More phytoremediators are required particularly under different 

environmental conditions.  For trace elements phytoremediation, two methods involved are 

phytoextraction and phytostabilization. 

Phytoextraction is a method of phytoremediation whereby heavy metals are removed from the 

soils using plants that are capable to accumulate these metals and translocate them to their 

aboveground tissues and remediate the soils (Favas et al., 2014; Lai et al., 2015). Plants that are 

useful for phytoextraction must possess the ability to absorb and tolerate high level of the 

specific metal, be easy to grow, have a fast growth rate and be resistant to diseases and pests 

(Gosh and Singh, 2005; Yoon et al., 2006; Ali et al., 2013).  These plants are named as 

phytoextractors or accumulators (Bolan et al., 2014) The quantity of metals removed from the 

soil is influenced by the crop type used, but soil type and climatic condition of the region (Zhao 
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et al., 2011). The techniques involved and purposes of phytoaccumulation remain unknown. 

Higher metal contents in the aerial parts compared to the roots, may be an ecological function 

resulting to defence against insect, herbivore or fungal attack, thus rendering the aerial parts 

inedible (Paz-Ferreiro et al., 2014). 

On the basis of metal bioavailability, plants are considered as hyperaccumulators, accumulators, 

indicators, and excluders (Adriano, 2001). The properties and mobility of each metal affect its 

bioavailability in plant tissues (Tlustos et al., 2006). Heavy metal transportation involves 

processes like accumulation, storage, metal mobility in the tissue, and restriction of movements 

within the plant tissue and organelles (Kabata-Pandias and Pendias, 2001). Excluders are plants 

which are able to thrive in soils with high levels of heavy metals by adopting survival method of 

maximum exclusion of heavy metals (HM) ions from the plant. Excluder take up HM from the 

soil and restrict their movements to the roots where the metals are being detoxified while the 

shoot remain unaffected. On the contrary, accumulators are plants which are capable to take up 

and keep high level of heavy metals in their aerial parts when exposed to these heavy metals. 

(Baker, 1981; Rascio and Navari-Izzo, 2011; van der Ent et al., 2013). 

The bioconcentration factor (BCF) is a model that shows the capability of plants to take up 

contaminants from the soil. However, the translocation factor (TF) is shows the heavy metals 

transfer from plant roots to aerial parts (Mellem et al., 2012; Varun et al., 2012). Plants with 

bioconcentration and translocation factors >1 are known as accumulators (Usman et al., 2013). 

Bioconcentration values > 2 are regarded to be high values (Mellem et al., 2012). Plants with 

high BCF like greater than 20 and biomass yield of 10 t·ha−1 or with BCF of 10 and biomass 

yield of 20 t·ha−1 are required (Peuke and Rennenberg, 2005). Plants with BCF and TF values 



31 
 

higher than one are recommended for phytoremediation, and are mainly for phytoextraction (Fitz 

and Wenzel, 2002; Yoon et al., 2006). 

Phytostabilisation is another phytoremediation technique which involves immobilization of 

pollutants and containment of metals in the underground biomass (Evangelou et al., 2015; 

Ogunkunle et al., 2016). The prevention of water erosion and leaching by the plant roots leads to 

the restriction of heavy metals movement. Precipitation, root adsorption or absorption, reduction 

of metal valency are mechanisms involved in phytostabilisation. Phytostabilisation primarily 

focuses on heavy metal sequestration in the roots. Plants with BCF values greater than 1 and TF 

values less than one are appropriat for phytostabilizaiton (Yoon et al., 2006; Mendez and Maier, 

2008; Garba et al., 2013). Plants with BCF values that lack the efficiency to translocate heavy 

metals to the aerial parts are suitable for phytostabilization (Nirola et al., 2015; Mahajan and 

Kaushal, 2018). 

2.7. Biochar and phytoremediation  

There are several reports on soil amendments, such as lime and compost for reduction of heavy 

metals bioavailability (Komárek et al., 2013) thereby being used together with phytoremediating 

plants (de Abreu et al., 2012). From previous reports, biochar has the ability immobilize heavy 

metals and stabilise these heavy metals in soils. In several reports, biochar was revealed to 

increase plant growth, therefore has the capacity to increase the yield of plants used for 

remediation (Wu et al., 2019). However, until recently there was not enough experiments on the 

combined approaches to soil remediation. 

Soil properties such as soil pH, nutrient content or SOM can be enhanced to improve metal 

accumulation. Regarding to this, agricultural practices can be done to reduce plant stress in high 
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heavy metal contaminated soil (Adriano et al., 2004; Gabos et al., 2011; de Abreu et al., 2012). 

Liming can reduce the availability of heavy metal, hence improve vegetative growth. Liming and 

fertiliser application is able to disrupt the movement and speciation of heavy metals in the soil. 

For effective phytoremediation through liming, the type of amendment to be used must be 

carefully selected because cations related to the phosphate may alter the heavy metal movement 

(Bolan et al., 2003; Huang et al., 2013). 

Introduction of these combined approaches result to increase in water and mineral retention, 

boosting of soil pH. The efficiency of particular biochars will further depend on soil properties 

(Ahmad et al., 2014), the targeted heavy metals (Beesley et al., 2011), and differences in plant 

species such as differences in their root growth patterns and in their capacities to uptake and 

accumulate heavy metals (Rizwan et al., 2016). Ideally, biochar derived from organic materials 

possess the capacity to enhance crop yield and hence being utilized in conjunction with 

phytoremediation. Biochar and phytoremediation techniques was used by Houben et al. (2013) 

on Brassica napus L. at Cd-polluted soils in combination with Miscanthus biochar but for 

multicontaminated soils, various biochars and plant species were used (Fellet et al., 2014). 

From the work of Houben et al. (2013), Brassica napus was hindered from phytoextracting 

cadmium and zinc in pots with biochar due to the lower BCF resulting from metal reduction by 

biochar. They suggested that biochar and Brassica napus could be a substitute for 

phytostabilising heavy metals. Fellet et al. (2014) reported that plants grown with biochar 

derived from fig tree exhibited higher concentrations of Pb. Therefore, biochar and 

phytoremediation methods can be combined to improve heavy metal contaminated soils. Biochar 

can reduce the heavy metals bioavailability in the soil. Moreover, phytoextractors is able to 

lower the level of heavy metals in contaminated sites (Paz-Ferreiro et al., 2014). Nirola et al. 
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(2016) reported Acacia pycnantha as a tolerant plant for copper. Takarina et al. (2017) reported 

that Rhizopora sp. is a potential phytoextractor of Zn and Pb. They further revealed that 

Avicennia sp. Showed the potential to bioaccumulate Cu as well as phytoextract Pb and Zn. 

2.8. Selected plants for the study  

Pennisetum glaucum (L.) R. Br. (Pearl millet) is a cross-bred monocot belonging to the family 

Poaceae. It is consumed by humans as food due to its high nutritional qualities (Yadav et al., 

2016). The grains serve as feed for poultry and livestock. The straw is used for bedding, 

thatching, fencing and fuel. Researches have been conducted on phytoremediation potential of 

Pennisetum glaucum and has been confirmed to be a good phytoextractor of some heavy metals 

like cadmium and lead (Bareen et al., 2012; Wuana et al., 2013). There has not been much 

research on the response of Pennisetum glaucum to the exposure of heavy metal in soil and its 

phytoremediation potential in response to amendment agents such as biochar. 

Zea mays L. known to be the only species, belongs to the tribe Maydeae and is the most essential 

cereal that is broadly spread all over the world after wheat and rice. Zea mays is an annual and 

fast-growing cereal (Ahamefule et al., 2014). It serves as the major food fit to be consumed by 

human, as forage for animals and as natural materials for industrial usage. Maize thrives well on 

a great variety of soils, but grows better on well drained, aerated, deep, loamy soil rich in 

sufficient organic matter and provided with available nutrients in neutral to mildly alkaline 

reaction (Nafziger, 2014). From previous studies, it has been revealed that this plant could have 

the potential to remediate soil polluted with inorganic pollutants (Wuana and Okieimen, 2010). 

Tridax procumbens is a perennial plant which belongs to the family Asteraceae and is available 

in all seasons. Tridax procumbens is known as a widespread weed with massive root system and 
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rapid growth rate. The plant is a prostrate herb that is beneficial due to its medicinal properties 

(Mir et al., 2016). Recently, it was confirmed that some plants that have pharmaceutical 

properties responded to the changing environmental conditions and can generate specific 

secondary metabolites involved in detoxification of toxic metals. Therefore, they can also play 

important role in phytoremediation technologies (Masarovičová and Kráľová, 2007: Kumar et 

al., 2015). Research on T. procumbens confirmed the plant as a good weed species for 

phytoremediation and restoration of land contaminated toxic metals (Kumar et al., 2013; Kale 

and Deshmukh, 2014). 

Tithonia diversifolia (Mexican sunflower) is a fast growing and widely distributed weed native 

to Central America but now found in many tropical countries including Nigeria. According to 

Agboola and Adeoye (2005), T. diversifolia is now widely distributed in the southern part of 

Nigeria, particularly, the southwestern and the coastal regions. It was used to boost soil fertility 

and plant yield in some African countries (Orwa et al., 2009; Adejumo et al., 2011). It serves as 

ornamental plant and feed for animals and the leaves can be used as medication for constipation, 

stomach pain, sore throat (Orwa et al., 2009). Adewole et al. (2008) reported T. diversifolia as a 

weed capable of surviving in polluted sites. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study site 

The potted experiment was set up during the dry seasons of 2018 and 2019 in the Botanical 

Garden of the University of Ilorin, Ilorin, Kwara State, Nigeria. The University of Ilorin 

Botanical garden lies between latitude 08º 28´N and longitude 04º 40 E and latitude 8.500 ºN and 

longitude 4.550 ºE. The annual rainfall in the area is about 1200 mm and temperature varies 

between 33ºC and 34ºC during the year, with a distinct dry season from December to March. 

3.2 Collection of materials 

Top soil (0-15 cm deep) was collected with a steel shovel from the surroundings of Botanical 

garden, University of Ilorin, Ilorin, Kwara State. Polyethylene pots were obtained from Niger 

River Basin, Ilorin, Kwara State. The spent engine oil was collected from Mandilas, a Toyota 

Automobile Company located in Ilorin, Kwara State.  The specifications of the spent oil are as 

follow:  

Grade: SAE20W-50    Product name: Visco2000   Maker: Forte Oil PLC 

Car Brand: Toyota      Age: Between 1-10 years      Mileage: 5000km 

One commercial biochar (standard) (Wheat straw, 700 ºC) and two locally produced biochars 

(Rice straw, 550 ºC and Sorghum straw, 550 ºC) were used.  The commercial grade biochar 

(Wheat straw, 700ºC) was obtained from UK Biochar Research Centre (UKBRC).  Rice and 
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sorghum straw were collected from Rice farm, Patigi, Kwara State and Sorghum farm, Ilorin, 

Kwara State respectively. 

Seeds of Tithonia diversifolia and Tridax procumbens were collected from Botanical garden, 

University of Ilorin, Ilorin, Kwara State and seeds of Pennisetum glaucum and Zea mays were 

collected from the National Centre for Genetic Resources and Biotechnology (NACGRAB) 

Moor Plantation, Ibadan, Oyo State.  

3.3 Biochar production 

Biochar was generated using slow pyrolysis which was carried out at the Institute of 

Engineering, Kwara State Polytechnic, Kwara State. Prior to pyrolysis, rice and sorghum straw 

were crushed and air-dried for easy pyrolysis. Pyrolysis was conducted by batch operation as 

illustrated by Garcia-Perez et al. (2010). Feedstocks were weighed into a cylindrical steel reactor 

(diameter of 39.80 cm and length of 58 cm) and heated by using charcoal in pit furnace. This was 

done at 550ºC for 3 hours. The temperature was monitored by non-contact digital Infrared 

thermometer (LHTH, model number – DT8380) at a distance-to-spot ratio of 8:1. The derived 

biochars cooled down to room temperature overnight and were removed before preparing the 

reactor for the next batch.  

The commercial biochar (wheat straw) was produced by the UKBRC, Edinburgh, United 

Kingdom. As described by the manufacturer, the biomass was subjected to thermal pyrolysis in a 

pilot-scale rotary kiln unit at 700oC for 5 minutes. All biochars were lightly crushed and sieved 

through < 2 mm mesh size. 
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3.4 Biochar characterization 

3.4.1 Physical properties 

3.4.1.1. Production yield 

Production yield of biochar was determined using the formular below: 

% production yield = (Mbiochar/M raw material) X 100    

where Mbio-char and M raw material is the mass of biochar and raw material, respectively (Zhang et 

al., 2015). 

3.4.1.2 Internal surface morphology and porosity 

These were determined using Scanning Electron Microscope (SEM) following the procedure of 

Yadav et al. (2016). Biochar was mounted on aluminum stubs with double-sided carbon coated 

sputter coating with gold palladium (Elko IB-3 Ion Coater). The biochar was investigated at 

varying magnifications with use of JEOL (JSM-6390LV) scanning electron microscope (SEM) 

that was operated at 10-15kV accelerated voltage.  

3.4.2. Chemical properties 

3.4.2.1 Determination of pH 

The pH of the biochars were determined using the procedure of Rajkovich et al. (2011). The 

biochar (1 g) was weighed into 20 ml deionized water on the shaker and shaken for 90 minutes to 

establish adequate equilibration between the water and biochar surfaces. pH meter (PHS-3C) was 

used to determine the pH reading of the biochar. 
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3.4.2.2 Determination of moisture content 

This was determined following the procedure of ASTM D1762 (1990).  The muffle furnace was 

heated to 750°C with ignited porcelain crucibles for 10 mins. The crucibles were placed in a 

desiccator for 1 h to cool and were weighed with 1 g of each ground biochar. The biochar was 

placed in the oven at 105°C for 2 h. Each dried biochar was placed in a desiccator for 1 h and 

weighed. Moisture content was calculated using the formula below: 

Moisture content (%) = (A - B/A) × 100  

where:  A = mass of air-dried sample used, and B = mass of sample after drying at 105°C 

3.4.2.3 Determination of volatile matter 

The volatile matter was determined according to ASTM D1762 (1990) method. The muffle 

furnace was heated to 950°C. The crucibles with biochar used for the moisture determination 

was preheated. The furnace door was opened, for 2 min on the outer edge of the furnace at 300°C 

and then for 3 min on the edge of the furnace at 500°C. The crucibles were moved to the rear of 

the furnace for 6 min with the muffle door closed. The biochar was cooled in a desiccator for 1 h 

and was weighed. Volatile matter was calculated using the formula below: 

Volatile matter (%) = (B - C/B) × 100 

where, C = mass of sample after drying at 950°C, B = mass of sample after drying at 105°C 

3.4.2.4 Determination of ash content 

The ash content was determined using ASTM D1762 (1990) method.  The crucible with biochar 

content used for the volatile matter determination was placed in the muffle furnace at 750°C for 
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6 h. The biochar was cooled in a desiccator for 1 h and weighed. Ash content was calculated 

using the formula below: 

Ash (%) = (D/B) × 100  

where, D = weight of residue after drying at 750°C, B = mass of sample after drying at 105°C 

3.4.2.5 Determination of fixed carbon 

This was determined by subtracting the summation of volatile matter value (VM) and ash content 

value from 100 (Fabbri et al., 2012).  

Fixed Carbon = 100- (VM + Ash content)  

3.4.2.6 Elemental analysis 

The elements present in each biochar sample was determined using Energy Dispersive X-ray 

analyzer (Thermo Electron Corporation, 6733B-IUUSN, USA) which was coupled to the SEM. 

Electron images were captured using Noran system six imaging software (Stella-Mary et al., 

2016). 

3.4.3 Functional properties 

3.4.3.1 Determination of the surface functionality 

The surface functionality of each biochar was determined according to the method of Yadav et 

al. (2016). Each biochar was mixed with KBr in a ratio of 1:200 (w/w) and pelletized using a 

hydraulic press under constant pressure and further analysed using Fourier Transform Infrared 

Transmission Spectroscopy (FTIR). Perkin-Elmer Universal ATR sampling accessory spectrum 
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100 FT-IR Spectrophotometer was used to observe the vibrations of samples and the IR spectra 

was recorded at room temperature (298 K) in the region 4000–400 cm−1 and 1.0cm-1 resolution. 

The peaks obtained were interpreted as described by John Coates (2000) as follow:  

Peaks                                   Functional groups  

3400-3200                           Normal “polymeric” OH stretch                           O-H stretch 

2935-2915                           Methylene (CH2) Methylene C-H asymmetric      C-H stretch  

2800-2700                            Aldehyde                                                               C-H stretch  

2260-2190                            Alkyne (disubstituted)                                           C≡C stretch  

2100-1800                            Transition metal Carbonyls                                   C-O stretch  

1650-1600                         Conjugated double bond of Quinone and Ketone    C═C stretch  

1420-1300                            Carboxylic acid salt                                               C-O stretch 

1410-1310                         Phenol or Tertiary alcohol OH bend                        O-H bend 

1050                                  Primary alcohol                                                        C-O stretch  

900-670                             Aromatic C-H out of plane bend                             C-H bend 

700-600                            Aliphatic Bromo Compounds                                   C-Br stretch 

660-630                           Thioethers CH3-S- and Alkyne C-H bend                 C-S Stretch  

600-500                             Aliphatic Iodo Compounds                                      C-I stretch  
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500-470                             Polysulphides                                                           S-S stretch 

3.4. Spiking of soil 

Sandy loam soil was bulked and homogenised to give one representative sample of 

approximately 300 kg. The soil was sieved through a mesh size of 2-mm to retain the soil free of 

unwelcome substance that may disrupt soil micro-organisms activivites and their functions. 

Following the method of Adu et al. (2015), the sieved soil was air-dried before weighing so as to 

keep away from apparent weight of soil that could result from the weight of water. Through this 

method, an accurate weight of soil was gotten in respect to the engine oil used.  

Preliminary test was carried out such that soil was spiked with different concentrations (2.5%, 

5% and 10%) of spent oil to evaluate the degree of pollution. The fraction of 5% was chosen 

based on the result of the test carried out. The soil was spiked with spent engine oil with fraction 

of 50 ml/kg (5 % v/w). In a thorough manner, the soil was mixed with hand protected with 

gloves and was left for two weeks in a humid environment in the garden (Houben et al., 2013). 

This was done for uniformity of oil and the soil properties, and proper soil micro-organisms 

activities. The soil was sampled for laboratory analysis and air dried for 2 days at room 

temperature. 

3.6 Amendment of soil with biochar 

Polluted soil was thoroughly mixed with 1%, 2% and 3% of biochar. According to International 

Biochar Initiative (IBI) guideline, application rate of 2.5% equivalent to 50t/ha was used. This 

application rate is equal to a field application rate from 5-50t/ha recommended by International 

Biochar Initiative (IBI) based on an assumption of 2000t/ha. Polyethylene pots (19 cm diameter 



42 
 

and 23 cm height) were filled each with 3 kg of the amended soil. Following Jien and Wang 

(2013) method, amended soil was thoroughly homogenized and tap water was added to 

approximately 60% water holding capacity (i.e., the field water capacity of the soil). The pots 

were left for a month in a humid environment in the garden and weighed every 3 days for 

maintenance of constant moisture content. Each treatment was in triplicates. 

3.7 Determination of soil parameters  

3.7.1 Physical properties 

3.7.1.1 Determination of porosity 

This was determined by saturation method (Ambarsht, 1986). The spiked and amended soil 

sample was measured in a graduated cylinder and was recorded as volume of the sample (Vs). A 

measured amount of water was poured into the beaker and was also recorded. Soil sample was 

saturated with the measured water. Volume of water used (Vp) was subtracted from the starting 

volume of the graduated cylinder. Porosity was calculated as  

Porosity = pore volume/total volume ×100 

Total volume= Vs + Vp 

where Vs = Sample Volume, Vp = Pore Volume 

3.7.1.2 Determination of water holding capacity 

The water holding capacity of the soil was determined according to the method of Ambarsht 

(1986). Filter paper was placed in the funnel attached to a graduated cylinder and 100ml of 

spiked and amended soil was measured into the funnel. Water (100ml) was measured with 
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graduated cylinder. The water was added to the spiked and amended soil sample until it was 

covered, stirred and left until fully saturated. The amount of water added was recorded. Excess 

water was collected from the graduated cylinder and was recorded. Water holding capacity was 

calculated using the formula below 

Water retained= water added (ml) – water drained (ml) 

Water holding capacity = 10 × (ml water retained/100 ml sample) 

3.7.2 Chemical analysis 

3.7.2.1 Determination of pH 

The pH of the spiked and amended soil was determined according to the method of Rajkovich et 

al. (2011). The spiked and amended soil (1 g) was weighed into 20 ml of deionized water on the 

shaker and shaken for 90 minutes to establish adequate equilibration between solution and soil 

surfaces. pH meter (PHS-3C) was used to determine the pH reading of the soil.  

3.7.2.2 Determination of moisture content 

This was determined according to the method of ASTM D1762 (1990). The muffle furnace was 

heated to 750°C with ignited porcelain crucibles and placed in the furnace for 10 mins. The 

crucibles were placed in a desiccator for one hour to cool, weighed and 1 g of the spiked and 

amended soil was added. The spiked and amended soil was placed in the oven at 105°C for 2 h. 

The dried soil sample was placed in a desiccator for 1 h and was weighed. Moisture was 

calculated using the formula below: 

Moisture (%) = (A - B/A) × 100  
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where:  A = mass of air-dried spiked and amended soil sample used, and B = mass of spiked and 

amended soil sample after drying at 105 °C 

3.7.2.3 Determination of organic matter 

This was determined by loss of Ignition (Reddy et al., 2009).  Each spiked and amended soil 

sample (1 g) dried at 105ºC was weighed into a crucible. The weight of the crucible with soil 

sample was taken before ignition. Each soil (spiked and amended) sample was subjected to heat 

at 550 ºC for 24 hours and weighed again after the temperature dropped to 105 ºC. Percentage 

organic matter was calculated using the following formula; 

Loss of ignition=   weight at 105 ºC _- weight at 550 ºC    × 100 

                                                  weight at 105 ºC  

3.7.2.4 Mineral content determination 

The official method of AOAC (2005) was adopted. The spiked and amended soil samples were 

ashed in a furnace for 5 h at 600˚C, and then boiled with 10 ml of 20% hydrochloric acid in a 

beaker. The mixture was filtered into a 100 mL standard flask and was made up to the mark with 

deionized water. Potassium (K) level of the soil sample was determined using Flame Emission 

Photometer with KCl as standard. All other metals were determined by Atomic Absorption 

Spectrophotometer (AAS Model Bulk Scientific Accuzy 211). 

3.7.2.5 Heavy metal determination 

The method of Thompson and Wood (1982) was adopted. One gram of the spiked and amended 

soil samples were digested in 4:1 ratio of concentrated 69% HNO3 (Analar grade) and 
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concentrated 60% HClO4 (Merck, Germany). The mixtures were heated to dryness. Each residue 

was then leached with 5 M of 36% HCl (Analar grade) and filtered through a Whatman No. 41 

filter paper. The filtrate was finally diluted with distilled water to 1M HCl. The samples were 

analysed for heavy metals including Cd, Cu, Pb, Ni and Zn by Atomic Absorption 

Spectrophotometer (AAS model 210VGP, Buck Scientific Incorporated USA) with Air- 

Acetylene flame. Procedural blanks were carried out and samples in triplicate to validate the 

accuracy of the procedure. 

3.8 Planting and harvesting 

3.8.1 Seeds for planting 

The seeds of Zea mays, Pennisetum glaucum, Tridax procumbens and Tithonia diversifolia were 

collected and were sowed.  The choice of these plants was based on their availability and 

tolerance to unfavourable conditions as reported from previous works. 

3.8.2 Planting preparation 

Viability tests were conducted on the seeds with floatation method. Ten (10) viable seeds of Zea 

mays, Pennisetum glaucum, Tithonia diversifolia and Tridax procumbens were sowed per pot. 

The numbers of germinated plants were thinned to two plants per pot. Watering was done daily 

with 180 ml of tap water and regular weeding was done by hand picking. The experiment was 

arranged in a complete randomized design for a discrete and perfect result.  
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3.8.3 Harvesting 

The plants were harvested six (6) weeks after planting. The shoot biomass was collected from the 

base of the plant stalks. The root biomass was manually separated from the potted soil and 

washed off soil and biochar particles (Rajkovich et al., 2011). 

3.9 Morphological growth characters 

3.9.1 Plant height 

One plant was selected from each pot for the measurement of plant height. Plant height was 

measured by determining the height of the plant from the soil level to the collar of the uppermost 

leaf (Okonokhua et al., 2007). Plant height was recorded weekly. 

3.9.2 Number of leaves 

This was done by counting the leaves per plant in each pot. Number of leaves was recorded 

weekly. 

3.9.3 Leaf area  

Leaf area was determined by measuring the length and width (at the widest point) of a leaf per 

plant. The products of the length and width were multiplied by a correction factor of each plant. 

The correction factors of the plants are as follows: Zea mays and Pennisetum glaucum (0.75); 

Tithonia diversifolia and Tridax procumbens (0.79) (Watt, 1973). Leaf area was recorded 

weekly.  
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3.9.4 Stem girth 

Stem girth of a plant per pot was measured with thread which was later extrapolated on the ruler. 

Stem girth was recorded weekly. 

3.9.5 Root length 

Root length of a plant per pot was measured with thread which was later extrapolated on the 

ruler. Root length was measured after harvesting of plant.  

3.9.6 Fresh weight of plant  

A plant was selected per pot and the fresh weight was measured on a calibrated weighing balance 

immediately after harvest. 

3.9.7 Dry weight of plant  

A plant per pot was selected and air dried to constant weight and weighed on a calibrated 

weighing balance after harvesting.   

3.10 Heavy metal determination 

The method of Thompson and Wood (1982) was adopted. One gram of each plant sample was 

digested in 4:1 ratio of concentrated 69% HNO3 (Analar grade) and concentrated 60% HClO4 

(Merck, Germany). The mixture was heated to dryness. The residue was then leached with 5 M 

of 36% HCl (Analar grade) and filtered through a Whatman No. 41 filter paper. The filtrate was 

finally diluted with distilled water to 1M HCl. The samples were analysed for heavy metals 

including Cd, Cu, Pb, Ni and Zn with Atomic Absorption Spectrophotometer (AAS model 
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210VGP, Buck Scientific Incorporated USA) with Air- Acetylene flame. Procedural blanks were 

carried out and samples in triplicate to validate the accuracy of the procedure. 

3.11 Plant-soil relationship 

The mobility of the heavy metal from the contaminated soil into the plant roots and the ability to 

mobilise the metals from roots to aerial parts were examined correspondingly by means of Bio-

concentration Factor (BCF) and the Translocation Factor (TF) models. 

3.11.1 Bio-concentration factor 

This is a model used to check the ability of plant to take up and store a specific metal with 

respect to its concentration in the soil (Ghosh and Singh, 2005). Bio-concentration factor (BCF) 

was calculated as a ratio of heavy metal concentration in plant roots to the heavy metal 

concentration in soil (Yoon et al., 2006).  

BCF= C metal root/C metal soil 

where C metal root and C metal soil concentration of heavy metal in root and concentration of heavy 

metal in soil respectively. 

BCF values >2 will be regarded as high values which implies better phytoaccumulation 

capabilities of the plant. The higher the BCF value, the more suitable the plant is for 

phytoextraction (Blaylock et al., 1997). 

 

 

http://scialert.net/fulltext/?doi=jfas.2013.87.93&org=10#645016_ja
http://scialert.net/fulltext/?doi=jfas.2013.87.93&org=10#140365_ja
http://scialert.net/fulltext/570558_ja
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3.11.2 Translocation factor (TF) 

This is the ratio of heavy metal concentration in plant shoot to that in plant root (Yanqun et al., 

2005). This ratio shows the ability of the plant to uptake and move metals from the roots to the 

shoots of the plant (Marchiol et al., 2004). 

TF= C metal shoot / C metal root. 

where C metal shoot and C metal root concentration of heavy metal in shoot and concentration of heavy 

metal in root respectively. TF < 1 shows that the plant is an excluder while TF >1 shows that the 

plant is an accumulator. TF = 1 shows that the plant is an indicator (Olowoyo et al., 2010). 

3.12 Statistical analyses 

One-way Analysis of Variance (ANOVA) was used to assess the significant differences of the 

biochar treatments and Duncan’s Multiple Range Tests ((DMRT) was used to check the level of 

the significant differences of biochar treatments based on soil properties, growth prarameters and 

heavy metal content (p<0.05) 

 

 

 

 

 

http://scialert.net/fulltext/?doi=jfas.2013.87.93&org=10#764673_ja
http://scialert.net/fulltext/?doi=jfas.2013.87.93&org=10#764673_ja
http://scialert.net/fulltext/?doi=jfas.2013.87.93&org=10#959188_ja
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CHAPTER FOUR 

RESULTS 

4.1 Properties of biochar  

4.1.1 Physicochemical properties 

Table 1 shows the properties of the three different biochars used in this study. Standard biochar 

at 700ºC underwent fast pyrolysis with resident time of 15mins while sorghum and rice biochar 

underwent slow pyrolysis with resident time of 3hrs. Sorghum biochar had the highest % 

production yield (36.37%) followed by rice biochar (30.0%) and standard biochar (23.54%).  

The pH value for rice biochar and sorghum biochar was 8.54 and 8.41 respectively. However, 

standard biochar had the least pH value (8.15), all were alkaline. Moisture content of sorghum 

biochar was 5.75% and the least was recorded for standard biochar (3.48%). Rice biochar had the 

highest volatile matter (21.39%) and the least was found in sorghum biochar (12.55%). Ash 

content recorded for rice (52.37%) and sorghum biochar (35.07%) were higher than standard 

biochar (20.13%). Sequence of fixed carbon for the studied biochars are as follow: standard 

biochar (56.45%) > sorghum biochar (46.63%) > rice biochar (22.11%). Sorghum and rice 

biochars had the higher O/C (0.24) than standard biochar (0.19) (Table 1). 

Table 2 shows the elemental compositions of the studied biochars. Rice and sorghum biochars 

recorded higher values for the following elements: Oxygen, Magnessium, Potassium, Chlorine, 

Silicon, Aluminium and Iron than standard biochar. However, standard biochar recorded highest 

Berylium (23.39%), Phosphorus (1.69%), Calcium (4.89%) and Carbon (57.57%) (Table 2). The 

heavy metal content of the studied biochars were significantly lower than the permissible limits  
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Table 1: Physicochemical properties of the test biochars 

Biochars /Properties  Standard biochar Sorghum biochar Rice biochar 

Temperature (˚C) 700 550 550 

Resident time  15 min 3 hrs 3 hrs 

Production type Fast Slow Slow 

Production1 yield (%) 23.54 36.37 30 

pH 8.15 8.41 8.54 

Moisture (%) 3.48 5.75 4.13 

Volatile matter (%) 19.94 12.55 21.39 

Ash content (%) 20.13 35.07 52.37 

Fixed carbon (%) 56.45 46.63 22.11 

O/C ratio                               0.19 0.24 0.24 
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Table 2: Elemental composition of test biochars 

Elements Standard biochar Sorghum biochar Rice biochar 

Carbon (wt%) 57.57 55.64 53.87 

Oxygen (wt%) 10.68 13.57 12.73 

Magnesium (wt%) 0.53 0.69 0.70 

Calcium (wt%) 4.89 3.80 1.84 

Potassium (wt%) 6.64 7.89 11.88 

Chlorine (wt%) 0.69 0.96 2.02 

Silicon (wt%) 8.15 14.72 14.36 

Aluminium (wt%) 0.28 3.81 1.33 

Titanium (wt%) 0.00 1.08 0.00 

Iron (wt%) 0.00 4.34 4.19 

Phosphorus (wt%) 1.69 0.00 0.84 

Berylium (wt%) 23.39 0.00 0.00 

Copper (mg/kg) 15.33 23.33 34.00 

Zinc (mg/kg) 0.00 1.00 2.33 

Lead (mg/kg) 0.00 1.00 1.00 

Cadmium (mg/kg) 0.00 4.33 4.00 

Chromium (mg/kg) 1.00 3.00 4.00 
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for Cu (63 – 1500 mg/kg), Pb (70 – 500 mg/kg), Zn (200 - 2800 mg/kg), Cr (64 – 100 mg/kg) 

and Cd (1.4 – 39 mg/kg) recommended for biochars. 

Plate 1 shows the surface morphology of the studied biochars. All the studied biochars exhibited 

different pore structures. A network of skeletal structure appeared on the surface of the rice 

biochar (Plate 1a) and various pore structures, that is, both macropores and micropores were 

present (Plate 1b). Sorghum biochar possessed structure that looks like sieve plate with minute 

pores of almost same size (Plate 1c) and more of macropores were found on its surface (Plate 

1d). For wheat biochar, the micropores were found to be more and skeletal in structure as 

observed on the surface which revealed the appearance of fractures (Plates 1e and 1f). 

Figure 1 shows the surface functionality of wheat biochar (WB) 700ºC, sorghum biochar (SB) 

550ºC and rice biochar (RB) 550ºC. The studied biochars were observed to have almost the same 

functional groups; C-H, C≡C, C═C, C-O, C-X and S-S. For all the studied biochars, there was a 

band at 2700 cm-1 which was attributed to presence of aldehyde (C-H stretch). A peak was 

observed at 2200 cm-1 which revealed triple bonds between carbons of Acetylenic compounds 

(C≡C stretch). There was appearance of a band at 2050 cm-1 which corresponded to transition 

metal carbonyls and a peak at 1650 cm-1 was observed which revealed the conjugated quinone 

and ketones (C═C stretch). Observations of peaks at 1050 cm-1 characterized the presence of C-

O stretch. Frequency range from 900 cm-1 to 885 cm-1 revealed the peaks corresponding to 

aromatic compounds (C-H out of plane bend) and a band observed at 570 cm-1 showed presence 

of halogen (C-X stretch). Moreover, a band observed at 470 cm-1 was attributed to polysulphide 

(S-S stretch). A peak at 1420 cm-1 was observed in sorghum biochar only and this revealed the 

presence of carboxylic acid salt (C-O stretch). There was an observation of high peak at 3400 

cm-1 in rice and wheat biochar which was ascribed to O-H stretching vibration. In addition, 
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observation of a band at 1400 cm-1 characterized the presence of phenolics (O-H bend). Whereas, 

in rice biochar only, there was a band observed at 2930 cm-1 which symbolized aliphatic CH2 

assymetric (C-H stretch) and a peak observed at 630 cm-1 revealed thioethers (C-S), aliphatic 

bromo compounds (C-Br) and alkyne (C-H bend). 

4.2 Effect of biochar on soil  

4.2.1 Soil properties  

Table 3 shows the soil properties under different concentrations of different biochars in the two 

seasons. It was observed that higher values were recorded for the physicochemical properties in 

year 2019 than in year 2018 except for porosity. In comparison to the control, all the biochar 

amendments significantly (p≤0.05) increased the soil porosity except 3% RB treatment for both 

years. In response to the application of all the biochars, water holding capacity and pH were 

significantly (p≤0.05) higher in soils amended with biochars than the control for both years. 

In 2018, sorghum biochar (SB) and rice biochar (RB) showed significantly (p≤0.05) higher 

moisture content than the control (8.40±2.29) but numerically greater than standard biochar. 

However, moisture content significantly (p≤0.05) reduced in soil treated with standard biochar. 

In 2019, significantly (p≤0.05) higher moisture content was recorded in soil treated with 1% and 

2% standard biochar and sorghum biochar, and 2% and 3% RB when compared to the control. It 

was observed that rice biochar had the highest moisture content in 2018 and standard biochar 

recorded the highest in 2019 (18.15±5.20%). In 2018, standard biochar had significantly 

(p≤0.05) higher organic matter than the control soil and other biochar amended soils. Meanwhile, 

soil amended with all the biochars in 2019 were significantly (p≤0.05) higher in organic matter  
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a                                                                       b 

 

c                                                                       d 

 

 

 

 

 

e                                                                         f 

 

Plate 1: Scanning Electron Micrographs of test biochars  

Key: Rice biochar (a and b), sorghum biochar (c and d) and standard biochar (e and f). 
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Figure 1. FTIR spectra of sorghum biochar 550ºC (B), rice biochar 550ºC (D) and standard 

biochar 700ºC (F) 
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Table 3: Effects of different concentrations of biochars on physicochemical properties of soil in 2018 and 2019 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB – Sorghum Biochar; RB - Rice Biochar; OM –Organic matter; WHC – 

Water Holding Capacity 

 

 

      Trts  Rates 

(%) 
2018     2019     

Porosity 

(%) 

WHC 

(%) 

pH 

 

Moisture 

(%) 

OM 

(%) 

Porosity 

(% 

WHC 

(%) 

pH 

 

Moisture 

(%) 

OM 

(%) 

Control 0 28.57±0.00f 4.00±0.00c 6.76±0.80d 8.40±2.29bc 9.01±1.15b 26.67±0.00f 5.00±1.00c 6.51±0.24c 9.17±1.62d 7.02±0.00e 

StB 1 46.21±1.16b 6.00±1.40abc 7.20±0.11cd 7.28±0.18cd 12.11±1.83a 45.83±1.32b 5.66±1.51bc 8.60±0.00a 18.15±5.20a 24.00±0.00a 

 
2 52.13±4.76a 5.23±2.31bc 7.20±0.00cd 5.54±0.83d 9.74±3.71ab 53.72±5.50a 5.26±2.36bc 8.46±0.20ab 13.10±0.10b 7.80±0.00e 

 
3 43.45±1.59bc 4.70±0.30bc 7.10±0.00cd 7.65±0.68c 9.86±1.03ab 41.57±0.49bc 5.03±0.64bc 7.56±0.66b 7.82±1.97e 8.38±0.00d 

SB 1 34.96±2.53de 5.20±1.20bc 7.29±0.18bc 10.87±0.46a 7.55±1.09b 36.65±1.46d 4.93±0.83d 7.43±0.40b 12.30±1.00b 8.48±1.00d 

 
2 42.18±1.00c 6.40±0.00ab 7.90±0.07a 11.63±0.76a 8.31±0.45b 40.99±0.91c 6.36±0.15abc 8.80±0.00a 12.07±4.27b 18.54±0.00b 

 
3 36.70±0.80d 5.90±1.30abc 7.71±0.06ab 10.12±0.08ab 8.29±0.76b 35.86±0.05d 6.33±1.53abc 8.90±0.00a 8.10±0.20d   8.24±0.00d 

RB 1 31.70±1.63ef 6.10±0.10abc 7.26±0.16abc 11.82±1.07a 6.79±0.96b 30.07±0.00e 6.76±0.49abc 8.50±0.00ab 8.02±0.22d 11.33±0.96c 

 
2 37.22±2.16d 7.60±1.20a 7.92±0.09a 11.08±1.64a 7.38±1.34b 35.78±1.25d 7.53±1.96a 8.90±0.00a 13.22±3.42b 7.59±1.34e 

 
3 24.80±0.56g 6.60±6.00ab 8.04±0.09a 10.94±1.17a 7.71±0.92b 22.12 ±2.85g 7.00±0.34ab 8.90±0.00a 10.65±0.10c 11.20±0.92c 
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than the untreated soil. Among all the treatments, standard biochar had the highest values of 

organic matter in both years. 

Table 4 shows the effect of biochar on soil nutrient. Biochar treatments increased Fe content in 

the amended soil as compared to the control in the two seasons. Only soil amended with 2% SB 

had higher P content than the control soil in 2018 while only soil amended with 3% RB had 

lower P content than the control soil in 2019. However, the P content of the soil amended with 

biochars was significantly the same with the control for both years. In 2018, soil amended with 

StB and 1% RB had higher Ca content than the control soil and soil amended with SB while soil 

amended with all the biochars had higher Ca contents than the control soil in 2019.  In 2018, soil 

amended with 1% and 2% StB and 3% RB had higher Mg content than the control soil while soil 

amended with all the biochars had higher Mg contents than the control soil in 2019. In 2018, 

only soil treated with 3% RB had higher K content while soil amended with biochars had higher 

K content than the control soil except soil amended with 2% SB and 3% SB. 

Table 5 reveals the effect of biochars on heavy metal in the soil. The biochar treatments 

significantly (p≤0.05) reduced the heavy metals (Cu, Zn, Pb, Cd and Cr) in the soil when 

compared to the control. In addition, the heavy metals investigated in the amended soils for both 

years were lower than the permissible limits. There was a positive response of heavy metals to 

the biochar percentage interaction for the two years. 
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Table 4: Effects of different concentrations of biochars on nutrient contents (mg/kg) of soil in 

2018 and 2019 

Trts Rates 

(%) 
2018     2019 

Fe P Ca Mg K Fe P Ca Mg K 

Control 0 1.25 0.68 8.27 7.52 3.25 1.40 0.65 2.05     -1.22 2.10 

StB 1 1.40 0.66 15.95 17.34 3.12 2.20 0.66 9.66 4.82 2.85 

 2 1.55 0.66 11.81 16.11 3.17 1.75 0.68 6.95 2.53 3.13 

 3 1.35 0.67 10.66 3.43 3.24 1.70 0.68 9.81 1.96 2.63 

SB 1 1.50 0.65 8.99 2.37 2.70 2.10 0.67 10.59 8.42 2.29 

 2 1.30 0.69 8.90 6.30 3.11 1.85 0.66 10.20 6.38 1.47 

 3 1.40 0.66 7.10 5.89 2.28 2.10 0.65 12.43 3.10 1.24 

RB 1 1.40 0.66 12.39 2.78 2.61 2.10 0.65 9.38 2.37 2.18 

 2 1.80 0.66 7.08 1.47 2.29 1.90 0.67 9.07 1.71 2.62 

 3 1.70 0.67 8.07 9.24 3.54 2.35 0.62 6.40 1.30 3.07 

Trts – Treatments; StB – Standard Biochar; SB – Sorghum Biochar; RB - Rice Biochar; 

Magnessium (Mg), Iron (Fe), Calcium (Ca), Potassium (K), Phosporus (P). Unit in mg/kg 
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Table 5: Effects of different concentrations of biochars on heavy metals content (mg/kg) of soil in 2018 and 2019  

Trts  Rate 

(%) 

2018 2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0 129.00±0.00a 0.20±0.00ab 0.36±0.05a 0.43±0.05a 5.66±0.57a 35.33±1.15a 1.00±0.00c 0.00±0.05a 0.00±0.00b 5.00±0.00a 

StB 1 0.00±0.00e 0.00±0.00e 0.10±0.00b 0.06±0.11cd 2.33±0.57c 18.00±0.00d 0.00±0.00d 0.00±0.00b 0.00±0.00b 2.00±0.00bc 

 
2 0.00±0.00e 0.03±0.05de 0.06±0.05b 0.13±0.05bc 0.00±0.00e 20.00±0.00c 1.00±0.00c 0.00±0.00b 0.00±0.00b 2.00±0.00bc 

 
3 9.66±1.52b 0.10±0.00cd 0.13±0.05b 0.10±0.00bcd 0.00±0.00e 23.33±2.30b 0.00±0.00d 0.00±0.00b 0.00±0.00b 2.00±0.00bc 

SB 1 8.00±2.00bc 0.23±0.05a 0.13±0.05b 0.16±0.05bc 3.33±0.57b 24.00 ±0.00b 0.00±0.00d 0.00±0.00b 1.00±0.00a 2.33±0.57bc 

 
2 6.66±1.15cd 0.13±0.05bc 0.13±0.05b 0.20±0.00b 2.33±0.57c 23.33±0.00b 0.00±0.00d 0.00±0.00b 0.00±0.00b 2.00±0.57bc 

 
3 7.33±1.15bc 0.13±0.05bc 0.10±0.00b 0.00±0.00d 3.00±0.00bc 18.00±1.15d 0.00±0.00d 0.00±0.00b 0.00±0.00b 2.00±0.00bc 

RB 1 4.33±0.57d 0.10±0.00cd 0.06±0.05b 0.13±0.05bc 2.66±0.57bc 28.00±0.00b 2.00±0.00b 0.00±0.00b 0.00±0.00b 3.00±0.57b 

 
2 9.66±1.52b 0.10±0.10cd 0.13±0.05b 0.00±0.00d 1.33±0.57d 18.00±0.00d 0.00±0.10d 0.00±0.00b 0.00±0.00b 2.00±0.57bc 

 
3 0.00±0.00e 0.00±0.00e 0.10±0.00b 0.16±0.05bc 2.66±0.57bc 16.00±0.00e 3.00±0.00a 1.00±0.00b 1.00±0.00a 1.00±0.57d 

PL  100 300 50 3 100 100 300 50 3 100 

Source of 

variation 
                                                                                   Level of significance  

Biochar 

percentage 
* * * * * * * * * * 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05. PL –Permissible Limit (mg/kg) (Source: World Health Organisation, 1996 and 2001). Trts – Treatments; StB – Standard 

Biochar; SB – Sorghum Biochar; RB - Rice Biochar 
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4.3 Effects of biochars on plant growth 

The greatest heights of Zea mays (54.38 cm and 70.23 cm) were observed in 3% RB and 3% SB 

in year 2018 and 2019, respectively (Table 6). In 2018, all the biochar treatments at 5th and 6th 

weeks had significantly (p≤0.05) higher plant height than the control. Though, heights of plants 

treated with 1% and 2% of RB were not determined as a result of death of the plants. However, 

all biochars at 2% and 3% significantly increased maize height more than the control in 2019. 

Height of Z. mays increased with increase in the concentrations of standard biochar and rice 

biochar at the end of the experiment in 2018 while there was gradual increase in the height with 

increased application of standard biochar and sorghum biochar all through the experiment in 

2019.  

Table 7 reveals no differential effect of the biochars in the number of leaves of Zea mays. The 

3% RB and 3% SB treatments produced the highest leaf area (59.89 cm2 and 90.75 cm2) in year 

2018 and 2019, respectively (Table 8). In 2018, all the biochar treatments at 6th week had 

significantly (p≤0.05) larger leaf area (51.89 cm2) than the control (14.22 cm2). However, leaf 

area treated with 1% and 2% of RB were not determined as a result of death of the plants. 

Meanwhile, standard biochar and sorghum biochar at 2% and 3% had plant leaf area that were 

significantly (p≤0.05) larger than the control in 2019. Leaf area increased with increase in the 

concentrations of rice biochar all through the experiment in 2018 while increased application of 

standard biochar, sorghum biochar and rice biochar increased the leaf area gradually at weeks 4, 

5 and 6 in 2019.  

Table 9 reveals that all the biochar treatments recorded stem girth that were significantly 

(p≤0.05) greater than the control except 3% SB treatment of Z. mays at week 6 in 2018. The 3% 
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and 2% RB recorded the greatest stem girth (6.60 cm and 3.14 cm) all through the experiment in 

2018 and 2019, respectively. Increased sorghum biochar rate resulted in gradual increase in 

2019. 

Table 10 shows that all biochar treatments recorded heights that were significantly (p≤0.05) 

higher than the control at week 4 for Pennisetum glaucum in year 2018.  At week 5, 2% and 3% 

standard biochar (StB) amended soil produced P. glaucum with height significantly (p≤0.05) 

lower than the control. Also, 1% and 2% of StB recorded heights significantly (p≤0.05) lower 

than control. The 3% RB concentration had the highest plant height (49.87 cm) at the end of the 

experiment (week 6). At week 4 of year 2019, 3% of StB and SB produced Pennisetum glaucum 

which were significantly (p≤0.05) higher than the control. In addition, 1% and 2% of RB also 

produced P. glaucum with higher heights than the control. All biochars at 1% significantly 

(p≤0.05) produced plant with lower height when compared to the control at week 5. Moreover, 

StB and SB at 1% had heights lower than the control. However, height of P. glaucum increased 

with increase in the concentrations of sorghum biochar in both seasons. Pennisetum glaucum 

sowed on 3% StB, 2% and 3% SB and 1%, 2% and 3% RB amended soil were taller than those 

on the control (Table 10). 

Variations were observed in the leaf number of P. glaucum (Table 11). In 2018, there was an 

increase in leaf number with increase in the concentrations of standard biochar and sorghum 

biochar while rice biochar effects were contrary. In 2019, revealed increase in the leaf number as 

the biochar treatment increased was observed. 

Table 12 shows that only 2% StB treatment reduced the leaf area of P. glaucum when compared 

to the control leaf area at week 4 in 2018. Leaf area of P. glaucum raised 3% SB and RB 
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amended soils significantly (p≤0.05) larger than the control at week 5 in 2019 (Table 12). All 3% 

biochar treatments produced leaf areas that were significantly (p≤0.05) larger than the control at 

week 6 in 2018. In 2019, leaf area was found to increase as the biochar concentrations increased 

at the end of experiment. At week 4, only 1% StB 1treatment increased the leaf area of P. 

glaucum. The leaf areas of P. glaucum on 3% of SB and RB at week 5 were larger than the 

control. At week 6, 2% and 3% SB and RB had leaf areas of P. glaucum that were significantly 

(p≤0.05) higher than the leaf area of P. glaucum raised on the control soil.  

Stem girth of P. glaucum were significantly (p≤0.05) higher than all the biochar treatments all 

through the experiment in the first season (Table 13). In 2019, 3% SB treatment significantly 

(p≤0.05) increased the stem girth than the control at week 4. At week 5, 2% and 3% SB and RB 

possesed significantly higher stem girth than the control. (Table 13). All biochars at 2% and 3% 

increased the stem girth of pearl millet. 

Table 14 shows that the height of Tithonia diversifolia decreased with increase in the 

concentrations of StB and increased with increase in rice biochar concentrations at week 6 in 

2018.  Rice biochar (3%) and sorghum biochar (3 %) amended soil produced T. diversifolia with 

the higher heights, 13.37 cm and 11.00 cm in 2018 and 2019 respectively. In RB treated soil, 

Tithonia plants were taller than the control in 2018. However, the StB amended soil produced the 

shortest Tithonia plants in 2018. The heights of Tithonia sp were shorter in 2019 than in 2018. 

Tithonia plant raised on rice biochar (3%) amended soil had the tallest plant (13.37 cm) all 

through the experiment.  
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Table 6:  Effects of different concentrations of biochars on height (cm) of Zea mays in 2018 and 

2019 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar, ND- Not determined 
 

 

 

 

 

 

 

 

 

Trts  Rates 

(%) 

  2018     2019 

Week 4  Week 5 Week 6 Week 4 Week 5 Week 6 

Control 0 18.60±3.72ab 23.81±1.55b 29.96±1.96b 35.08±3.95bc 45.52±5.10a 57.09±6.00bc 

StB 1 13.81±1.75b 31.62±0.65b 32.72±4.06b 27.63±2.65d 27.56±2.50c 25.57±4.50e 

 2 25.6±6.54ab 31.17±5.83b 36.36±11.06b 42.24±2.75a 44.01±1.50a 58.00±4.00bc 

 3 15.94±3.15b 27.54±0.86b 38.38±1.96b 43.87±5.15a 48.24±1.75a 54.92±3.20bc 

SB 1 20.23±6.37ab 28.97±5.48b 35.93±3.85b 29.75±0.75cd 27.09±3.00c 29.08±5.45e 

 2 28.41±14.05ab 44.41±4.70a 48.76±8.61a 34.72±1.25bc 44.20±3.75a 61.58±2.95b 

 3 20.52±5.49ab 27.43±2.19b 35.07±1.46b 34.84±0.70bc 47.24±0.75a 70.23±1.75a 

RB 1 17.44±6.81ab 27.02±2.48b ND 28.18±1.75d 28.26±1.75c 27.84±1.20e 

 2 24.90±17.71ab 36.77±17.30ab ND  38.09±6.45ab 47.08±1.50a 52.76±5.05cd 

         3 33.33±3.51a 47.52±8.69a 54.38±0.00a 36.35±2.20b 39.13±1.85b 46.22±2.45d 
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Table 7: Effects of different concentrations of biochars on leaf number (cm) of Zea mays in 

2018 and 2019 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar; ND- Not determined 

 

 

 

 

 

 

 

 

 

Trts  Rates 

(%) 

    2018   2019 

Week 4  Week 5 Week 6 Week 4 Week 5 Week 6 

Control  0 3.00±0.00a 4.00±0.00c 4.00±0.00a 4.00±0.00a 3.00±0.00c 4.00±1.00c 

StB 1 3.00±0.00a 4.00±0.00c 3.00±0.00a 3.00±1.00b 4.00±0.00b 4.00±0.00c 

 2 4.00±0.00a 4.00±1.00c 3.00±0.00a 4.00±0.00a 4.00±1.00b 6.00±0.00b 

 3 3.00±0.00a 4.00±0.00c 3.00±0.00a 4.00±0.00a 5.00±0.00a 6.00±0.00a 

SB 1 4.00±1.00a 4.00±0.00c 4.00±0.00a 3.00±0.00b 4.00±1.00b 3.00±0.00d 

 2 4.00±1.00a 6.00±0.00a 4.00±0.00a 3.00±0.00b 4.00±0.00b 5.00±0.00b 

 3 3.00±0.00a 4.00±0.00c 4.00±0.00a 4.00±1.00a 5.00±0.00a 6.00±0.00a 

RB 1 3.00±1.00a 3.00±0.00d ND  3.00±0.00b 5.00±0.00a 3.00±0.00d 

 2 4.00±1.00a 4.00±1.00c ND  4.00±0.00a 4.00±0.00b 4.00±0.00c 

 3 4.00±1.00a 5.00±0.00b 4.00±0.00a 4.00±0.00a 4.00±0.00b 5.00±0.00b 
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Table 8: Effects of different concentrations of biochars on leaf area (cm2) of Zea mays in 2018 

and 2019 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar, ND- Not determined 

 

 

 

 

 

 

 

 

Trts  Rates 

(%) 

   2018     2019 

Week 4  Week 5 Week 6 Week 4 Week 5 Week 6 

Control  0 12.53±3.79b 11.14±2.33c 14.22±3.17c 29.25±3.37ab 36.07±6.67c 56.21±17.97bc 

StB 1 9.43±2.09c 17.80±2.62bc 14.81±0.96c 21.26±2.88c 19.42±2.17ef 20.00±5.87d 

 2 19.09±4.93a 19.07±4.31abc 23.33±11.7bc 29.44±3.56ab 52.23±4.83a 66.93±19.53ab 

 3 12.45±3.75b 15.61±0.64bc 19.61±1.02c 34.59±1.40a 48.08±6.31ab 62.95±17.33bc 

SB 1 17.23±5.24a 19.13±4.89abc 19.27±3.14c 21.74±5.46c 19.46±7.51ef 17.52±0.81d 

 2 22.56±13.4a 24.72±9.71ab 33.32±16.03b 26.49±1.63bc 37.07±10.81c 70.38±30.71ab 

 3 15.60±2.81a 16.27±5.32bc 18.11±1.63c 26.17±3.31bc 43.96±3.71b 90.75±3.72a 

RB 1 9.08±2.76c 14.50±2.06bc ND 27.20±0.69bc 25.54±0.46de 20.16±3.83d 

 2 14.89±15.5b 24.72±12.58ab ND 29.04±4.71ab 32.44±0.94cd 29.37±7.22d 

 3 19.73±1.77a 30.90±7.53a 51.89±0.00a 24.35±1.49bc 27.55±2.85d 36.70±1.49cd 
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Table 9: Effects of different concentrations of biochars on stem girth (cm) of Zea mays in 2018 

and 2019 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar, ND- Not determined 
 

 

 

 

 

 

 

 

 

Trts  Rates 

(%) 

2018 2019 

Week 4  Week 5 Week 6 Week 4 Week 5 Week 6 

Control 0 1.91±0.37ab 2.19±0.15c 2.29±0.09e 1.93±0.09b 2.67±0.27ab 2.72±0.33b 

StB 1 2.09±0.23ab 2.35±0.16c 2.51±0.16de 2.35±0.00a 2.20±0.00cd 1.88±0.00c 

 2 2.46±0.59a 2.19±0.31c 2.35±0.31de 1.77±0.09b 2.77±0.36ab 2.66±0.00b 

 3 2.35±0.00a 2.71±0.17b 2.88±0.32c 1.98±0.09b 2.45±0.09bc 1.88±0.00c 

SB 1 2.19±0.56ab 2.50±0.31bc 2.67±0.41cd 1.88±0.00b 2.67±1.00ab 1.88±0.00c 

 2 2.13±0.49ab 3.14±0.00a 3.30±0.00b 1.77±0.09b 2.35±0.00bcd 2.66±0.00b 

 3 2.14±0.09ab 1.77±0.09d 1.88±0.00f 2.09±0.23ab 2.51±0.54bc 2.83±0.00b 

RB 1 1.56±0.14b 2.24±0.09c ND 1.88±0.47b 2.61±0.18abc 1.82±0.09c 

 2 1.78±0.36ab 3.29±0.15a ND 2.35±0.00a 3.14±0.18a 3.14±0.00a 

 3 1.57±0.00b 3.14±0.00a 6.60±0.00a 1.88±0.00b 1.94±0.08d 1.93±0.19c 
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Table 10: Effects of different concentrations of biochars on height (cm) of Pennisetum glaucum 

in 2018 and 2019 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar, ND- Not determined 
 

 

 

 

 

 

 

 

Trts  Rates 

(%) 

2018 2019 

Week 4  Week 5 Week 6 Week 4 Week 5 Week 6 

Control 0 10.23±3.29d 20.55±3.45e 28.33±2.58cd 9.60±0.45bc 11.27±1.70d 13.26±1.13de 

StB 1 19.31±4.97abc 23.37±3.84de 27.10±5.05cd 2.06±0.11e 6.50±3.50e 2.46±0.05f 

 2 14.77±1.49cd 20.10±0.00e 23.50±0.00d 8.00±0.50cd 15.70±1.80bc 26.16±2.25b 

 3 16.72±4.06bcd 19.90±1.40e 35.60±0.00bc 16.40±2.33a 23.17±0.76a 32.20±2.98a 

SB 1 17.61±2.96abc 24.53±1.53cde ND 6.33±1.00cd 7.16±0.28e 7.96±0.89ef 

 2 22.47±3.86ab 29.43±4.21bc 34.17±1.50bc 9.00±0.00bcd 12.71±01.25cd 20.86 ±1.95bc 

 3 22.91±3.66ab 32.70±3.80ab 42.85±9.45ab 16.40±1.70a 18.99±4.50b 34.16±0.28a 

RB 1 24.57±4.45a 35.47±4.96a 43.47±1.08ab 9.76±2.04bc 10.35±0.56de 14.30±1.41d 

 2 18.08±4.05abc 27.35±0.95bcd 35.93±4.20bc 11.50±3.50b 16.62±1.65bc 24.76±3.80bc 

 3 24.10±2.52a 35.97±4.31a 49.87±6.53a 10.93±0.66bc 13.79±2.40cd 20.00±8.50c 
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Table 11:  Effects of different concentrations of biochars on leaf number of Pennisetum glaucum 

in 2018 and 2019 

Trts 

Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

    Control        0 4.00±0.00a 5.00±0.00b 6.00±0.00a 3.00±0.00a 3.00±0.00c 2.00±0.00e 

      StB        1 4.00±0.00a 4.00±0.00c 4.00±0.00c 3.00±0.00a 3.00±0.00c 3.33±0.00cd 

              2 4.00±0.00a 4.00±0.00c 6.00±0.00a 3.00±.0.00a 4.00±0.00b 5.00±0.00b 

              3 4.00±0.00a 5.00±0.00b 6.00±0.00a 3.00±0.00a 5.00±0.00a 7.00±0.00a 

      SB        1 4.00±0.00a 5.00±0.00b ND 3.00±0.00a 3.00±0.00c 4.00±0.00c 

              2 3.00±0.00b 5.00±0.00b 4.00±0.00c 3.00±0.00a 4.00±0.00b 5.00±0.00b 

              3 4.00±0.00a 5.00±0.00b 4.00±0.00c 3.00±0.00a 4.00±0.00b 5.00±0.00b 

      RB        1 3.00±0.00b 6.00±0.00a 6.00±0.00a 3.00±0.00a 3.00±0.00c 3.00±0.00d 

              2 4.00±0.00a 5.00±0.00b 5.00±0.00b 3.00±0.00a 4.00±0.00b 4.00±0.00c 

              3 4.00±0.00a 5.00±0.00b 5.00±0.00b 3.00±0.00a 4.00±0.00b 5.00±0.00b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar; ND- Not determined 
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Table 12: Effects of different concentrations of biochars on leaf area (cm2) of Pennisetum 

glaucum in 2018 and 2019 

Trts 

Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

Control 0 2.27±1.00b 5.44±1.58bc 8.82±1.46cd 0.54±0.62c 2.06±0.24b 1.89±0.32b 

StB 1 3.72±1.96ab 3.98±0.69bc 5.91±1.23cde 0.40±0.10c 0.26±0.12d 0.15±0.00d 

 2 2.21±0.56b 2.80±0.00c 2.95±0.00de 1.22±0.25b 1.18±1.03c 1.26±0.82c 

 3 3.35±1.21ab 3.99±1.00bc 8.88±0.00cd 3.18±0.53ab 1.47±0.82c 1.28±0.20c 

SB 1 4.16±0.58ab 5.03±2.41bc ND  0.68±0.18c 0.68±0.20d 0.75±0.17c 

 2 4.63±0.98ab 5.99±1.41bc 6.81±2.11cde 1.47±0.01b 1.79±0.51bc 4.08±0.09ab 

 3 4.40±1.96ab 8.08±0.14ab 11.47±4.96bc 4.55±0.42a 3.51±1.63a 5.90±2.05a 

RB 1 4.54±1.28ab 10.08±2.20a 17.27±8.68ab 2.12±0.49ab 1.28±0.01c 1.84±0.02b 

 2 3.40±0.36ab 3.95±0.59bc 7.35±4.51cde 2.07±0.52ab 1.82±0.24bc 4.64±0.60ab 

 3 5.41±1.92a 11.36±5.71a 20.41±7.69a 1.55±0.04b 2.27±0.73b 5.92±8.49a 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar; ND- Not determined; Unit - cm2 
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Table 13: Effects of different concentrations of biochars on stem girth (cm) of Pennisetum 

glaucum in 2018 and 2019 

Trts 

Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

Control 0 1.30±0.09a 2.30±0.09a 2.57±0.09a 1.63±0.93ab 1.04±0.08cd 1.09±0.00b 

StB 1 0.94±0.00b 1.57±0.00c 1.71±0.00c 0.67±0.35b 0.72±0.32e 0.47±0.00c 

 2 0.94±0.16b 1.57±0.00c 1.77±0.10c 0.88±0.35ab 0.62±0.00e 1.98±0.46a 

 3 1.09±0.16ab 1.57±0.00c 1.77±0.09c 1.14±0.08ab 1.71±0.00b 1.82±0.09a 

SB 1 1.09±0.16ab 1.57±0.00c ND  0.77±0.40ab 0.57±0.08e 0.62±0.00c 

 2 1.09±0.16ab 1.57±0.00c 1.77±0.10c 0.62±0.00b 1.09±0.00cd 1.66±0.08a 

 3 0.97±0.18b 1.62±0.09c 1.82±0.10c 1.81±1.03a 2.35±0.09a 1.66±0.18a 

RB 1 1.09±0.16ab 1.88±0.00b 2.19±0.00b 1.37±0.92ab 0.84±0.08de 1.09±0.00b 

 2 1.30±0.09a 1.57±0.00c 1.88±0.17c 0.77±0.27ab 1.09±0.00cd 1.71±0.00a 

 3 1.30±0.24a 1.67±0.18c 1.93±0.24c 1.09±0.00ab 1.29±0.35c 1.68±0.20a 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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The result of year 2018 showed that the stem girth of Tithonia raised on soil amended with 2% 

RB was significantly greater than those on the control soil throughout the experiment Rice 

biochar (3%) amended soil produced T. diversifolia that had higher stem girth (Table 17). 

However, stem girth reduced with increase in the concentration of standard biochar while rice 

biochar had a steady increase. In 2019, 2% standard biochar significantly increased stem girth 

throughout the experiment. However, 3% SB produced T. diversifolia with the largest stem girth.  

The biochar amended soils produced Tithonia with higher stem girth than the control at the end 

of the experiment (Table 17). 

In 2018, all biochar amended soil produced Tithonia except 3% StB with significantly (p≤0.05) 

higher leaf areas than control at week 4. Leaf area of Tithonia plant on the control soil at 6th 

week (2.45 cm2) was significantly (p≤0.05) higher than those on the soils amended with all 

concentrations of standard and sorghum biochars (Table 16) but rice biochar effects were 

contrary. However, 1% RB produced Tithonia plant with the largest leaf area all through the 

experiment (Table 16). Increase in standard biochar concentrations reduced the leaf area of T. 

diversifolia while increase in sorghum biochar concentrations increased the leaf area of Tithonia 

diversifolia. All through the experiment in year 2019, 2% StB and 1% and 3% SB treatments 

significantly affected the leaf area positively when compared to control.  

In the year 2018, leaf number of Tithonia produced on 1% and 3% RB amended soil, 8.00 and 

7.00 respectively were significantly greater than the plants on untreated soils (Table 15). 

However, T. diversifolia raised on 1% RB amended soil had the highest number of leaves. 

Higher leaf number was recorded in Tithonia rasied on the control soil than in those on the 

biochar amended soils in 2019 (Table 15). 
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In 2018, all concentrations of rice biochar applied produced Tridax procumbens that were 

significantly (p≤0.05) taller than the control throughout the experiment (Table 18). There was a 

very poor response to standard and sorghum biochar treatments by T. procumbens. However, T. 

procumbens raised on 3% RB amended soil produced the tallest plant all through the experiment. 

Tridax height increased with increase in rice biochar. In 2019, 3% SB significantly enhanced 

Tridax height throughout the experiment. In addition, there was a steady increase with increase 

in sorghum biochar treatment.  

Table 20 reveals that rice biochar treatment significantly increased (p≤0.05) the leaf area when 

compared to the control of T. procumbens in 2018. Poor response of T. procumbens was 

observed in standard and sorghum-biochar treatments. However, 3% RB treatment produced the 

largest leaf area of T. procumbens all through the experiment.  Increase in rice biochar treatment 

significantly resulted in increased leaf area. In the year 2019, all biochar treatments at 2% 

significantly had positive effects on the Tridax leaf area at week 4. At 5th and 6th week, control 

significantly produced larger leaf area than the biochar treatments. 

In the year 2018, number of leaves of T. procumbens were significantly higher than the control at 

week 6 after being treated with rice biochar treatments (Table 19). Though, 3% RB showed 

highest number of leaves at weeks 4, 5 and 6. The result of year 2019 revealed that the number 

of leaves of Tridax raised on the control soils were significantly higher than those on the soils 

amended with 2% StB and 3% RB at week 5 and 6, respectively. Initially, RB treatment 

enhanced the growth of Tridax but at the end, the control had a better growth.  
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Table 14: Effect of different concentrations of biochars on height (cm) of Tithonia diversifolia in 

2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

   Control        0 6.27±0.38bcd 7.20±0.70c 9.60±0.95bcd 5.60±0.90b 5.50±1.50bc 6.00±1.32bc 

      StB        1 5.30±1.06cd 7.63±1.42bc 9.40±1.61bcd 0.00±0.00d 0.00±0.00e 0.00±0.00e 

              2 4.77±0.25de 5.57±0.31d 8.27±0.72d 9.00±1.00a 5.76±4.14abc 8.16±5.75ab 

              3 3.50±0.10e 5.00±0.00d 5.50±0.20e 0.00±0.00d 0.00±0.00e 0.50±0.00e 

      SB        1 6.73±1.56bc 8.80±1.13b      ND 5.66±2.51b 7.50±1.50ab 8.50±1.50ab 

              2 6.17±0.15bcd 7.03±0.49d 8.93±0.85cd 5.00±1.73b 6.90±3.35ab 6.50±2.50bc 

              3 6.13±0.40bcd 8.13±0.40bc 10.33±0.25bc 5.83±0.28b 9.00±0.00a 11.00±0.00a 

      RB        1 7.13±0.40b 8.43±0.23bc 10.70±0.46b 3.06±0.51c 3.53±0.45cd 7.93±3.50ab 

              2 8.67±0.21a 10.53±0.06a 12.90±0.72a 1.50±0.00cd 1.50±0.00de 1.50±0.72d 

              3 9.07±1.79a 11.10±1.51a 13.37±1.08a 2.00±0.00c 2.50±0.00cde 3.50±0.00cd 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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Table 15: Effects of different concentrations of biochars on the leaf number of Tithonia 

diversifolia in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

    Control        0 5.00±0.00b  5.00±0.00c  6.00±0.00c 4.00±0.00b 6.00±0.00b   8.00±0.00a 

      StB        1 4.00±0.00c  5.00±0.00c 4.00±0.00e 0.00±0.00d   0.00±0.00e   0.00±0.00e 

              2 4.00±0.00c 6.00±0.00b 6.00±0.00c 5.00±1.00a   6.00±2.00b   5.00±4.58b 

              3 3.00±0.00d  3.00±0.00e 4.00±0.00e 0.00±0.00d   0.00±0.00e  4.00±0.00bc 

      SB        1 5.00±0.00b 4.00±0.00d      ND 4.00±0.00b  5.00±1.00bc  5.00±1.73b 

              2 5.00±0.00b  5.00±0.00c 4.00±0.00e 5.00±1.00a  4.00±0.00cd  6.00±0.00ab 

              3 5.00±0.00b 4.00±0.00d 5.00±0.00d 4.00±0.00b   8.00±0.00a  6.00±0.00ab 

      RB        1 5.00±0.00b  7.00±0.00a  8.00±0.00a 4.00±0.00b  4.00±0.00cd  4.00±0.00bc 

              2 6.00±0.00a 6.00±0.00b 6.00±0.00c  2.00±0.00c   3.00±0.00d  2.00±0.00cd 

              3 5.00±0.00b  5.00±0.00c 7.00±0.00b 4.00±0.00b  4.00±0.00cd  4.00±0.00bc 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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Table 16:  Effects of different concentrations of biochars on the leaf area (cm2) of Tithonia 

diversifolia in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

 Control        0 0.89±0.46a 1.41±0.73ab 2.45±1.75abc 0.59±0.01ab 0.77±0.11ab 1.00±0.03bc 

      StB        1 1.01±0.64a 1.63±0.57ab 1.70±0.32abc 0.00±0.00b 0.00±0.00b 0.00±0.00c 

              2 0.95±0.01a 1.13±0.17ab 1.58±0.29abc 1.37±1.56a 2.81±3.44a 7.77±6.37a 

              3 0.59±0.09a 0.36±0.00b 0.40±0.26bc 0.00±0.00b 0.00±0.00b 0.52±0.00c 

      SB        1 1.51±0.55a 1.93±0.95ab        ND 0.69±0.22ab 1.11±0.35ab 1.64 ±1.31bc 

              2 1.12±0.85a 1.37±0.49ab 1.06±0.26abc 0.56±0.16ab 1.11±0.56ab 0.89±0.67bc 

              3 1.13±0.36a 1.10±0.30b 1.74±0.48abc 1.02±0.51ab 2.13±0.37ab 4.61±0.60ab 

      RB        1 1.40±0.24a 2.17±0.44ab 5.08±3.95a 0.45±0.11ab 0.51±0.10b 0.60±0.14c 

              2 1.52±0.53a 1.83±1.03ab 3.42±2.59abc 0.02±0.00b 0.04±0.00b 0.04±0.00c 

              3 1.73±1.32a 3.61±3.59a 4.40±4.25ab 0.21±0.00b 0.29±0.00b 0.30±0.00c 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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Table 17: Effects of different concentrations of biochars on stem girth (cm) of Tithonia 

diversifolia in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

    Control        0 0.78±0.00bc 1.30±0.09c 1.46±0.09cde 1.30±0.09a 1.38±0.00ab 1.41±0.00cd 

      StB        1 0.57±0.17cd 1.41±0.00bc 1.66±0.08c 0.00±0.00c 0.00±0.00d 0.00±0.00e 

              2 0.52±0.09cd 1.36±0.09bc 1.62±0.08cd 1.41±0.16a 1.57±0.09a 1.51±0.23cd 

              3 0.47±0.01d 0.94±0.00d 1.25±0.00e 0.00±0.00c 0.00±0.00d 1.25±0.00d 

      SB        1 0.72±0.08bcd 1.36±0.18bc       ND 1.41±0.27a 1.57±0.00a 1.51± 0.17cd 

              2 0.78±0.00bc 1.20±0.09cd 1.52±0.09cde 1.30±0.18a 1.33±0.00ab 1.46±0.09cd 

              3 0.73±0.09bcd 1.09±0.15cd 1.33±0.09de 1.25±0.16ab 1.33±0.00ab 2.19±0.00a 

      RB        1 0.78±0.00bc 1.25±0.00cd 1.57±0.00cde 1.09±0.00ab 1.25±0.00bc 1.67±0.47bc 

              2 0.94±0.00ab 1.67±0.18ab 1.98±0.18b 0.95±0.00b 0.98±0.00c 1.57±0.00bcd 

              3 1.16±0.40a 1.83±0.45a 2.30±0.48a 1.15±0.36ab 1.33±0.00ab 1.88±0.00b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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Table 18:  Effects of different concentrations of biochars on the height (cm) of Tridax 

procumbens in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

    Control 0 0.60±0.00c 1.00±0.20bc 1.40±0.62b 0.90±0.10b 0.75±0.25d 0.75±0.25b 

      StB 1 ND ND ND ND ND ND 

       2 ND ND ND 0.90±0.00b 0.95±0.05c 0.75±0.25b 

       3 0.00±0.00d 1.20±0.00abc 0.50±0.00c ND ND ND 

      SB 1 1.10±0.20b 1.10±0.10abc ND ND ND ND 

       2 0.00±0.00d 0.60±0.10cd ND 0.50±0.00c 0.50±0.00e 1.25±0.25a 

       3 0.00±0.00d 0.90±0.79bc ND 1.00±0.00ab 1.25±0.25b 1.30±0.00a 

      RB 1 1.10±0.00b 1.40±0.40ab 1.67±0.15b ND ND ND 

       2 1.53±0.38a 1.67±0.35a 1.77±0.25b 1.06±0.15a 1.50±0.00a 0.50±0.00b 

       3 0.83±0.35bc 1.67±0.41a 2.33±0.61a 0.00±0.00d 0.00±0.00f 0.50±0.00b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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Table 19: Effects of different concentrations of biochars on the leaf number of Tridax 

procumbens in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

    Control        0 2.00±0.00b 2.00±0.00b 2.00±0.00b 2.00±0.00a 4.00±0.00a 4.00±0.00a 

      StB        1 ND ND ND      ND       ND        ND 

              2 ND ND        ND 2.00±0.00a 2.00±0.00b 4.00±0.00a 

              3 0.00±0.00c 2.00±0.00b 2.00±0.00b      ND       ND        ND 

      SB        1 2.00±0.00b 4.00±0.00a ND      ND       ND        ND 

              2 0.00±0.00c 2.00±0.00b ND 2.00±0.00a 4.00±0.00a 4.00±0.00a 

              3 0.00±0.00c 2.00±0.00b ND 2.00±0.00a 4.00±0.00a 4.00±0.00a 

      RB        1 2.00±0.00b 2.00±0.00b 4.00±0.00a      ND       ND        ND 

              2 2.00±0.00b 2.00±0.00b 4.00±0.00a 2.00±0.00a 4.00±0.00a 4.00±0.00a 

              3 4.00±0.00a 4.00±0.00a 4.00±0.00a 0.00±0.00b 0.00±0.00c 2.00±0.00b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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Table 20: Effect of different concentrations of biochars on the leaf area (cm2) of Tridax 

procumbens in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

Week 4 Week 5 Week 6 Week 4 Week 5 Week 6 

    Control        0 0.01±0.00c 0.10±0.00a 0.14±0.09a 0.01±0.00c 0.04±0.00a 0.05±0.09a 

      StB        1 ND ND ND ND ND ND 

              2 ND ND ND 0.03±0.00a 0.03±0.01b 0.02±0.01c 

              3 0.00±0.00c 0.05±0.00b 0.05±0.00bc ND ND ND 

      SB        1 0.03±0.00b 0.09±0.00ab ND ND ND ND 

              2 0.00±0.00c 0.05±0.00b ND 0.03±0.00a 0.02±0.00c 0.00±0.00d 

              3 0.00±0.00c 0.09±0.00ab ND 0.01±0.00c 0.02±0.00c 0.03±0.01b 

      RB        1 0.03±0.00b 0.09±0.00ab 0.08±0.02b ND ND ND 

              2 0.04±0.01a 0.11±0.02a 0.09±0.00b 0.02±0.01b 0.02±0.00c 0.03±0.01b 

              3 0.01±0.01c 0.10±0.04a 0.16±0.03a 0.00±0.00d 0.00±0.00d 0.04±0.02b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in 

the same column differ significantly at p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB 

– Sorghum Biochar; RB - Rice Biochar 
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4.4. Effect of biochar on plant biomass 

Table 21 shows the effects of the biochars on the biomass of Zea mays in 2018 and 2019. It was 

observed in 2018 that the root length of Zea mays produced on soil treated with biochars had 

higher values than the control. The fresh and dry weight of the shoot of Zea mays produced on 

soil treated with biochars except 1% StB had higher values than those on the control soil. 

Moreover, fresh weight of the root of Z. mays grown on soil only treated with 1% SB had lower 

value when compared to those on the control soil. However, fresh weight of the root of Z. mays 

grown soil treated with 1% StB was statistically the same with those on the control soil. On the 

other hand, the control produced larger root dry weight than the dry weight of the root of Zea 

mays grown on soil treated with biochars except 1% and 3% StB and SB but statistically the 

same with those on the soil treated with 3% RB. The 3% RB produced the largest fresh root 

weight (0.61±0.38 g/kg) while 1% StB produced the longest root length (23.77±0.85 cm) in Z. 

mays. In all, the shoot fresh and dry weights were greater than the root fresh and dry weight.  

In 2019, Z. mays grown on soil treated with biochars except 1% SB produced longer roots length 

than the control. Only the 3% StB, SB and RB and 2% RB produced larger shoot fresh weight, 

2% SB produced larger root fresh weight while other treatments had the same root fresh weight 

statistically (p≤0.05). The 2% and 3% StB and SB and 2% RB had significantly (p≤0.05) higher 

shoot and root dry weight than the control while others had statistically the same dry weight. The 

2% SB had the largest fresh root weight (6.52±1.91 g/kg) while 3% StB produced the longest 

root length (64.36±26.72 cm) of Z. mays. Increased standard biochar and sorghum biochar led to 

a steady increase in shoot fresh weight. Root length of Zea mays decreased with increase in 

standard biochar concentrations in 2018 but vice versa in year 2019. 
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Table 22 shows the effects of the biochars on the biomass of Pennisetum glaucum in 2018 and 

2019. It was found that in 2018 that the root length and root dry weight of Pennisetum glaucum 

produced on soil treated with biochars had higher values than the control. On the other hand, the 

control produced larger shoot fresh weight than the treatments except 3% SB and 3% RB.  

Pennisetum glaucum grown on soils treated biochars produced larger root fresh weight than 

those on the control. In addition, Pennisetum glaucum grown on the soil treated with 1% StB and 

2% SB were statistically the same with control. The soil treated with 1% and 2% StB and RB 

and 3% SB produced Pennisetum glaucum with larger shoot dry weight than the control soil. In 

all, the shoot fresh and dry weights were greater than the root fresh and dry weight. The increase 

in rice biochar treatments resulted in increased shoot fresh weight of Pennisetum glaucum. 

In year 2019, Pennisetum glaucum grown on soil treated with 2% and 3% StB and SB and 1% 

RB produced longer root length of Pennisetum glaucum than than those on the control soil. 

Pennisetum glaucum grown on soils treated with 2% and 3% StB and SB and 2% RB had larger 

shoot fresh weight than the control. Only 2% and 3% StB, 3% SB and all levels of RB 

significantly (p≤0.05) increased the root fresh weight of P. glaucum (Table 22). The 2% and 3% 

of all biochars had significantly (p≤0.05) greater shoot dry weight than the control. Root dry 

weight of P. glaucum on the control soil was statistically the same (p≤0.05) with those on soil 

treated with 1% StB and RB and 2% SB. Increased standard biochar and sorghum biochar 

increased the root length, shoot and root fresh weight of Pennisetum glaucum. Increased 

sorghum biochar concentration increased the shoot dry weight. Pennisetum glaucum grown on 

soil treated with 2% RB and 3% StB produced the longest root length (17.23±9.29 cm) and 

(10.93±2.17 cm) in 2018 and 2019, respectively (Table 22). 
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Table 23 shows the effects of the biochars on the biomass of Tithonia diverisfolia in 2018 and 

2019. It was observed in 2018 that the control soil produced longer root length in Tithonia 

diversifolia than the soils treated with biochars except for 2% SB and 1% and 2% RB. Only 1%, 

2% and 3% RB produced larger shoot fresh weight than the control. Tithonia produced in soil 

treated with 1% StB, 2% SB and 1%, 2% and 3% RB had significantly (p≤0.05) larger root fresh 

weight than the control. The soil treated with 2% and 3% SB and 1%, 2% and 3% RB produced 

larger shoot dry weight of Tithonia than the control soil (Table 23). It was found that the control 

soil produced significantly (p≤0.05) larger root dry weight of Tithonia than the biochar treated 

soils except 2% SB. However, the control was statistically (p≤0.05) the same with the treatments. 

In year 2019, only the 2% StB and 3% SB and RB treatments produced significantly (p≤0.05) 

longer root length of Tithonia than the control (Table 23). It was found that the shoot fresh 

weight of Tithonia produced on soil treated with 2% and 3% StB and all levels of SB had values 

greater than those produced on the control soil. The soils treated with 2% StB and 1%, 2% and 

3% SB and 3% RB produced larger root fresh weight than the control soils. Moreover, only the 

2% StB and 3% SB treated soils produced larger shoot dry weight of Tithonia than the control. 

The shoot dry weight of Tithonia produced on soil treated with 1% and 2% SB and 3% RB were 

statistically the same with those on the control soil (p≤0.05). The root dry weight of Tithonia 

grown on soil treated with 2% StB and 1%, 2% and 3% SB were statistically the same with those 

on the control soil (p≤0.05). In addition, from the result of 2019 experiment, increased 

concentrations of sorghum biochar resulted to steady increase in shoot fresh weight. Sorghum 

biochar at 2% and 3% had the longest root length (9.73± 2.46 cm) and (8.73± 1.66 cm) of 

Tithonia diverisfolia in 2018 and 2019, respectively (Table 23). 
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Table 21: Effects of different concentrations of biochars on biomass of Zea mays in 2018 and 2019 

Trts Rates 

(%) 

2018                                                   2019 

RL  

(cm)  

SFW 

(g/kg) 

RFW 

(g/kg) 

 SDW  

(g/kg) 

RDW  

(g/kg) 

RL  

(cm) 

SFW 

(g/kg) 

RFW 

(g/kg) 

 SDW 

 (g/kg) 

RDW  

(g/kg) 

Control        0 13.93±7.52b 0.98±0.33bc 0.28±0.07bc 0.14±0.01bc 0.06±0.02ab 16.76±7.58de 1.96±0.97de 2.25±2.38b 0.44±0.21cdef 0.21±0.06b 

      StB        1 23.77±0.85a 0.92±0.21bc 0.28±0.05bc 0.11±0.03c 0.03±0.02cde 34.00±6.34bcd 0.82±0.41e 1.75±0.16b 0.30±0.02def 0.43±0.13ab 

              2 22.47±4.72ab 1.91±1.03ab 0.41±0.22ab 0.30±0.17ab 0.05±0.01bcd 41.26±5.58bc 1.38±0.16de 1.94±0.92b 0.65±0.17bcde 0.28±0.10ab 

              3 23.43±8.57a 1.34±0.13abc 0.29±0.14bc 0.16±0.02bc 0.03±0.03dde 64.36±26.72a 7.78±0.52a 1.91±0.32b 2.30±0.48a 0.49±0.25ab 

      SB        1 15.77±0.95ab 1.61±0.27ab 0.20±0.01bc 0.15±0.04bc 0.04±0.01bcd 6.90±0.70e 0.82±0.41e 2.13±1.10b 0.14±0.04f 0.19±0.10b 

              2 14.63±5.62ab 2.50±1.10a 0.48±0.25ab 0.36±0.09a 0.09±0.03a 37.43±6.06bcd 1.38±0.16de 6.52±1.91a 0.75±0.13bc 0.33±0.05ab 

              3 17.93±7.33ab 1.28±0.43abc 0.30±0.03bc 0.17±0.09bc 0.05±0.01bcd 27.60±3.17cde 7.78±0.52a 1.33±0.35b 0.66±0.34bcd 0.31±0.34ab 

      RB        1 0.00±0.00c 0.00±0.00d 0.00±0.00d 0.00±0.00d 0.00±0.00f 19.90±9.59cde 1.13±0.33de 1.81±0.82b 0.25±0.00ef 0.27±0.05ab 

              2 0.00±0.00c 0.00±0.00d 0.00±0.00d 0.00±0.00d 0.00±0.00f 51.30±10.35ab 4.55±0.59b 2.09±0.03b 0.90±0.05b 0.59±0.20a 

              3 19.27±1.35ab 2.54±1.63a 0.61±0.38a 0.34±0.21a 0.06±0.02ab 28.73±15.40cd 2.79±0.83c 1.11±0.03b 0.38±0.05def 0.25±0.03b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB – Sorghum Biochar; RB - Rice Biochar; RL – Root Length, SFW – shoot 

fresh weight; RFW – Root fresh weight; SDW – shoot dry weight; RDW – root dry weight 
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Table 22: Effect of different concentrations of biochars on biomass of Pennisetum glaucum in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

RL 

(cm) 

SFW 

(g/kg) 

RFW 

(g/kg) 

SDW 

(g/kg) 

RDW 

(g/kg) 

RL 

(cm) 

SFW 

(g/kg) 

RFW 

(g/kg) 

SDW 

(g/kg) 

RDW 

(g/kg) 

Control        0 6.97±0.85bc 0.67±0.14bc 0.06±0.01bc 0.10±0.03bc 0.001±0.00c 6.53±0.55bcd 0.07±0.03cd 0.03±0.01b 0.01±0.00bc 0.00±0.00c 

      StB        1 11.80±1.30ab 0.28±0.13bc 0.06±0.01bc 0.11±0.05bc 0.002±0.001c 3.56±1.47e 0.01±0.00d 0.01±0.00b 0.00±0.00c 0.00±0.00e 

              2 15.90±5.80a 0.13±0.15c 0.09±0.01abc 0.02±0.02cd 0.002±0.001c 7.30±1.60bc 0.36±0.14b 0.05±0.00b 0.05±0.00a 0.01±0.00abc 

              3 13.10±3.30ab 0.38±0.19bc 0.10±0.04ab 0.11±0.05bc 0.01±0.01bc 10.93±2.17a 0.63±0.21a 0.06±0.01b 0.03±0.02ab 0.01±0.00abc 

      SB        1 0.00±0.00c 0.00±0.00d 0.00±0.00d 0.00±0.00e 0.00±0.00d 4.16± 0.28de 0.02±0.00d 0.02±0.00b 0.01±0.00bc 0.01± 0.00abc 

              2 9.93±1.11ab 0.35±0.09bc 0.06±0.04bc 0.10±0.02bc 0.01±0.02bc 6.66±1.32bcd 0.21±0.10bcd 0.03±0.01b 0.02±0.01bc 0.00±0.00c 

              3 12.53±4.13ab 1.12±0.87ab 0.14±0.10ab 0.14±0.05b 0.05±0.02a 8.23±1.25b 0.26±0.20bc 0.22±0.24a 0.03±0.03ab 0.02±0.01a 

      RB        1 16.67±4.85a 0.48±0.36bc 0.12±0.03ab 0.16±0.01b 0.02±0.01b 7.66±1.85bc 0.07±0.01cd 0.04±0.01b 0.01±0.00bc 0.00±0.00c 

              2 17.23±9.29a 0.64±0.39bc 0.09±0.06ab 0.09±0.03bc 0.01±0.01bc 6.36±0.75bcd 0.24±0.09bc 0.07±0.03b 0.05±0.02a 0.02±0.01a 

              3 15.03±3.12ab 1.88±1.07a 0.15±0.07a 0.24±0.12a 0.03±0.02b 5.00±1.80cde 0.07±0.00cd 0.07±0.01b 0.02±0.00bc 0.01±0.00abc 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB – Sorghum Biochar; RB - Rice Biochar; RL – Root Length, SFW – shoot 

fresh weight; RFW – Root fresh weight; SDW – shoot dry weight; RDW – root dry weight 
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Table 23: Effect of different concentrations of biochars on biomass of Tithonia diversifolia in 2018 and 2019 

Trts Rates 

(%) 

2018 2019 

RL 

(cm) 

SFW 

(g/kg) 

RFW 

(g/kg) 

SDW 

(g/kg) 

RDW 

(g/kg) 

RL 

(cm) 

SFW 

(g/kg) 

RFW 

(g/kg) 

SDW 

(g/kg) 

RDW 

(g/kg) 

Control        0 8.20±1.90a 0.32±0.05abc 0.06±0.02ab 0.02±0.01bc 0.02±0.03a 5.50±5.63abc 0.06±0.01b 0.02±0.00cd 0.01±0.00c 0.01±0.00a 

      StB        1 6.97±1.21a 0.20±0.07bc 0.10±0.02a 0.02±0.01bc 0.001±0.00a 0.00±0.00e 0.00±0.00b 0.00±0.00d 0.00±0.00c 0.00±0.00b 

              2 5.50±0.40a 0.20±0.01bc 0.06±0.04ab 0.01±0.001c 0.002±0.001a 6.40±1.80abc 0.92±0.71a 0.10±0.08a 0.10±0.05a 0.01±0.00b 

              3 8.17±0.55a 0.09±0.01bc 0.05±0.02ab 0.002±0.001c 0.001±0.001a 3.10±0.00bcde 0.08±0.00b 0.00±0.00d 0.00±0.00c 0.00±0.00b 

      SB        1 0.00±0.00b 0.00±0.00d 0.00±0.00c 0.00±0.00d 0.00±0.00b 4.20± 0.80bcd 0.07±0.00b 0.04±0.01bcd 0.01±0.00c 0.01± 0.00a 

              2 9.73±2.46a 0.17±0.04bc 0.07±0.05a 0.05±0.01abc 0.02±0.03a 3.23±0.75bcde 0.11±0.07b 0.08±0.04ab 0.01±0.00c 0.01±0.01a 

              3 6.23±0.45a 0.25±0.07bc 0.05±0.03ab 0.12±0.08a 0.001±0.001a 8.73±1.66a 0.28±0.09b 0.06±0.01abc 0.05±0.03b 0.01±0.00a 

      RB        1 8.40±6.02a 0.47±0.31ab 0.08±0.04a 0.08±0.07abc 0.01±0.01a 2.90±1.35cde 0.00±0.00b 0..00±0.00d 0.00±0.00c 0.00±0.00b 

              2 8.83±1.17a 0.47±0.15ab 0.08±0.01a 0.08±0.03abc 0.001±0.001a 1.40±0.00cd 0.01±0.00b 0.01±0.00d 0.00±0.00c 0.00±0.00b 

              3 8.00±2.54a 0.65±0.55a 0.07±0.06a 0.09±0.08ab 0.01±0.01a 6.93±0.14ab 0.05±0.01b 0.03±0.01bcd 0.01±0.00c 0.00±0.00b 

Values are presented as means ± S.D of triplicate values. Values with different superscripts on the same column differ significantly at 

p ≤ 0.05. Trts – Treatments; StB – Standard Biochar; SB – Sorghum Biochar; RB - Rice Biochar; RL – root length, SFW – shoot 

fresh weight; RFW – Root fresh weight; SDW – shoot dry weight; RDW – root dry weight 
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4.5 Biochar effect on heavy mobility in plants  

Table 24 shows the effects of different biochars on the heavy metal contents of amended soils 

after planting of Zea mays in 2018 and 2019. In 2018, the Cu contents in the control soil was 

greater than the biochar amended soils except 3% SB and RB. All the biochar amended soils 

except 3% StB, 1% and 3% SB and 1% RB produced Zn contents that were statistically (p≤0.05) 

the same with the control soil. The Pb contents in the control soil was significantly (p≤0.05) 

greater than 2% StB and RB and 2% and 3% SB amended soils. Only 1% and 3% StB amended 

soils produced significantly (p≤0.05) greater Cd contents than the control soil. The Cr contents in 

all the biochar amended soils except 1% and 3% RB were significantly greater than the Cr 

contents in the control soil (Table 24). 

In 2019, Cu content in the control soil was more than the Cu contents in 1%, 2% and 3% StB and 

2% SB amended soils. Only 1% and 2% RB amended soils produced greater Zn contents than 

the control soil. The Pb content in 2% RB amended soil was significantly (p≤0.05) greater than 

the Pb contents in the control soil. However, the control soil produced greater Cd content than 

the biochars treated soils. The 1% SB and RB amended soils had significantly (p≤0.05) greater 

Cr contents than the control soil. Increased in the RB concentrations led to a steady decrease in 

the Cu contents (Table 24).  

Table 25 shows the effects of different biochars on the heavy metal contents of the root of Zea 

mays in 2018 and 2019. It was observed that in 2018, Cu contents of the roots of Z. mays grown 

on soil amended with all the biochars except in 1% and 2% RB were lower than the control. The 

Zn contents of roots of Z. mays grown on soil amended with 1% and 2% StB and 3% SB were 

found to be statistically (p≤0.05) the same with the Zn content of the control (Table 25). The Pb 
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contents in the roots of Z. mays were found to be statistically (p≤0.05) the same but numerically 

greater. The Cd contents in the root of Z. mays grown on control soil was significantly (p≤0.05) 

greater than those on the biochar amended soils except 2% RB. The Cr contents were more in the 

roots of Z. mays in all treatments except for 3% StB, 2% SB and 1% RB.  

In 2019, Cu, Zn and Cr content of root of Z. mays produced on control soil was more than those 

on biochar amended soils except 2% StB and RB and 1% and 3% SB. (Table 25). Furthermore, 

the Pb contents in Z. mays produced on the control soil were more than those on the biochar 

amended soils while only 3% SB treatment had more Cd contents than the control (Table 25). 

Table 26 shows the effects of different biochars on the heavy metal contents of the shoot of Zea 

mays in 2018 and 2019. In 2018, Cu contents in shoot of Z. mays raised on soils treated with 2% 

and 3% RB were found to be statistically (p≤0.05) the same with the control. The Zn contents in 

the shoots of Z. mays produced on amended soils were more than the control. The Pb contents in 

the shoots of Z. mays grown on soils amended with all the biochars except 3% RB were found to 

be statistically (p≤0.05) the same with the control. The Cd contents in the shoot of Z. mays 

grown on control soil was greater than those grown on soil amended with all biochars except 1% 

StB and 2% RB. The Cr contents in the shoot of Z. mays raised on the control soil was found to 

be more than those grown on soil treated biochars except 1% StB and 3% RB (Table 26). In 

2019, the Cu contents in the shoot of Z. mays grown on control soil was more than those grown 

on the soils amended with 1% and 2% StB and 1% and 3% RB. Zea mays produced on soil 

treated with all the biochars except 2% StB had greater Zn contents in their shoot than those on 

the control soil. However, Pb contents in shoot of Z. mays raised on soils amended with 2% StB 

and RB were statistically (p≤0.05) the same with those on the control soil. Soils amended with 

1% and 2% StB and 1% and 3% RB produced lower content of Cr in the shoot of Z. mays when 
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compared to the control soil. Only Pb and Zn contents were found to be less than the permissible 

limit. With respect to the interaction of biochar and percentage rate, there was a significant effect 

on the heavy metal concentrations of Zea mays in both years (Table 26). 

Table 27 shows the effects of different biochars on the heavy metal contents of amended soil 

after planting of Pennisetum glaucum in 2018 and 2019. In 2018, the Cu contents in all the 

biochar amended soils except 3% STB and RB and 2% SB were greater than the Cu contents in 

the control soil. The control soil significantly (p≤0.05) produced Zn content greater than the Zn 

contents in the biochar amended soils except 2% StB and 1% and 3% SB amended soils.  The Pb 

contents in 2% StB and 1% SB amended soils were greater than the Pb content in the control 

soil. Also, 3% STB and 1% SB amended soils produced significanly (p≤0.05) Cd contents 

greater than the control soil. All the biochar amended soils except 1% and 2% RB significantly 

(p≤0.05) produced greater Cr contents than the control soil (Table 27). Increase in rice biochar 

concentrations decreased the Cu content. In addition, increase in the levels of sorghum biochar 

resulted to a decrease in Pb, Cd and Cr contents. In 2019, the control soil produced Cu content 

greater than 3% StB and 2% RB amended soils but statistically the same with 3% SB amended 

soil (p≤0.05). The Zn contents in 1% StB, 1% and 2% SB and 1% and 3% RB amended soils 

were higher than the Zn content in the control soil. The Pb contents in 1% StB, 1% and 2% SB 

and 1% RB amended soils were significantly (p≤0.05) greater than the Pb contents in the control 

soil. The control soil produced statistically (p≤0.05) the same Cd contents with 1% StB and RB 

amended but significantly (p≤0.05) lower than 2% SB amended soil. The biochar amended soils 

except 3% StB, 1% and 3% SB and 2% RB produced Cr contents greater than the control soil 

(Table 27). 
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Table 28 shows the effects of different biochars on the heavy metal contents of the root of 

Pennisetum glaucum in 2018 and 2019. It was observed that in 2018, the Cu and Pb contents in 

the root of P. glaucum grown on control soil were more than the biochar treatments except for 

1% SB while only 1% StB had more Cd contents than the control. Furthermore, roots of P. 

glaucum grown on soils amended with 3% StB and 1% SB concentration had more Zn contents 

than the control. The Cr contents in the root of P. glaucum grown in the control soil were found 

to be statistically the same with Cr contents of P. glaucum on the 1% SB and 1% and 3% RB 

amended soil. The Cu, Zn and Pb contents in the roots of P. glaucum decreased with increase in 

sorghum biochar (Table 28).  In 2019, it was observed that Cu, Zn, Pb and Cr contents in the root 

of P. glaucum of the control were more than the root of P. glaucum raised on soil amended with 

biochars while Cd contents in the root of P. glaucum amended with all the biochars were found 

to be statistically (p≤0.05) the same with the control. Moreover, increase in rice biochar 

increased the Cu contents in root of P. glaucum. The interaction of biochar and percentage rate 

had a significant effect on the heavy metal concentrations of P. glaucum in both years (Table 

28). 

Table 29 shows the effects of different biochars on the heavy metal contents of the shoot of 

Pennisetum glaucum in 2018 and 2019. In 2018, it was found that Cu contents in the shoots of P. 

glaucum of the control were more than the Cu contents in the shoots amended with biochars 

except 2% StB and % RB while only 1% RB had more Zn content than the control. The Pb 

contents of the P. glaucum grown on the control soil were found to be statistically (p≤0.05) the 

same with the shoots of P. glaucum on the biochar amended soils except for 2% StB and 3% RB. 

The biochar amended soils increased the amount of Cd contents in the shoots except in 2% and 

3% RB when compared to the control soil. The Cr contents in the P. glaucum shoot raised on 
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soils amended with 2% StB and 1% and 3% RB were more than the Cr contents of the control 

(Table 29).  

In 2019, it was observed that the Cu contents in the shoot of P. glaucum on soil amended with 

1% StB and 2% SB were found to be significantly (p≤0.05) higher than those on the control. The 

Zn contents of the shoot of P. glaucum on the control soil were statistically (p≤0.05) the same 

with the Zn contents in the shoot raised on soils amended with 1% StB, 2% and 3% SB while the 

Pb contents of the shoot of P. glaucum on control soil were statistically (p≤0.05) the same with 

those on soils amended with 1% StB, 2% SB and 2% RB. However, Cd contents of the shoot of 

P. glaucum grown on soils amended with 1% StB, 2% SB and 2% RB were significantly 

(p≤0.05) higher than those on the control soil. Furthermore, Cr contents of the shoot of P. 

glaucum grown on control soil were statistically (p≤0.05) the same with those on soil amended 

with 1% StB, 2% and 3% SB and 1% RB. Only Pb contents were found to be lower than the 

permissible limit. The interaction of biochar and percentage rate had a significant effect on the 

heavy metal concentrations of P. glaucum in both years (Table 29).  

Table 30 shows the effects of different biochars on the heavy metal contents in soil after planting 

of Tithonia diversifolia in 2018 and 2019. In 2018, the biochar amended soils except 2% StB and 

SB produced Cu contents greater than the control soil. The Zn contents in the control soil was 

statistically (p≤0.05) the same with the biochar amended soils except for 2% SB and 1% RB. The 

Pb contents in soil treated biochars except 2% and 3% SB were more than the Pb contents in the 

control soil. However, 1% and 2% StB treated soil had statistically (p≤0.05) the same Pb 

contents with the control soil. The Cd contents in the control soil was statistically (p≤0.05) the 

same with Cd contents in 2% and 3% SB and 3% RB treated soil. All the biochar amended soils 

except 1% StB produced higher Cr contents than the control soil (Table 30).  
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In 2019, the Cu contents in the biochar amended soils except 1% StB and 1% and 3% RB were 

more than the control soil. The Zn contents in 2% StB and 3% SB amended soil were 

significantly (p≤0.05) greater than the Zn content in the control soil. Only 2% SB amended soil 

produced significantly Pb and Cd contents higher than Pb and Cd contents in the control soil. 

The 1% StB and 1%, 2% and 3% RB amended soils produced Cr contents more than Cr contents 

in the soil (Table 30). 

Table 31 shows the effects of different biochars on the heavy metal contents of the roots of 

Tithonia diversifolia in 2018 and 2019. It was found that in 2018, the biochar application 

increased the Cu contents in the roots of T. diversifolia raised on soils amended with all the 

biochars except 3% StB and 1% RB amended soils. The Zn and Cd contents of control were 

found to be statistically (p≤0.05) the same with Zn and Cd contents in the roots of T. diversifolia 

grown on soil amended with 3% StB, 1% and 2% SB. The Pb contents in the roots of T. 

diversifolia raised on soils amended with 2% StB, 1% RB and 3% RB were more than the Pb 

contents in the control soil. The Cr contents of the roots of Tithonia grown on soils amended 

with the biochars except 1% StB and 2% SB were more than the Cr contents of the root of 

Tithonia on control soil (Table 31). 

In year 2019, the Cu contents in the Tithonia root on soils amended with the biochars increased 

except for 1% StB, 3% SB and 1% RB. Only 2% SB had more Zn and Pb contents than the 

control while Cd content in the root of Tithonia on soils amended with 2% SB and 3% RB were 

more than the control soil. The Cr contents of Tithonia root on the control soil was found to be 

statistically (p≤0.05) the same with the Cr contents in the root of Tithonia on soil amended 

biochars except for 2% StB, 1% and 2% SB and 3% RB (Table 31).  
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Table 32 shows the effects of different biochars on the heavy metal contents of the shoots of 

Tithonia diversifolia in 2018 and 2019. In 2018, the Cu contents in the Tithonia shoot of T. 

diversifolia on soils amended with all biochars were reduced except for 3% StB while the Zn 

contents were more in the shoot of T. diversifolia on soils amended with all biochars except for 

1% and 2% StB and 3% RB. Furthermore, Pb contents of the control were more than the Pb 

contents in the treatments while 3% SB, 1% and 2% RB had more Cd contents than the control. 

Furthermore, the Cr contents in the shoot of T. diversifolia on soils amended with 2% and 3% 

StB and 3% SB were more than the Cr contents on the control soil. Increased concentrations of 

sorghum biochar increased the Cu contents in T. diversifolia shoot (Table 32). 

In 2019, the Cu contents in the Tithonia shoots on soil amended with 2% StB was found to be 

significantly (p≤0.05) higher than the control. The Zn contents of Tithonia shoots on the control 

soil were found to be statistically (p≤0.05) the same with Zn contents of Tithonia on soil 

amended with 2% SB while the Pb contents of the control were statistically (p≤0.05) the same 

with the Tithonia shoots grown on biochar amended soils but numerically different from 2% SB. 

In addition, only 2% SB had more Cd contents in the shoot than the control while Cr content in 

the shoot of Tithonia on soils amended with 2% StB were significantly (p≤0.05) higher than the 

control.  Only Pb was found to be less than the permissible limit. Biochar and percentage rate 

interaction had a significant effect on all the heavy metals concentration except Pb in 2018 

(Table 32). 

Table 33 shows the effects of different biochars on the heavy metal contents in soil after planting 

of Tridax procumbens in 2018 and 2019. In 2018, all the biochar amended soils except 3% StB 

and 1% SB had Cu content more than the control soil. The content of Zn in all the biochar 

amended soils except 3% StB were greater than Zn content in the control soil. The control soil 
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produced statistically (p≤0.05) the same Pb contents with 1%, 2% and 3% StB and 1% and 2% 

SB amended soil. However, the control soil produced statistically (p≤0.05) the same Cd contents 

with 1% and 2% StB and 2% and 3% SB amended soil. Furthermore, all the biochar treated soils 

except 2% and 3% StB and 3% SB had Cr contents more than the Cr content in the control soil 

(Table 33). 

In 2019, the Cu content in the control soil was significantly (p≤0.05) greater than the Cu contents 

in the biochar amended soils except in 3% RB amended soil. The 2% and 3% RB amended soil 

had Zn contents greater than Zn content in the control soil. The Pb and Cd contents in the control 

soils were significantly (p≤0.05) greater than Pb and Cd contents in the biochar amended soils. 

The control soil had Cr content more than the Cr contents in the biochar amended soils except in 

3% RB amended soil (Table 33). 

Table 34 shows the effects of different biochars on the heavy metal contents of the roots of 

Tridax procumbens in 2018 and 2019. It was observed in 2018 that Cu contents in the roots of T. 

procumbens on soils amended with 2% RB was significantly (p≤0.05) higher than the Cu content 

of the control. The Zn contents in the roots of T. procumbens on soils amended with 1% RB and 

3% RB were more than the control. The Pb contents of the control were statistically (p≤0.05) the 

same with Pb contents in the root of T. procumbens on soil amended with 1% RB while Cr 

contents of the control was statistically (p≤0.05) the same with 2% RB.  The Cd content of the 

control was found to be significantly (p≤0.05) higher than the Cd contents in T. procumbens on 

all the amended soils. In year 2019, only 3% RB had more Cu and Cd contents in the Tridax 

roots than the control. The Zn, Pb and Cr contents of the control were found to be statistically 

(p≤0.05) the same with all the treatments (Table 34). 
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Table 35 shows the effects of different biochars on the heavy metal contents of the shoots of 

Tridax procumbens in 2018 and 2019. In 2018, only 1% RB had more Cu, Cd and Cr contents 

than the control in the shoot of Tridax while the Zn and Pb contents of the control were more 

than all the treatments. Zn increased in shoot with increase in rice biochar concentrations while 

Cu decreased with increase in rice biochar treatments (Table 35). 

In 2019, only 3% RB had more Cu contents in the Tridax shoot than the control while Zn, Pb and 

Cd contents in the shoots of the control were statistically (p≤0.05) the same with all the 

treatments. The Cr contents of the control was significantly (p≤0.05) higher than the Cr content 

in the shoot amended with all the biochars. In addition, Zn and Pb were lower than the 

permissible limit. In 2019, all heavy metals investigated had lower concentrations than the 

permissible limit except for Cr in the shoot of T. procumbens on the control soil (5.00 mg/kg) 

and Cd in the root of T. procumbens on soil amended with 3% RB (2.33 mg/kg). Biochar and 

percentage rate interaction had a significant effect on the heavy metals except Cd in 2018. 
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Table 24: Effect of different concentrations of biochars on heavy metal content of soil after planting Zea mays in 2018 and 2019 

Trts  Rate 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0 0.66±0.57f 0.16±0.05ab 0.13±0.05bc 0.16±0.05b 1.33±0.57d 21.33±1.15c 0.00±0.00c 0.00±0.00b 2.33±0.57a 2.00±0.00b 

StB 1 10.00±2.00be 0.16±0.05ab 0.20±0.00ab 0.26±0.05a 3.33±0.57bc 11.33±1.15e 0.00±0.00c 0.00±0.00b 0.00±0.00c 1.00±0.00c 

 2 9.00±1.00ed 0.13±0.05ab 0.13±0.05bc 0.13±0.05b 3.33±0.57bc 0.00±0.00f 0.00±0.00c 0.00±0.00b 0.00±0.00c 0.00±0.00d 

 3 12.66±1.15a 0.23±0.05a 0.26±0.05a 0.26±0.05a 4.66±0.57a 12.00±0.00e 0.00±0.00c 0.00±0.00b 0.00±0.00c 1.00±0.00c 

SB 1 6.66±1.15e 0.10±0.10bc 0.13±0.05bc 0.13±0.05b 3.66±0.57b 28.00±0.00a 0.00±0.00c 0.00±0.00b 0.00±0.00c 2.66±0.57a 

 2 10.00±1.00bc 0.13±0.05ab 0.10±0.05c 0.00±0.00c 1.66±0.57d 0.00±0.00f 0.00±0.00c 0.00±0.00b 0.00±0.00c 0.00±0.00d 

 3 0.00±0.00f 0.00±0.00c 0.00±0.00d 0.00±0.00c 0.00±0.00e 20.00±0.00d 0.00±0.00c 0.00±0.00b 0.00±0.00c 2.00±0.00b 

RB 1 7.33±1.15de 0.10±0.00bc 0.16±0.05bc 0.13±0.05b 0.00±0.00e 24.33±0.57b 4.00±0.00a 0.00±0.00b 1.00±0.00b 2.66±0.57a 

 2 11.00±1.00ab 0.13±0.05ab 0.10±0.05c 0.00±0.00c 2.66±0.57c 22.00±0.00c 1.00±0.00b 1.00±0.00a 0.00±0.00c 2.00±0.00b 

 3 0.00±0.00f 0.13±0.05ab 0.13±0.05bc 0.13±0.05b 1.66±0.57d 20.00±0.00d 0.00±0.00c 0.00±0.00b 0.00±0.00c 2.00±0.00b 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60  2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, TRTs – Treatments 
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Table 25: Effect of different concentrations of biochars on heavy metal content in root of Zea mays in 2018 and 2019 

Trts  Rates 

(%) 

2018                                                        2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

 Control 0 8.00±1.73bc 0.10±0.00abc 0.06±0.05ab 0.16±0.05ab 0.00±0.00d 33.33±1.15e 6.33±0.57c 1.00±0.00a 1.00±0.00b 4.00±0.00d 

StB 1 3.33±1.15d 0.06±0.05abc 0.13±0.05a 0.13±0.05ab 3.00±0.00a 20.00±0.00g 1.00±0.00g 0.00±0.00c 0.00±0.00c 2.00±0.00e 

 2 1.66±0.57de 0.10±0.10abc 0.06±0.05ab 0.13±0.05ab 1.66±0.57b 38.00±0.00c 8.66±0.57a 0.66±0.57b 1.00±0.00b 5.00±0.00c 

 3 7.00±1.00c 0.13±0.05ab 0.00±0.00b 0.10±0.00b 0.00±0.00d 31.33±1.15f 4.00±0.00d 0.00±0.00c 0.00±0.00c 4.00±0.00d 

SB 1 1.66±0.57de 0.03±0.05bc 0.06±0.05ab 0.10±0.00b 1.00±0.00c 46.00±0.00b 7.00±0.00b 0.00±0.00c 0.10±0.00c 6.00±0.00b 

 2 0.00±0.00e 0.00±0.00c 0.06±0.05ab 0.00±0.00c 0.00±0.00d 32.66±2.30ef 3.00±0.00e 0.00±0.00c 0.00±0.00c 4.00±0.00d 

 3 6.66±1.15c 0.10±0.00abc 0.10±0.00a 0.13±0.05ab 2.66±0.57a 55.33±1.15a 9.00±0.00a 0.00±0.00c 2.33±0.57a 8.00±0.00a 

RB 1 14.33±1.15a 0.16±0.05a 0.06±0.05ab 0.13±0.05ab 0.00±0.00d 10.00±0.00h 0.00±0.00h 0.00±0.00c 0.00±0.00c 0.00±0.00f 

 2 9.33±2.30b 0.16±0.05a 0.13±0.05a 0.20±0.00a 2.33±0.57a 35.33±1.15d 7.00±0.00b 0.00±0.00c 0.00±0.00c 4.00±0.00d 

 3 0.20±0.00e 0.16±0.05a 0.10±0.00a 0.10±0.00b 2.33±0.57a 31.33±1.15g 2.00±0.00f 0.00±0.00c 0.00±0.00c 2.00±0.00e 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60  2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 26: Effect of different concentrations of biochars on heavy metal content in shoot of Zea mays in 2018 and 2019 

Trts  Rates 

(%) 

2018                                                        2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Ctrl 0 12.0±3.46a 0.00±0.00d                                0.13±0.05b 0.13±0.05bcd 3.33±0.57ab 28.00±0.00f 0.33±0.57h 0.00±0.00d 1.00±0.00d 3.00±0.00f 

StB 1 7.33±1.15b 0.06±0.05bcd 0.10±0.00b 0.06±0.05de 3.66±0.57a 26.00±0.00g 16.00±0.00d 1.00±0.00c 0.00±0.00e 2.66±0.57fg 

 2 5.33±1.15b 0.06±0.05bcd 0.10±0.00b 0.10±0.00cd 2.66±0.57ab 10.00±0.00j 0.00±0.00h 0.00±0.00d 0.00±0.00e 1.00±0.00i 

 3 7.66±1.52b 0.10±0.10abcd 0.13±0.05b 0.20±0.00ab 2.33±0.57bc 32.00±0.00e 6.66±0.57f 1.00±0.00c 1.00±0.00d 4.00±0.00e 

SB 1 0.00±0.00c 0.20±0.00a 0.06±0.05b 0.10±0.00cd 1.33±0.57c 69.33±1.15b 11.33±0.57e 1.00±0.00c 2.00±0.00c 10.00±0.00b 

 2 6.66±1.15b 0.06±0.05bcd 0.13±0.05b 0.16±0.05bc 2.66±0.57ab 66.66±1.15c 17.33±0.57c 2.33±0.57a 1.00±0.00d 9.00±0.00c 

 3 1.66±0.57c 0.03±0.05cd 0.06±0.05b 0.16±0.05bc 3.00±0.00ab 115.0±0.00a 26.00±0.00a 2.00±0.00b 3.00±0.00a 18.00±0.00a 

RB 1 0.00±0.00c 0.16±0.05ab 0.06±0.05b 0.10±0.00cd 0.00±0.00d 18.00±0.00i 1.00±0.00g 1.00±0.00c 0.00±0.00e 2.00±0.00h 

 2 12.00±1.00a 0.13±0.05abc 0.03±0.05b 0.00±0.00e 2.66±1.15ab 51.33±1.15d 18.00±0.00b 0.00±0.00d 2.33±0.57b 6.66±0.57d 

 3 14.00±2.00a 0.10±0.00abcd 0.23±0.05a 0.26±0.05a 3.33±0.57ab 24.00±0.00h 7.00±0.00f 1.00±0.00c 0.00±0.00e 2.33±0.57gh 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 27: Effect of different concentrations of biochars on heavy metal content of soil after planting Pennisetum glaucum in 2018 and 

2019 

Trts  Rate 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0  2.00±0.00e 0.13±0.05bc 0.13±0.05abc 0.13±0.05b 1.33±1.15c 16.00±0.00d 0.00±0.00e 0.00±0.00b 1.00±0.00b 1.66±0.57cd 

StB 1 5.33±8.00d 0.00±0.00d 0.13±0.05abc 0.10±0.00b 2.66±0.57a 20.00±0.00e 7.00±0.00b 1.00±0.00a 1.00±0.00b 2.00±0.00c 

 2 8.00±2.00c 0.16±0.05b 0.20±0.00ab 0.13±0.05b 1.66±0.57bc 18.00±0.00c 0.00±0.00e 0.00±0.00b 0.00±0.00c 2.00±0.00c 

 3 0.00±0.00e 0.10±0.00bc 0.06±0.05c 0.23±0.05a 2.66±0.57b 14.00±0.00de 0.00±0.00e 0.00±0.00b 0.00±0.00c 1.00±0.00d 

SB 1 15.33±3.05a 0.26±0.05a 0.23±0.05a 0.23±0.05a 4.66±0.57a 15.67±0.57de 3.00±0.00c 1.00±0.00a 0.00±0.00c 1.00±0.00d 

 2 0.00±0.00e 0.13±0.05bc 0.13±0.05abc 0.10±0.00b 2.66±0.57b 50.00±0.00a 15.00±0.00a 1.00±0.00a 2.33±0.57a 6.33±1.15a 

 3 4.66±0.57e 0.16±0.05b 0.10±0.00bc 0.00±0.00e 2.33±0.57bc 16.00±0.00d 0.00±0.00e 0.00±0.00b 0.00±0.00c 1.00±0.00d 

RB 1 11.00±1.00d 0.06±0.05cd 0.13±0.05abc 0.00±0.00e 1.33±0.57c 26.00±0.00b 2.00±0.00d 1.00±0.00a 1.00±0.00b 3.00±0.00b 

 2 8.33±2.08b 0.06±0.05cd 0.13±0.05abc 0.10±0.00b 0.06±0.05c 0.00±0.00f 0.00±0.00e 0.00±0.00b 0.00±0.00c 0.00±0.00e 

 3 0.00±0.00e 0.10±0.00bc 0.13±0.05abc 0.13±0.05b 2.00±0.00bc 26.00±0.00b 2.00±0.00d 0.00±0.00b 0.00±0.00c 2.66±0.57b 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 



100 
 

Table 28: Effect of different concentrations of biochars on heavy metal content in root of Pennisetum glaucum in 2018 and 2019 

Trts  Rate 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0 7.66±1.15b 0.11±0.02bc 0.21±0.02ab 0.15±0.00ab 0.18±0.05d 17.33±1.15a 0.33±0.57b 1.00±0.00a 0.00±0.00a 2.00±0.00a 

StB 1 0.66±0.57de 0.06±0.05cd 0.13±0.05bcd 0.16±0.05a 1.66±0.57bc 10.00±0.00c 0.00±0.00b 0.00±0.00b 0.00±0.00a 0.00±0.00c 

 2 0.00±0.00e 0.06±0.05cd 0.13±0.05bcd 0.00±0.00d 1.33±0.57c 6.00±0.00ef 0.00±0.00b 0.00±0.00b 0.00±0.00a 0.00±0.00c 

 3 0.00±0.00e 0.20±0.00a 0.16±0.05abc 0.13±0.05ab 2.00±0.00abc 11.33±1.15c 1.00±0.00a 0.00±0.00b 0.00±0.00a 1.00±0.00b 

SB 1 18.00±.2.00a 0.16±0.05ab 0.23±0.05a 0.10±0.00abc 0.00±0.00d 14.00±0.00b 0.00±0.00b 0.00±0.00b 0.00±0.00a 1.00±0.00b 

 2 4.66±1.15c 0.06±0.05cd 0.10±0.00cd 0.03±0.05cd 2.33±0.57ab 4.66±1.15f 0.00±0.00b 0.00±0.00b 0.00±0.00a 0.00±0.00c 

 3 1.66±0.57de 0.03±0.05cd 0.06±0.05de 0.06±0.05bcd 2.66±0.57a 8.00±0.00d 0.00±0.00b 0.00±0.00b 0.00±0.00a 0.00±0.00c 

RB 1 4.66±1.15c 0.06±0.05cd 0.10±0.00cd 0.06±0.05bcd 0.00±0.00d 0.00±0.00g 0.00±0.00b 0.00±0.00b 0.00±0.00a 0.00±0.00c 

 2 0.33±0.57e 0.00±0.00d 0.00±0.00e 0.13±0.05ab 2.33±0.57ab 6.66±1.15de 0.00±0.00b 0.00±0.00b 0.00±0.00a 0.00±0.00c 

 3 2.33±0.57d 0.00±0.00d 0.06±0.05de 0.06±0.05bcd 0.00±0.00d 16.66±1.15a 0.00±0.00b 0.00±0.00b 0.00±0.00a 1.00±0.00b 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 29: Effect of different concentrations of biochars on heavy metal content in shoot of Pennisetum glaucum in 2018 and 2019 

Trts  Rate 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0 11.00±1.00b 0.13±0.05ab 0.10±0.00b 0.13±0.05cd 3.00±0.00ab 18.00±0.00b 1.00±0.00a 1.00±0.00a 0.00±0.00b 2.00±0.00a 

StB 1 0.00±0.00e 0.00±0.00d 0.16±0.05ab 0.20±0.00bc 0.00±0.00d 21.33±1.15a 1.00±0.00a 1.00±0.00a 1.00±0.00a 2.00±0.00a 

 2 11.33±1.15b 0.13±0.05ab 0.26±0.05a 0.26±0.05b 3.33±0.57a 11.33±1.15d 0.00±0.00b 0.00±0.00b 0.00±0.00b 1.00±0.00b 

 3 4.00±1.00d 0.13±0.05ab 0.06±0.05b 0.16±0.05cd 2.33±0.57bc 11.33±1.15d 0.00±0.00b 0.00±0.00b 0.00±0.00b 1.00±0.00b 

SB 1 8.66±1.15bc 0.00±0.00d 0.13±0.05b 0.20±0.00bc 1.66±0.57c 8.00±0.00e 0.00±0.00b 0.00±0.00b 0.00±0.00b 0.00±0.00c 

 2 7.00±1.00c 0.03±0.05bc 0.13±0.05b 0.20±0.00bc 0.00±0.00d 22.00±0.00a 1.00±0.00a 1.00±0.00a 1.00±0.00a 2.00±0.00a 

 3 6.66±1.15cd 0.06±0.05abc 0.10±0.00b 0.16±0.05cd 3.00±0.00ab 16.66±0.57b 1.00±0.00a 0.00±0.00b 0.00±0.00b 2.00±0.00a 

RB 1 19.33±4.16a 0.16±0.05a 0.06±0.05b 0.36±0.05a 3.33±0.57a 17.33±1.15b 0.00±0.00b 0.00±0.00b 0.00±0.00b 2.00±0.00a 

 
2 10.33±0.57b 0.13±0.05ab 0.10±0.00b 0.13±0.05cd 2.00±0.00c 14.00±0.00c 0.00±0.00b 0.66±0.57a 1.00±0.00a 1.00±0.00b 

 3 11.00±1.00b 0.10±0.10abc 0.26±0.05a 0.10±0.00d 3.66±0.57a 8.00±0.00e 0.00±0.00b 0.00±0.00b 0.00±0.00b 0.00±0.00c 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 30: Effect of different concentrations of biochars on heavy metal content in soil after planting Tithonia diversifolia in 2018 and 

2019 

Trts   Rates 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0 0.00±0.00f 0.06±0.05ab 0.10±0.00bc 0.00±0.00b 1.00±0.00d 15.33±1.15d 1.00±0.00c 0.00±0.00b 0.00±0.00b 1.00±0.00d 

StB 1    5.00±2.00d 0.13±0.05ab 0.10±0.00bc 0.16±0.05a 1.00±0.00d 0.00±0.00e 0.00±0.00d 0.00±0.00b 0.00±0.00b 0.33±0.57d 

 2 0.00±0.00f 0.10±0.00ab 0.10±0.00bc 0.13±0.05a 2.33±0.57bc 31.33±1.15a 6.00±0.00a 1.00±0.00a 1.00±0.00a 4.00±0.00a 

 3 8.66±0.57ab 0.06±0.05ab 0.13±0.05abc 0.16±0.05a 1.33±0.57d 24.67±1.15b 0.00±0.00d 0.00±0.00b 0.00±0.00b 2.66±0.57b 

SB 1 6.66±1.15e 0.10±0.00ab 0.16±0.05ab 0.16±0.05a 3.33±0.57ab 23.33±1.15b 0.00±0.00d 0.00±0.00b 0.00±0.00b 3.00±0.00b 

 2 0.00±0.00f 0.03±0.05b 0.06±0.05c 0.00±0.00b 2.33±0.57bc 20.00±0.00c 1.00±0.00c 0.00±0.00b 0.00±0.00b 2.00±0.00c 

 3 1.33±1.15ef 0.13±0.05ab 0.06±0.05c 0.00±0.00b 2.66±0.57bc 20.00±0.00c 2.66±0.57b 0.00±0.00b 0.00±0.00b 2.00±0.00c 

RB 1 9.33±1.15a 0.16±0.05a 0.20±0.00a 0.13±0.05a 3.66±0.57a 0.00±0.00e 0.00±0.00d 0.00±0.00b 0.00±0.00b 0.00±0.00e 

 2 7.33±1.15bc 0.10±0.10ab 0.13±0.05abc 0.13±0.05a 2.33±0.57c 20.00±0.00c 0.33±0.57d 0.00±0.00b 0.00±0.00b 0.00±0.00e 

 3 1.66±0.57e 0.06±0.05ab 0.13±0.05abc 0.00±0.00b 2.33±0.57bc 0.00±0.00e 0.00±0.00d 0.00±0.00b 0.00±0.00b 0.00±0.00e 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 31: Effect of different concentrations of biochars on heavy metal content in root of Tithonia diversifolia in 2018 and 2019 

Trts  Rates 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0 0.00±0.00d 0.00±0.00d 0.10±0.00c 0.06±0.05bc 1.33±0.57c 0.33±0.57g 0.00±0.00b 0.00±0.00a 0.00±0.00c 0.00±0.00c 

StB  1 3.33±0.57b 0.16±0.05a 0.06±0.05cd 0.10±0.00b 0.00±0.00d 0.00±0.00g 0.00±0.00b 0.00±0.00a 0.00±0.00c 0.00±0.00c 

 
2 10.66±1.15a 0.13±0.05ab 0.23±0.05a 0.23±0.05a 3.66±0.57a 10.00±0.00d 0.00±0.00b 0.00±0.00a 0.00±0.00c 1.00±0.00b 

 3 0.00±0.00d 0.00±0.00d 0.06±0.05cd 0.00±0.00c 1.66±0.57bc 5.66±0.57e 0.00±0.00b 0.00±0.00a 0.00±0.00c 0.50±0.00c 

SB 1 1.66±0.57c 0.00±0.00d 0.06±0.05cd 0.00±0.00c 3.66±0.57a 20.00±0.00a 0.00±0.00b 0.00±0.00a 0.00±0.00c 2.00±0.00a 

 
2 3.33±1.15b 0.00±0.00d 0.00±0.00d 0.00±0.00c 1.33±0.57c 11.00±0.00c 1.00±0.00a 0.50±0.00a 0.83±0.28b 1.00±0.00b 

 3 1.33±1.15cd 0.06±0.05bcd 0.10±0.00c 0.10±0.00b 2.66±0.57ab 0.00±0.00g 0.00±0.00b 0.00±0.00a 0.00±0.00c 0.00±0.00c 

RB 1 0.00±0.00d 0.16±0.05a 0.20±0.00ab 0.13±0.05b 2.33±1.15bc 0.00±0.00g 0.00±0.00b 0.00±0.00a 0.00±0.00c 0.00±0.00c 

 
2 4.66±1.15b 0.10±0.00abc 0.10±0.00c 0.13±0.05b 2.00±0.00bc 4.00±0.00f 0.00±0.00b 0.00±0.00a 0.00±0.00c 0.00±0.00c 

 3 3.33±1.15b 0.03±0.05cd 0.13±0.05bc 0.13±0.11b 1.66±0.57bc 14.00±0.00b 0.00±0.00b 0.00±0.00a 2.33±0.57a 1.00±0.00b 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * NS * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 32: Effect of different concentrations of biochars on heavy metal content in shoot of Tithonia diversifolia in 2018 and 2019 

Trts  Rates 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Ctrl 0 9.33±1.15ab 0.03±0.05bc 0.76±1.06a 0.13±0.05bc 2.00±0.00bcd 18.00±0.00b 1.00±0.00a 0.00±0.00a 0.00±0.00b 2.00±0.00b 

StB 1 3.66±0.57ef 0.00±0.00c 0.10±0.00b 0.13±0.05bc 0.06±0.05f 0.00±0.00h 0.00±0.00b 0.00±0.00a 0.00±0.00b 0.00±0.00c 

 2 0.66±0.57h 0.00±0.00c 0.00±0.00b 0.00±0.00d 2.33±0.57bc 25.33±1.15a 0.00±0.00b 0.00±0.00a 0.00±0.00b 3.00±0.00a 

 3 10.00±2.00a 0.13±0.05a 0.16±0.05ab 0.13±0.05bc 2.66±0.57ab 5.66±0.57f 0.00±0.00b 0.00±0.00a 0.00±0.00b 0.50±0.00c 

SB 1 2.00±2.00fg 0.13±0.05a 0.13±0.05ab 0.10±0.00c 1.33±0.57de 7.33±1.15e 0.00±0.00b 0.00±0.00a 0.00±0.00b 0.00±0.00c 

 2 4.66±1.15de 0.06±0.05abc 0.06±0.05b 0.06±0.05cd 1.00±0.00e 11.00±0.00d 1.00±0.00a 0.50±0.00a 0.83±0.28a 1.00±0.00b 

 3 7.33±0.57bc 0.06±0.05abc 0.13±0.05ab 0.20±0.00ab 3.33±0.57a 11.66±0.57d 0.00±0.00b 0.00±0.00a 0.00±0.00b 1.00±0.00b 

RB 1 6.66±1.15cd 0.10±0.00ab 0.10±0.00b 0.20±0.00ab 2.00±0.00bcd 0.00±0.00h 0.00±0.00b 0.00±0.00a 0.00±0.00b 0.00±0.00c 

 2 9.33±1.15ab 0.10±0.00ab 0.13±0.00ab 0.26±0.57a 1.33±0.57ef 4.00±0.00g 0.00±0.00b 0.00±0.00a 0.00±0.00b 0.00±0.00c 

 3 2.66±0.57ef 0.00±0.00c 0.10±0.00b 0.00±0.00d 1.66±0.57cde 16.00±0.00c 0.00±0.00b 0.00±0.00a 0.00±0.00b 2.00±0.00b 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * NS * * * * * * * 

 
Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 33: Effect of different concentrations of biochars on heavy metal content in soil of Tridax procumbens in 2018 and 2019 

Trts   Rates 

(%) 

2018                                                           2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

Control 0    0.00±0.00g 0.00±0.00d 0.10±0.00cd 0.13±0.05bc 2.00±0.00d 24.00±0.00b 0.00±0.00b 2.33±0.57a 3.00±0.00a 2.66±0.57b 

StB 1 3.33±1.15f 0.10±0.00bc 0.10±0.00cd 0.13±0.05bc 2.33±0.57cd 0.00±0.00f 0.00±0.00b 0.00±0.00c 0.00±0.00b 0.00±0.00d 

 2 5.33±1.15e 0.10±0.00bc 0.13±0.05cd 0.13±0.05bc 1.33±0.57de 20.00±0.00cd 0.00±0.00b 0.00±0.00c 0.00±0.00b 2.00±0.00b 

 3 0.00±0.00g 0.00±0.00d 0.10±0.00cd 0.00±0.00d 0.00±0.00e 0.00±0.00f 0.00±0.00b 0.00±0.00c 0.00±0.00b 0.00±0.00d 

SB 1   0.00±0.00g 0.03±0.05cd 0.10±0.00cd 0.10±0.00c 2.66±0.57cd   0.00±0.00f 0.00±0.00b 0.00±0.00c 0.00±0.00b 0.00±0.00d 

 2 7.33±0.57d 0.06±0.05bcd 0.13±0.05cd 0.13±0.05bc 3.66±0.57b 18.00±0.00d 0.00±0.00b 0.00±0.00c 0.00±0.00b 2.00±0.00b 

 3 4.66±1.15ef 0.10±0.00bc 0.06±0.05d 0.16±0.05bc 2.00±0.00d 0.00±0.00f 0.00±0.00b 0.00±0.00c 0.00±0.00b 0.00±0.00d 

RB 1 13.33±1.15b 0.20±0.00a 0.23±0.05ab 0.26±0.05a 3.66±0.57b 10.00±0.00e 0.00±0.00b 0.00±0.00c 0.00±0.00b 1.00±0.00c 

 2 10.00±0.00c 0.13±0.05ab 0.16±0.05bc 0.20±0.00ab 3.00±0.00bc 21.33±1.15c 3.00±0.00a 0.00±0.00c 0.00±0.00b 2.00±0.00b 

 3 64.66±1.15a 0.13±0.05ab 0.30±0.00a 0.10±0.00c 5.66±0.57a 64.66±1.15a 0.13±0.05b 0.30±0.00b 0.10±0.00b 5.67±0.57a 

PL  10.00 0.60  2.00 0.02 1.30 10.00 0.60  2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * * * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments 
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Table 34: Effect of different concentrations of biochars on heavy metal content in root of Tridax procumbens in 2018 and 2019 

Trts  Rates 

(%) 

2018                                                     2019 

Cu Zn Pb Cd Cr Cu Zn Pb Cd Cr 

 Control 0 1.33±0.57b 0.10±0.00c 0.16±0.05a 0.20±0.00a 1.66±0.57a 5.66±0.57a 0.00±0.00a 0.00±0.00a 0.00±0.00b 0.50±0.00a 

StB 1 ND ND ND ND ND ND ND ND ND ND 

 2 ND ND ND ND ND 0.00±0.00c 0.00±0.00a 0.00±0.00a 0.00±0.00b 0.00±0.00a 

 3 0.00±0.00c 0.00±0.00d 0.00±0.00c 0.00±0.00c 0.00±0.00c ND ND ND ND ND 

SB 1 0.00±0.00c 0.00±0.00d 0.00±0.00c 0.00±0.00c 0.00±0.00c ND ND ND ND ND 

 2 0.00±0.00c 0.00±0.00d 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00a 0.00±0.00a 0.00±0.00b 0.00±0.00a 

 3 0.00±0.00c 0.00±0.00d 0.00±0.00c 0.00±0.00c 0.00±0.00c 1.00±0.00b 0.00±0.00a 0.00±0.00a 0.00±0.00b 0.00±0.00a 

RB 1 0.00±0.00c 0.20±0.00a 0.16±0.05a 0.10±0.00b 0.00±0.00c ND ND ND ND ND 

 2 2.66±0.57a 0.10±0.00c 0.03±0.05c 0.10±0.00b 1.66±0.57a 5.66±0.57a 0.00±0.00a 0.00±0.00a 0.00±0.00b 0.50±0.00a 

 3 0.00±0.00c 0.16±0.05b 0.10±0.00b 0.06±0.11bc 1.33±0.57ab 6.00±0.00a 0.00±0.00a 0.00±0.00a 2.33±0.57a 0.50±0.00a 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 

Level of significance 

Biochar* 

Percentage 

* * * NS * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments, ND – Not Determined 
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Table 35: Effect of different concentrations of biochars on heavy metal content in shoot of Tridax procumbens in 2018 and 2019 

Trts  
Rates 

(%) 

2018                                                     2019 

Cu Zn  Pb  Cd  Cr  Cu Zn  Pb  Cd  Cr  

Control 0 1.66±0.57b 0.20±0.00a 0.16±0.05a 0.10±0.00ab 1.66±0.57b 5.66±0.57a 0.00±0.00a 0.00±0.00a 0.00±0.00a 5.00±0.00a 

StB 1 ND ND ND ND ND ND ND ND ND ND 
 

2 ND ND ND ND ND 0.00±0.00c 0.00±0.00a 0.00±0.00a 0.00±0.00a 0.00±0.00a 

 3 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c ND ND ND ND ND 

SB 1 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c ND ND ND ND ND 
 

2 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00a 0.00±0.00a 0.00±0.00a 0.00±0.00a 

 3 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 0.00±0.00c 1.00±0.00b 0.00±0.00a 0.00±0.00a 0.00±0.00a 0.00±0.00a 

RB 1 12.00±2.00a 0.03±0.05c 0.13±0.05ab 0.13±0.05a 3.66±0.57a ND ND ND ND ND 
 

2 1.66±0.57b 0.10±0.00b 0.13±0.05ab 0.03±0.05bc 1.00±0.00b 5.66±0.57a 0.00±0.00a 0.00±0.00a 0.00±0.00a 0.50±0.00a 

 3 0.00±0.00c 0.13±0.05b 0.06±0.05bc 0.06±0.11abc 1.66±0.57b 6.00±0.00a 0.00±0.00a 0.00±0.00a 0.00±0.00a 0.50±0.00a 

PL  10.00 0.60 2.00 0.02 1.30 10.00 0.60 2.00 0.02 1.30 

Sources of 

variation 
Level of significance 

Biochar* 

Percentage 
* * * NS * * * * * * 

 

Values are presented as means ± S.D of triplicate values. Values with different superscripts in the same column differ significantly at 

p ≤ 0.05 (DMRT). PL –Permissible Limit (Source: World Health Organisation, 1996). Unit in mg/kg. StB – Standard Biochar, SB – 

Sorghum Biochar, RB –Rice Biochar, Trts – Treatments, ND – Not Determined 
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4.6. Potential plants for phytoremediation  

Table 36 shows bioconcentration factor and the translocation factor of Zea mays in 2018 and 

2019. In 2018, it was observed that Zea mays grown on the soil amended with sorghum biochar 

and 1% RB had TF <1 for Cu when compared control and other treatments. This renders the 

plant as an excluder of Cu. However, Zea mays grown on the soil amended with 3% RB had the 

highest TF value (70) which describes the plant as a hyperaccumulator of Cu. The BCF >1 and 

TF <1 was observed in Zea mays on soil amended with 1% RB which indicates that the plant is a 

potential phytostabilizer of Cu. Zea mays on the control soil exhibited BCF and TF >1, hence, a 

phytoextractor of Cu.  All the biochar increased the TF for Zn in Zea mays when compared to 

control. However, 1% STB and RB displayed TF = 1 while 1% SB had TF >1, hence describes 

Zea mays as an indicator and accumulator of Zn. In addition, Zea mays on soil amended with 2% 

and 3% RB exhibited the potential to phytostabilize Zn as a result of BCF >1 and TF <1. For Pb, 

control, 2% StB and 3% RB showed TF >1 in Zea mays, hence, a potential accumulator of Pb. 

However, 3% RB had the highest TF values for Pb.  For Cd, Zea mays on soil amended with 3% 

of all the biochars exhibited TF >1 when compared with the control. However, the highest TF 

was observed in 3% RB.  With respect to Cr, 1% and 2% StB, 1% and 3% SB and 2% and 3% 

RB showed TF >1, thereby describing Zea mays as an accumulator. In addition, 3% RB showed 

BCF and TF >1 for Cr which reveals the plant as a potential phytoextractor. In 2018, TF for Cu 

increased with increase in rice biochar treatments while Cu decreased with increase in rice 

biochar in 2019. Rice biochar concentrations resulted to steady decrease in the TF for Zn while 

TF for Cr increased with increase in rice biochar in year 2018 (Table 36).  

In 2019, all the biochars except 2% StB and 3% RB showed TF >1 when compared to the 

control. However, 1% and 3% StB and SB and 2% RB had BCF and TF >1 for Cu in Zea mays.  
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The BCF and TF >1 for Zn was observed in Zea mays grown on soil amended only with 2% RB. 

Zea mays on soil amended with 1% and 3% StB and RB and all levels of SB showed BCF = 1, 

that is, an indicator for Pb.  The TF for Cd was greater than one in Zea mays grown on soil 

amended with 1% and 3% SB. Zea mays on control soil exhibited phytostabilizing capability for 

Cr due to its BCF >1 and TF <1 while BCF and TF >1 was observed in Zea mays on soil 

amended with 1% StB, 1% and 3% SB and 2% RB (Table 36). 

Table 37 shows bioconcentration factor and the translocation factor of Pennisetum glaucum in 

2018 and 2019. In 2018, P. glaucum grown on the control soil showed the potential to 

phytoextract Cu due to its BCF and TF >1 while P. glaucum grown on the soil amended with 1% 

SB achieved BCF >1 and TF <1 that renders the plant as a phytostabilizer of Cu. The 3% StB 

also described the plant as a phytostabilizer of Zn due to its BCF >1 and TF <1. P. glaucum 

grown on the control and soil amended with 3% StB were described as phytostabilizer of Pb as a 

result of the BCF >1 and TF <1. P. glaucum on the control soil was described as a phytostabilzer 

of Cd due to BCF >1 and TF <1 while P. glaucum on soil amended with 1% StB was classified 

as a pytoextractor of Cd because its exhibited BCF and TF >1. For Cr, 3% SB showed the plant 

as phytoextractor (BCF and TF >1) and 2% RB described P. glaucum as phytostabilizer due to 

BCF >1 and TF <1. The TF for Cu, Zn and Pb increased with increase in sorghum biochar 

(Table 37). 

In 2019, the control renders P. glaucum as a potential pytoextractor of Cu (BCF and TF >1). P. 

glaucum did not show the potentials to pytoremediate Zn, Pb, Cd and Cr (Table 37). Table 38 

shows the bioconcentration factor and translocation factor of Tithonia diversifolia in 2018 and 

2019. It was observed in 2018 that only Tithonia diversifolia grown on soil amended with 3% 

RB was described as a phytostabilizer of Cu because of BCF >1 and TF <1. Tithonia diversifolia 
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grown on soil amended with 1% and 2% StB had the ability to phytostabilze Zn because of its 

BCF >1 and TF <1. The 2% StB showed the plant as a potential phytostabilizer of Pb (BCF >1 

and TF <1) and 3% SB described T. diversifolia as a phytoextractor of Pb (BCF and TF >1). For 

Cd, T. diversifolia grown on soil amended with 2% StB exhibited (BCF >1 and TF <1), hence, a 

potential phytostabilizer. Control and 3% StB showed T. diversifolia as a phytoextractor of Cr 

(BCF and TF >1) while 2% StB and 1% SB showed T. diversifolia as a phytostabilizer of Cr 

(BCF >1 and TF <1) (Table 38). Regardless of the biochar application or otherwise, T. 

diversifolia did not show the potentials to pytoremediate the studied heavy metals in 2019 (Table 

38).  

Table 39 shows the bioconcentration factor and translocation factor of Tridax procumbens in 

2018 and 2019. In year 2018, Tridax procumbens had no potential to phytoremediate Cu, Pb and 

Cr. However, 3% RB showed Tridax procumbens as a phytostabilizer of Zn (BCF >1 and TF <1) 

and Tridax procumbens on control showed a potential to phytostabilize Cd as a result of its BCF 

>1 and TF <1 (Table 39). 

Regardless of the biochar application or otherwise, Tridax procumbens did not show the 

potentials to pytoremediate the studied heavy metals in 2019 (Table 39). However, 3% RB 

showed Tridax procumbens as a potential phytostabilizer of Cd because of the BCF >1 and TF 

<1.  
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Table 36:  Effect of different concentrations of biochars on bioconcentration factor (BCF) and transfer factor (TF) of heavy metals in 

Zea mays in 2018 and 2019 

 
Trts Rates 

(%) 

 2018 2019 

 Cu Zn Pb Cd Cr AP 

 

EP Cu Zn Pb Cd Cr AP EP 

Control 0 BCF  12.12 0.62 0.46 1.00 0.00 Cu - 1.56 ∞ ∞ 0.42 2.00 - Cu, Cr 

  TF 1.50 0.00 2.17 0.81 ∞   0.84 0.05 0.00 1.00 0.75   

StB 1 BCF 0.33 0.37 0.65 0.50 0.90 - - 1.76 ∞ 1.00 1.00 2.00 Cu, Cr  

  TF 2.20 1.00 0.77 0.46 1.22   1.30 16.00 ∞ 1.00 1.33   

 2 BCF 0.18 0.76 0.46 1.00 0.49 - - ∞ ∞ ∞ ∞ ∞ - - 

  TF 3.19 0.60 1.66 0.77 1.60   0.26 0.00 0.00 0.00 0.20   

 3 BCF 0.55 0.56 0.00 0.38 0.00 - - 2.61 ∞ 1.00 1.00 4.00 Cu - 

  TF 1.10 0.77 ∞ 2.00 ∞   1.02 1.66 ∞ ∞ 1.00   

SB 1 BCF 0.24 0.30 0.46 0.76 0.27 - - 1.64 ∞ 1.00 ∞ 2.25 Cu, Cr - 

  TF 0.00 6.67 1.00 1.00 1.30   1.50 1.61 ∞ 20 1.66   

 2 BCF 0.00 0.00 0.60 1.00 0.00 - - ∞ ∞ 1.00 1.00 ∞ - - 

  TF ∞ ∞ 0.46 ∞ ∞   2.04 5.77 ∞ ∞ 2.25   

 3 BCF ∞ ∞ ∞ ∞ ∞ - - 2.76 ∞ 1.00 ∞ 4.00 Cu, Cr - 

  TF 0.25 0.30 0.60 1.23 1.15   2.07 2.88 ∞ 1.28 2.25   

RB 1 BCF 1.95 1.60 0.37 1.00 1.00 - Cu 0.41 0.00 1.00 0.00 0.00 - - 

  TF 0.00 1.00 1.00 0.77 1.00   1.80 ∞ ∞ 1.00 ∞   

 2 BCF 0.84 1.23 1.30 ∞ 0.87 - Zn, Pb 1.60 7 0.00 1.00 2.00 Cu, Zn, Cr - 

  TF 1.29 0.81 0.23 0.00 1.13   1.45 2.57 0.00 ∞ 1.66   

 3 BCF ∞ 1.23 0.76 0.76 1.40 Cr Zn 1.56 ∞ 1.00 1.00 1.00 - Cu 

  TF 70.0 0.62 2.30 2.60 1.43   0.76 3.50 ∞ 1.00 1.16   

AP- Accumulator and phytoextractor (BCF &TF> 1), EP- Excluder and phytostabilizer (BCF >1 and TF <1), Indicator, TF=1 
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Table 37: Effect of different concentrations of biochars on bioconcentration factor (BCF) and transfer factor (TF) of heavy metals in 

in Pennisetum glaucum in 2018 and 2019 

 
Trts Rate 

(%) 

 
2018                              2019 

 Cu Zn Pb Cd Cr AP EP Cu Zn Pb Cd Cr AP EP 

Control 0 BCF 3.83 0.84 1.61 1.15 0.13 Cu Pb, Cd 1.08 ∞ ∞ 0.00 1.20 Cu - 

  TF 1.43 1.18 0.45 0.86 16.67   1.03 3.03 1 1.00 1.00   

StB 1 BCF 0.12 ∞ 1.00 1.60 0.62 Cd - 0.50 0.00 0.00 0.00 0.00 - - 

  TF 0.00 0.00 1.23 1.25 0.00   2.13 ∞ ∞ ∞ ∞   

 2 BCF 0.00 0.37 0.65 0.00 0.80 - - 0.33 1.00 1.00 1.00 0.00 - - 

  TF ∞ 2.17 2.00 ∞ 2.50   1.88 1.00 1.00 1.00 ∞   

 3 BCF 1.00 2.00 2.66 0.56 0.75 - Zn, Pb 0.80 ∞ 1.00 1.00 1.00 - - 

  TF ∞ 0.65 0.38 1.23 1.17   1.00 0.00 1.00 1.00 1.00   

SB 1 BCF 1.17 0.61 1.00 0.43 0.00 - Cu, 0.89 0.00 0.00 1.00 1.00 - - 

  TF 0.47 0.00 0.56 2.00 ∞   0.57 1.00 1.00 1.00 0.00   

 2 BCF ∞ 0.46 0.76 0.30 0.87 - - 0.09 0.00 0.00 0.00 0.00 - - 

  TF 1.52 0.50 1.30 0.67 0.00   5.50 ∞ ∞ ∞ ∞   

 3 BCF 0.35 0.18 0.60 ∞ 1.14 Cr - 0.50 1.00 1.00 1.00 0.00 - - 

  TF 4.12 5.33 1.67 2.67 1.13   2.00 ∞ 1.00 1.00 ∞   

RB 1 BCF 0.42 1.00 0.76 ∞ 0.00 - - 0.00 0.00 0.00 0.00 0.00 - - 

  TF 4.10 2.16 0.60 6.00 ∞   ∞ 1.00 1.00 1.00 ∞   

 2 BCF 0.03 0.00 0.00 1.30 38.83 - Cr ∞ 1.00 1.00 1.00 1.00 - - 

  TF 31 ∞ ∞ 1.00 0.87   2.10 1.00 ∞ ∞ ∞   

 3 BCF ∞ 0.00 0.46 0.46 0.00 - - 0.64 0.00 1.00 1.00 0.37 - - 

  TF 4.78 ∞ 4.33 1.67 ∞   0.48 1.00 1.00 1.00 0.00   

 AP- Accumulator and phytoextractor (BCF &TF> 1), EP- Excluder and phytostabilizer (BCF >1 and TF <1), Indicator, TF=1 
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Table 38: Effect of different concentrations of biochars on bioconcentration factor (BCF) and transfer factor (TF) of heavy metals in 

in Tithonia diversifolia in 2018 and 2019 

 
Trts Rates 

(%) 

                                                             2018                         2019 

Cu Zn Pb Cd Cr AP EP Cu Zn Pb Cd Cr AP EP 

Control 0 BCF 1.00 0.00 1.00 ∞ 1.33 Cr - 0.02 0.00 1.00 1.00 0.00 - - 

  TF ∞ ∞ 7.60 2.16 1.50   54.54 ∞ 1.00 1.00 ∞   

StB 1 BCF 0.66 1.23 0.60 0.62 0.00 - Zn 1.00 1.00 1.00 1.00 0.00 - - 

  TF 1.09 0.00 1.66 1.30 ∞   1.00 1.00 1.00 1.00 1.00   

 2 BCF ∞ 1.30 2.30 1.76 1.57 - Zn,Pb,Cd,Cr 0.31 0.00 0.00 0.00 0.25 - - 

  TF 0.06 0.00 0.00 0.00 0.64   2.53 1.00 1.00 1.00 3.00   

 3 BCF 0.00 0.00 0.46 0.00 1.24 Cr - 0.22 1.00 1.00 1.00 0.18 - - 

  TF ∞ ∞ 2.67 ∞ 1.60   1.00 1.00 1.00 1.00 1.00   

SB 1 BCF 0.24 0.00 0.37 0.00 1.09 - Cr 0.85 1.00 1.00 1.00 0.66 - - 

  TF 1.25 ∞ 2.16 ∞ 0.36   0.36 1.00 1.00 1.00 0.00   

 2 BCF ∞ 0.00 0.00 1.00 0.57 - - 0.55 1.00 ∞ ∞ 0.50 - - 

  TF 1.38 ∞ ∞ ∞ 0.75   1.00 1.00 1.00 1.00 1.00   

 3 BCF 1.00 0.46 1.66 ∞ 1.00 Pb - 0.00 0.00 1.00 1.00 0.00 - - 

  TF 5.51 1.00 1.30 2.00 1.25   ∞ 1.00 1.00 1.00 ∞   

RB 1 BCF 0.00 1.00 1.00 1.00 0.63 - - 1.00 1.00 1.00 1.00 1.00 - - 

  TF ∞ 0.62 0.50 1.53 0.85   1.00 1.00 1.00 1.00 1.00   

 2 BCF 0.63 1.00 0.76 1.00 0.85 - - 0.20 0.00 1.00 1.00 1.00 - - 

  TF 2.03 1.00 1.30 2.00 0.66   1.00 1.00 1.00 1.00 1.00   

 3 BCF 2.00 0.50 1.00 ∞ 0.71 - Cu ∞ 1.00 1.00 ∞ ∞ - - 

  TF 0.78 0 0.77 0 1.0   1.14 1.00 1.00 0.00 2.00   

AP- Accumulator and phytoextractor (BCF &TF> 1), EP- Excluder and phytostabilizer (BCF >1 and TF <1), Indicator, TF=1
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Table 39: Effect of different concentrations of biochars on bioconcentration factor (BCF) and transfer factor (TF) of heavy metals in 

Tridax procumbens in 2018 and 2019 
 

Trts Rates 

(%) 

                                2018                               2019 

 Cu Zn Pb Cd Cr AP EP Cu Zn Pb Cd Cr AP EP 

Control 0 BCF ∞ ∞ 1.60 1.53 0.83 - Cd 0.23 1.00 0.00 0.00 0.18 - - 

  TF 1.24 2.00 1.00 0.50 1.00   1.00 1.00 1.00 1.00 10.00   

StB 1 BCF ND ND ND ND ND - - ND ND ND ND ND - - 

  TF ND ND ND ND ND   ND ND ND ND ND   

 2 BCF ND ND ND ND ND - - 0.00 1.00 1.00 1.00 0.00 - - 

  TF ND ND ND ND ND   1.00 1.00 1.00 1.00 1.00   

 3 BCF 1.00 1.00 0.00 1.00 1.00 - - ND ND ND ND ND - - 

  TF 1.00 1.00 1.00 1.00 1.00   ND ND ND ND ND   

SB 1 BCF 1.00 0.00 0.00 0.00 0.00 - - ND ND ND ND ND - - 

  TF 1.00 1.00 1.00 1.00 1.00   ND ND ND ND ND   

 2 BCF 0.00 0.00 0.00 0.00 0.00 - - 0.00 1.00 1.00 1.00 0.00 - - 

  TF 1.00 1.00 1.00 1.00 1.00   1.00 1.00 1.00 1.00 1.00   

 3 BCF 0.00 0.00 0.00 0.00 0.00 - - ∞ 1.00 1.00 1.00 1.00 - - 

  TF 1.00 1.00 1.00 1.00 1.00   1.00 1.00 1.00 1.00 1.00   

RB 1 BCF 0.00 1.00 0.69 0.38 0.00 - - ND ND ND ND ND - - 

  TF ∞ 0.15 0.81 1.30 ∞   ND ND ND ND ND   

 2 BCF 0.26 0.76 0.18 0.50 0.55 - - 0.26 0 1.00 1.00 0.25 - - 

  TF ∞ 0.15 0.81 1.30 ∞   ND ND ND ND ND   

 3 BCF 0.00 1.23 0.33 0.60 0.23 - Zn 0.09 0.00 0.00 23.3 0.10 - Cd 

  TF 0.00 0.81 0.60 1.00 1.24   1.00 1.00 1.00 0.00 1.00   

 AP- Accumulator and phytoextractor (BCF &TF> 1), EP- Excluder and phytostabilizer (BCF >1 and TF <1), Indicator, TF=1 
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CHAPTER FIVE 

DISCUSSION  

The biochar produced locally in this study was crispy in texture and black in color which proved 

its name “Black Carbon”. Production yield for standard (wheat) biochar, sorghum biochar and 

rice biochar are 23.54%, 36.37% and 30% respectively. The result of production yield of rice 

biochar in this study is in agreement with that of Kamara et al. (2015) who revealed production 

yield (29.7%) of rice biochar.  Production yield of biochar is determined by the production 

temperature and resident time (Wu et al., 2012). Correspondingly, Sadaka et al. (2014) reported 

slight reductions in production yield of switchgrass biochar from 35.5% ± 0.3% to 35.2% ± 0.6% 

pyrolysed at 400°C with elevated residence time from 2 h to 3 h. Similar results were reported in 

wheat-straw (32.40–22.8 %) by Gai et al. (2014). Also, O’toole et al. (2013) revealed production 

yield (24 ± 4.7%) of wheat biochar. The result of this study was in agreement with Sadaka et al. 

(2014) opionion which stated that decreased in the production yield result from increase in 

temperature and residence time. Standard biochar obviously showed the decreased production 

yield. This could be as a result of the decomposition of the lignocellulosic material. The 

differences between the production yield of rice biochar and sorghum may be as a result of the 

feedstock type. 

Many biochars have been reported to have alkaline pH (Gaskin et al., 2008; Spokas et al., 2012; 

Wu et al., 2012; Zhao et al., 2017). Stella Mary et al. (2016) reported elevated pH (8.84–9.84) of 

biochars. Alkaline nature with pH (9.3) was discovered in the rice straw biochar produced 

(Kamara et al., 2015). Sigua et al. (2015) also revealed high pH (13.0) of sorghum biochar 

pyrolzed at 500ºC. Similarly, this study showed the alkaline nature of the biochars (rice, sorghum 
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and standard biochar) with pH values (8.15-8.54). The alkaline nature of these biochars could 

result from the presence of carbonates formation (such as CaCO3 and MgCO3) and inorganic 

alkalis (such as K) (Yuan et al., 2011; Ding et al., 2014). Conforming to Ding et al. (2014), they 

confirmed that the primary cause of alkaline biochar was the separation of the alkali salt from the 

organic materials. This indicates that the alkaline biochar pyrolysed from high temperature can 

enhance the acidic soil by promoting the formation of metal hydroxide precipitation and heavy 

metals adsorption (Ahmad et al. 2014). 

Qian et al. (2013) reported low moisture content (1.10-1.99%) in sorghum biochar. From 

Bouqbis et al. (2016) study, the low moisture content (0.97%) in argan shell biochar was 

observed. He et al. (2019) showed reduction in moisture content with increase in the pyrolysis 

temperature. In line with He et al.’s (2019) work, this study revealed moisture content value of 

3.48% for standard biochar pyrolysed at 700℃. However, moisture content of 4.13% and 5.75% 

were observed for rice and sorghum biochars pyrolysed at 550℃. Moreover, moisture content of 

sorghum and rice biochars were higher than standard biochar. Low moisture in biochar is 

necessary as a result of reduction in the heat energy and required time for the pyrolysis (Tripathi 

et al., 2016). The reduced moisture content in biochars indicate its ability to become more 

polyaromatic and graphite-like in nature as a result of longer pyrolysis time (Darmstadt et al., 

2000). Cybulak et al. (2016) noted that biochar applied to soil raises the moisture content of the 

soil by about 1.5–3.0% which benefit the dry and degraded soils. Videgain-Marco et al. (2020) 

reported that biochar pyrolysed at 400 had moisture content value of 0.57% and the other biochar 

pyrolysed at 600 had moisture content value of 3.05%. 

Varying ash and volatiles content of biochar could result from the type of feedstocks and 

pyrolysis temperature (Antal et al., 2003; Guerrero et al., 2008). The result of this study revealed 
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that volatile content increased in rice biochar (550℃) followed by standard biochar (700℃) and 

sorghum biochar (550℃). Pyrolysis temperature affect the biochar structure as a result of 

volatile matter that is released (Shaaban et al., 2014). Increased temperature results to a 

reduction of volatile matter content (Crombie et al., 2013; Kambo and Dutta, 2015; Tag et al., 

2016). Zhao et al. (2017) reported that higher pyrolysis temperature led to a decrease in the 

volatile matter content (by 60.8–14.9%) for biochars derived from apple tree branches. Ronsse et 

al. (2012) opined that the increased temperature led to a further cracking of the volatile fractions 

into low-molecular-weight liquids and gases instead of biochar. Moreover, increasing pyrolysis 

temperature may lead to the water removal of hydroxyl groups and thermal decomposition of 

lignocellulosic biomass (Zhang et al., 2015).   

Increasing pyrolysis temperature leads to a rise in the ash contents of biochar (Fuertes et al. 

2010). Mukherjee et al. (2014) discovered that ash content increased after one year and three 

months of biochar (pyrolysed at low temperature) ageing. Kamara et al. (2015) reported 34% ash 

content of rice straw. Rafiq et al. (2016) also showed that increased production temperature led 

to an elevated ash content (5.7%-18.7%). There was also an increase in ash content with increase 

in temperature as indicated by Zhao et al. (2017). The current study revealed increased ash 

content in rice (52%) and sorghum biochar (35%) as compared to standard (wheat) biochar 

(20%) which is similar to Mukherjee et al. (2014) report. Gradual increase in the concentration 

of inorganic and organic materials through combustion may bring about the increase in the ash 

content (Cao and Harris, 2010; Zhao et al., 2017). Zama et al. (2017) further suggested that the 

increase in biochar nutrients such as Mg, Ca, K, and P may be caused by elevated ash content 

(ranging from 4.0 to 33.1%). 
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Mostly, fixed carbon content of biochar elevated with increase in temperature. As the 

temperature increases, the fixed carbon content changed differently depending on feedstock type 

(Enders et al., 2012; Ronsse et al., 2013; Tag et al., 2016). Enders et al. (2012) discovered that 

biochar derived from Pine and Oak produced at 600 ºC showed the highest fixed carbon 

contents.  Zhao et al. (2017) also reported increased fixed carbon (33.60% - 73.50%) with 

increase in temperature in apple derived biochar. In line with previous study, the present study 

showed highest value (56.45%) of fixed carbon in standard biochar pyrolyzed at 700ºC followed 

by sorghum biochar (46.63%) and rice biochar (22.11%). Chun et al. (2004) suggested that 

increased carbon content may result from the presence of specific quantity of organic plant 

materials such as cellulose in the biochar. However, sorghum and rice underwent same pyrolysis 

temperature of 550˚C but their carbon contents varied. This could be as a result of the feedstock 

type as Enders et al. (2012) suggested. From Domingues et al. (2017), high carbon content may 

be as a result of higher degree of polymerization which bring about additional condensed carbon 

structure in the biochar (Lehmann and Joseph, 2009). On the contrary, Cantrell et al. (2012) 

indicated that the carbon content of biochar derived from chicken droppings reduced with 

increasing production temperature (ranging from 27.0 to 35.5%). The more the intensity of 

aromatic structures formed, the stronger the resistant capacity of the biochar to microbial 

decomposition (Keiluweit et al., 2010). 

The atomic ratio of H/C, O/C and (O+N)/C denote the aromaticity, oxidation and polarity of 

biochar respectively (Cao et al., 2017).  Increase in O/C could result from the increase in the 

surface hydrophilicity i.e the affinity for water molecules (Al-Wabel et al., 2013; Lee et al., 

2013; Fang et al., 2014; Doumer et al., 2015). It also indicates the higher oxygen containing 

functional groups which could result to higher adsorption of heavy metals (Ahmad et al., 2014; 
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Samsuri et al., 2014; Sun et al., 2014; Zhang et al., 2014). This study reported high O/C (0.24) in 

sorghum and rice biochars and least (0.19) in wheat biochar. This showed high hydrophilic and 

adsorption nature in rice and sorghum as compared to wheat biochar. Samsuri et al. (2014) also 

reported high molar ratio of O/C for the empty fruit bunch biochar (0.67) and rice husk biochar 

(0.37). On the contrary, Wu et al. (2012) reported decreased O/C with increase in temperature in 

rice straw derived biochar. They suggested that it could be caused by the increasing dehydration 

and decarboxylation reactions thereby pointing out the structures formed which contain 

condensed carbons like the aromatic rings inferred from FTIR spectra (1600 cm-1, 1038 cm-1). 

The major elements included phosphorus, calcium, potassium, and magnessium (>0.1 wt%) 

while the minor elements (<0.1 wt%) included sodium, iron, zinc, copper and other heavy metals 

(Qian et al., 2013). The major nutrients in this study were found to be greater than 0.1wt% in all 

the biochars except for sorghum biochar which has P (0.0%). From the major minerals, K had 

the highest value for all the biochars though rice biochar had the highest K (11.88). Si, a minor 

element had the highest value for all the biochars whereas sorghum biochar had the highest 

(14.72) followed by rice biochar (14.36).  According to Zama et al. (2017), the increase in 

phosphorus, calcium, potassium, and magnessium on biochars produced at peak temperatures 

may be on account of increase in ash content. The toxicants (heavy metals) level determined in 

the studied biochars were less than the permissible limits recommended by International Biochar 

Initiatives (IBI, 2012).  

SEM study in this research shows the presence and types of pores in sorghum biochar (550ºC), 

rice biochar (550ºC) and standard (wheat) biochar (700ºC). Pores were observed in the three 

biochar samples. Porous and skeletal structures of rice biochar were observed which was similar 

to Zhao et al. (2017) who reported porous and skeletal structures in Apple tree orchard biochar 
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of different temperatures. The fractured pores that exist on the surface of standard (wheat) 

biochar in this study was comparable to the Kraska et al. (2016) report showing the SEM result 

of wheat straw biochar pyrolyzed at temperature ranging from 350ºC-650ºC. Wang et al. (2017) 

reported sieve plate like structure of corn straw biochar at 350ºC. This type of pore structures 

was observed in sorghum biochar in this study. Less pores were discovered in the sorghum 

biochar studied by Qian et al. (2013). Slow pyrolysis leads to the liberation of VM, 

hemicellulose and lignin which had a connection with reduced size, decomposition and 

fracturing that resulted to extremely different and complex structure of biochar possessing 

numerous porous structure of different diameters (Pituello et al., 2015; Batista et al., 2018; 

Wilon, 2019). These result indicates the necessity of the kind of feedstock being one of the key 

determining factors of biochar features. 

FTIR spectra revealed the presence of some functional groups in the three biochars studied. They 

include: aldehyde (2700cm-1), acetylenic compounds (2200cm-1), carbonyls (2050cm-1), 

conjugated ketones and quinones (1650cm-1), aliphatic C-O stretch (1050cm-1), aromatics 

compounds (900cm-1 to 885cm-1), halogens (570cm-1) and polysulphides (470cm-1). OH stretch 

(3400cm-1) and phenolics (1400cm-1) were found in wheat biochar and rice biochar, carboxylic 

compound (1420cm-1) was found only in sorghum biochar while aliphatic CH stretch (2930cm-1) 

and thioethers (630cm-1) were found in rice biochar. 

Aliphatic compounds reported in this study is in accordance with Wu et al. (2012) who revealed 

presence of aliphatic C-H and C-O in rice straw derived biochar. This indicated the occurrence of 

dehydration and polymerization and also presence of hemicellulose, cellulose and lignin in the 

biochars (Ahmad et al., 2012; Wu et al., 2012; Zhao et al., 2017). Rice straw is composed of 

mainly hemicellulose and cellulose which contributes to the easier decomposition during 
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pyrolysis as compared to lignin (Yang et al., 2007). This could be associated with the high 

intensity of aliphatic C-O stretch observed in rice biochar as compared to other biochars in this 

study. It could also explain the presence of aliphatic C-H stretch found only in rice biochar. Cao 

et al. (2017) also found C-O stretch functional group in rice Hull pyrolysed at 500ºC. From this 

study, aromatic compounds were apparent in all the biochars. High intensity was observed in rice 

biochar followed by sorghum biochar but least observed in wheat biochar. Surface functional 

group reduced as the pyrolysis temperature gradually increases (Chen et al., 2018). This could be 

responsible for the decrease in the surface functional groups of standard (wheat) biochar as 

compared to rice and sorghum biochar in this study. 

Presence of aromatic compounds (C-H) could result to greater dehydration and aromatization in 

biochars (Wu et al., 2012; Melo et al., 2013). Wu et al. (2012) demonstrated the FTIR data 

which deduced the formation of intermediates and increased aromatization that occurred as rice 

straw was heated to 400ºC and 500ºC. He further explained that this result could lead to the 

tendency of graphene like structure in rice straw biochar. With the tendencies to graphene-like 

structures at higher temperatures, large quantity of non-C atoms left behind was eliminated. The 

stability of biochar may be increased for two reasons: the strong formation of Graphene-C and 

the possibility of accelerated decomposition caused by non-aromatic fraction of biochar through 

co-metabolism may be declined (Lehmann, 2009). Aromatic systems in double bonds between 

carbons were observed in this study for all the biochars, which implies the presence of 

conjugated ketones and quinones. These bonds could also be between carbon and oxygen in 

amides (Melo et al., 2013). 

Carbonyls and aromatic bonds found in peanut hull and pine chip biochar reported by Harris et 

al. (2013) were also observed in all the biochars of this study. The peak 1400cm-1 in wheat and 
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rice biochar and 1420 cm-1 in sorghum biochar denotes presence of phenols and carboxylic salts 

(Armynah et al., 2018). The peak at 3452 cm-1 expected from organic O-H stretching indicates 

water, hydrogen-bonded hydroxyl in rice husk biochar at temperature range of 250ºC-450ºC 

(Armynah et al., 2018; Claoston et al., 2014). The current study also revealed the hydroxyl 

compounds present in standard biochar and rice biochar though the intensity was low which 

could result from loss of hydrogen and oxygen atom due to breaking bond from hydroxyl group 

(Armynah et al., 2018), which indicated a reduction in polar functional groups as the temperature 

rises (Zhou et al., 2016). Decrease in the strength of O–H (1325 cm-1) stretching and aromatic 

C=C and C=O stretching of conjugated ketones and quinones (1600 cm-1) with temperature 

could propose the degradation of phenols and carboxyls in lignin (Souza et al., 2009). 

Observation from the spectra showed bands at 570cm-1 in all biochars due to C-X stretching 

vibrations which deduced the presence of organo-halogens compounds. The particular halogen 

detected in this study was aliphatic Iodo compounds. This present result is in consensus with the 

discovery of Zhao and Nartey (2014) who observed presence of organo-halogens in biochars 

derived from cotton residue, cotton straw, potato residue, potato straw and swine manure.  

Stretching vibrations assigned to S-S linkage appeared at the band of 470cm-1 in all biochars of 

this study. This showed the presence of polysulphides in the biochars. The weakness of 

absorption and variability of the position of polysulphide make it have less value in structural 

determination (Silverstein et al., 2005). Zhao and Nartey (2014) has a similar result related to S-

S stretch vibrations with peak between 490.6 and 432.9 cm-1 corresponds to disulphide in 

biochar derived from potato residue, potato straw and cotton residue. C-S stretch vibrations 

corresponding to thioethers was observed in rice straw biochar of this study. Reverse oxidation 

and reduction of sulphur group e.g thioethers and polysulphides have primary functions in 
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enzymes that are involved in regulation of redox reactions. The major sulfur compounds such as 

the tripeptide glutathione, which helps to detoxify free radicals; phytochelatins and 

metallothioneins, helps to detoxify heavy metal; and the proteins thioredoxin and ferrodoxin, 

involved in oxidoreduction (Grusak, 2001). The presence of the functional groups in biochars 

promote ion exchange capacity and nutrient sorption on their surface (Oh et al., 2012; Gul and 

whalen, 2016). 

In this current study, the soil porosity increased in response to the incorporation of biochar 

treatment. This finding is in agreement with Blanco-Canqui. (2017) who indicated that biochar 

applied to soil improved the soil porosity by 2 to 41%. He further pointed out that in a linear 

manner, soil porosity improved with an increase in biochar application. From Omondi et al. 

(2016) study, biochar application boosted soil porosity by 8.4%. According to Blanco-Canqui, 

biochar can promote soil porosity by increasing soil aggregates, influencing mineral soil 

particles, and reducing soil packing. From the study of Sun and Lu (2014), it was shown that 

biochar application had a positive influence on soil porosity. Adekiya et al. (2020) also reported 

high porosity in soil after biochar was introduced. Appearance of biochar particles with 

improved porous nature possess beneficial result on porosity of soil (Jones et al., 2010; 

Mukherjee and Lal, 2013; Walters and White, 2018). Several studies revealed that high porous 

nature of biochar could result from its high pyrolysis temperature. In this regard, Andrenelli et al. 

(2016) noted that porous nature of soil was not influenced by the addition of wheat bran derived 

biochar produced at 800°C. However, soil porosity was enhanced with the application of wheat 

bran derived biochar produced at 1200°C. Low density of biochar could contribute to its 

significant and positive influence on soil porosity (Blanco-Canqui, 2017). Blanco-Canqui further 

pointed out that sandy soils respond quickly to biochar addition than clay soil. The improved 
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porous nature of soil in response to biochar application can improve the movement of water, 

heat, and gases in the soil. However, high soil compaction declined aeration, water movement, 

root growth, and crop yield. Little compaction enhances root–soil association and pore 

connection, thereby boosting the richness of nutrients and water transport to roots (Arvidsson, 

1999).  

Porosity of biochar determines its water holding capacity (Yu et al., 2006; Ogawa and Okimori, 

2010; Berek, 2014; Yang et al., 2015) because they alter pore characteristics. Novak et al. 

(2009), Lei and Zhang (2013) and Alburquerque et al. (2014) confirm biochars produced at high 

pyrolysis temperature increased water holding capacity following application of biochar thereby 

increasing crop yield. It was also revealed by Sun et al. in 2014 that straw derived biochar may 

positively influence the water holding capacity of soils.  Karhu et al. (2011) and Adekiya et al. 

(2020) quoted that application of biochar increases soil water holding capacity. Similarly, the 

current study revealed an increase in soil water holding capacity with addition of biochars. In 

contrast, Jeffery et al. (2015) discovered that grass derived biochar declined soil water retention. 

The existence of pores (intrapores) in the biochar particles may create more room for reserving 

water beyond the pore space between soil particles (interpores) (Masiello et al., 2015). Sohi et al. 

(2009) mentioned that the biochar surfaces pyrolysed at low temperatures have high 

hydrophobicity and therefore the soil water storage capacity is limited. Hydrophobicity of 

biochar varies with pyrolysis temperature and feedstock (Kinney et al., 2012; Wang et al., 2013), 

but is usually removed by environmental exposure. They further pointed out that high 

hydrophobicity of the biochar could be responsible for the decrease. However, Kinney et al. 

(2012) noted grass derived biochar to have low hydrophobicity in comparison to wood biochars. 

This study revealed presence of pores and high hydrophilicity (i.e low hydrophobicity) in all the 
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studied biochars, hence, contributed to the increase in water retention capacity. Water retention 

has also been found to improve in soil after biochar addition (Chan et al., 2008; Downie et al., 

2009; Lehmann and Joseph, 2009). As a result of improved surface area and porous nature of 

biochar, soil texture and soil aggregation can be improved to increase water retention (Asai et al., 

2009; Brockhoff et al., 2010; Verheijen et al., 2010; McElligott et al., 2011).  

pH is one of the important properties of soil that enhances nutrient retention and availability 

(Steiner et al., 2007). There have been positive reports on some biochars increasing soil pH. It 

was further explained that these biochars which increase soil pH could acts as liming materials 

thereby improving plant growth (Novak et al., 2009; Van Zwieten et al., 2010). Several studies 

have also reported soil pH increase in response to biochar application (Chan et al., 2008; 

Masulili et al., 2010; Peng et al., 2011; Kamara et al., 2014; Lu et al., 2014; Zhao et al., 2017; Si 

et al., 2018). Similarly, report from this work showed that the soil treated with biochars had 

higher pH than the control. This indicates that the biochars had a positive influence on the soil 

pH. Yang et al. (2015) also revealed increase in pH level of soil with application of bamboo and 

rice straw. An increase in ash content of biochar has positive effect on pH, that result to increase 

available nutrient and its uptake in plant (Glaser et al., 2002; Lehmann and Rondon, 2006; 

Lehmann and Joseph, 2009). The result of this study revealed that soil pH increased due to 

increased ash content of the biochars used. 

Ndor et al. (2015) noted that soil moisture content increased after the applications of rice husk 

and sawdust biochars. Adekiya et al. (2020) also indicated a positive influence of biochar on soil 

moisture. It has been shown that biochar has the ability to elevate moisture in the soil (Ajema, 

2018 and Tokova et al., 2020). In line with the previous reports by Ndor et al. (2015), Adekiya et 

al. (2020) and Tokova et al. (2020), sorghum and rice biochars increased the moisture content in 



126 
 

2018. In addition, 1% and 2% StB and SB, 2% and 3% RB increased soil moisture. Adekiya et 

al. (2020) suggested that presence of micropores in biochar for water retention and soil aggregate 

improvement leads to creating more pore spaces for earthworm burrowing. In this regard, 

Tokova et al. (2020) supported Adekiya et al. (2020) suggestion. 

There has been inconsistency of result in several reports made on alleviation and surpression of 

soil organic matter (SOM) decomposition in soils treated with biochar (Kuzyakov et al., 2009; 

Bolan et al., 2012; Qayyum et al., 2014). Biochars possess higher adsorption capacity for 

organic matter and may inhibit organic carbon mineralization (Cornelissen et al. 2005; Sobek et 

al. 2009). Zimmerman et al. (2011) revealed beneficial (< 90 days) and negative (>250 days) 

effects of grass and wood derived biochars in sandy soils. Similarly, this study revealed that soil 

organic matter was influenced positively by standard biochar application. Furthermore, organic 

matter was improved by the biochars in 2019. However, sorghum biochar and rice biochar 

reduced the soil organic matter in 2018.  It was opined by Zimmerman et al. (2011) that the 

negative impact could result from the sorption of native SOM onto the biochars surfaces and 

pore spaces thereby hindering the SOM from decomposition. Jung (2008) indicated that 

extremely low (less than 10 %) organic matter is observed in most soils. Furthermore, Kasozi et 

al. (2010) showed that sorption of organic matter onto biochar surfaces is actively restricted by 

slow diffusion into the small pores of biochar surfaces. On the other hand, there was increase in 

SOM resulting from biochar treatments incorporation (Glaser et al., 2002; Rawls et al., 2003; 

Major, 2009; Sohi et al., 2009). 

Various organic mineral influence result to accumulation of clay particles and organic materials, 

which helps in stabilization of soil structure and the carbon compounds within the aggregates 

(Qayyum et al., 2014). To an extent, researches have been carried out and suggested that there 
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was increase in the rate at which organic matter decompose after biochar application in soils thus 

sustains nutrient for plants in temperate region (Awad et al., 2012; Awad et al., 2013; Rogovska 

et al., 2014). Jien et al. (2015) suggested that for biochar pyrolyzed at higher temperature, co-

application of biochars with composts may have a positive influence on stabilization of SOM in 

the soils than individual application. He further deduced from his works that there was a change 

in the soil structure and formation of some macro-aggregates after biochar addition on soil (Jien 

and Wang, 2013; Hseu et al., 2014). 

Studies have been conducted and showed that biochar can boost soil nutrients (Kammann et al., 

2011; Cao et al., 2014; Smider and Singh, 2014; Tammeorg et al., 2014; Stella Mary et al., 

2016). Alaboudi et al. (2019) showed increase in the soil nutrient in response to biochar 

application. This study reveals that biochars increase Fe content in the soil when compared to 

control in both years. However, Mg content was increased by biochar in 2019 which is 

comparable to the report of Adekiya et al. (2020). The P, Ca and K varied in their concentrations 

in response to the biochars. Biochar retention capacity of nutrients in the soil for crop growth is 

due to the possession of surface area and porosity (Novak et al., 2009; Liu et al., 2014). 

Enhancement of soil properties by biochar promotes crop productivity through increasing in 

nutrient elements (Jha et al., 2010; Alburquerque e., 2014; Ding et al., 2016). In the course of 

heavy metal adsorption, biochar can adsorb nutrients (Yao et al., 2013; Fang et al., 2014; Mia et 

al., 2017; Li et al., 2019) which could lead to decrease in the soil nutrients in this study. 

According to WHO/FAO (2001), the permissible limits for the following heavy metals in soil are 

Cu= 100 mg/kg, Zn= 300 mg/kg, Pb= 50 mg/kg, Cd=3 and mg/kg Cr= 100 mg/kg. It was 

deduced from this study that all the studied heavy metals in the amended soil were lower than the 

permissible limits.  This result is in line with Ekpete and Festus (2013) who reported that Pb, Cu 
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and Cd concentration levels ranged between 0.669 to 2.624mg/kg; 0.046 to 2.723mg/kg and 

0.049 to 0.089mg/kg respectively in automobile contaminated soil. They also deduced from their 

study that these heavy metals were below the permissible limit. According to Iqbal et al. (2011), 

Cu, Pb and Cd content in soil were within the permissiblie limit. On the contrary, he concluded 

that Cr concentration in soil was a threat due to its high values exceeding the permissible limit. 

Alaboudi et al. (2019) also noted high Cr content in the presence of biochar in soil.  metals, 

especially chromium effectively reacts with O2 and OH ligands at neutral or slightly basic pH to 

form low solubility oxides and hydroxides, however chromium (VI) forms highly mobile anionic 

oxides with increased pH (Stengel and Gelin, 2004; Bolan et al., 2013; Choppala et al., 2012). 

This study also showed that heavy metals in the amended soil reduced in their concentrations 

with regards to different concentrations of biochars studied in comparism to the control. This 

finding is in agreement with previous works carried out on reduction of heavy metal on polluted 

soil by application of biochars (Beesley et al., 2011; Fellet et al., 2011; Park et al., 2011; Houben 

et al., 2013; Buss et al., 2016;). Cui et al. (2011 and 2012) reported reduction of Cd in technosol 

after addition of wheat straw derived biochar pyrolyzed at 350ºC-550ºC. Rice straw biochar also 

decreased Cu, Cd and Pb in Utisol (Jiang et al., 2012). Same report was made by Zheng et al. 

(2012) who revealed effective reduction of Cd, Pb, Zn and As in Technosol in regards to addition 

of biochar derived from rice husk, rice straw and rice bran produced at 400ºC. Biochar ability to 

reduce heavy metal could be dependent on its key features such as pH, surface area, carbon and 

ash content (Lima et al., 2014).  

Biochar has the ability to stabilize Pb and Cd and transform them from the labile fraction into 

less available forms Alaboudi et al., 2019). To a limited extent, biochar pH, especially the higher 

pH can be the primary cause for the heavy metals reduction found in biochar-amended soils 
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(Paz-Ferreiro et al., 2014). In the current study, higher pH biochars resulted in soil Cu reduction. 

In 2019, there was a decrease in Cu with increase in sorghum and rice biochar. On the other 

hand, Cu increased with increase in standard biochar. This could result from the higher pH in 

sorghum and rice biochars when compared to that of standard biochar.   

Surface sorption of heavy metals on biochar was proved on several cases with the use of 

scanning electron microscopy (Beesley and Marmiroli, 2011; Lu et al., 2012). It was further 

explained that the sorption could result from the heavy metals complexation with various 

functional groups found in the biochar caused by interchange of heavy metals with cations 

present in biochar, such as Ca+2, Mg+2, K+, Na+ and S (Uchimiya et al., 2011c; Lu et al., 2012), 

or physical adsorption (Lu et al., 2012). In addition, oxygen functional groups are recognized to 

be responsible for heavy metals stabilization in the biochar surface, mainly for softer acids like 

Pb+2 and Cu+2 (Uchimiya et al., 2011c). Sorption mechanism is solely based on type of soil and 

the cations associated with biochar and soil (Paz-Ferreiro et al., 2014). Recent researches 

reported that there is electrostatic interaction attraction between biochar and cations (Chen et al., 

2011; Regmi et al., 2012). Compounds such as carbonates sulphates and phosphates present in 

the biochar ash content precipitate with the pollutant for heavy metal stabilization (Cao et al., 

2009; Karami et al., 2011; Park et al., 2013).  Heavy metal mobilization can be reduced through 

the alteration of their redox states by biochar such as changing of Cr+6 to the less mobile Cr+3 

(Choppala et al., 2012). 

Possession of porous structure, negative charged surface and oxygen-containing functional 

groups such as phenol, hydroxyl, carbonyl and carboxyl make biochar a better adsorbent for 

heavy metals (Zhao and Nartey, 2014). High and low pyrolysis temperatures are not only 

conducive to the formation of functional group, other factors such as the pyrolysis time and raw 
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materials may also significantly affect the biochar adsorption for different heavy metals (Chen et 

al., 2018). Decrease in the migration and availability of heavy metals in soil resulted from 

adsorption and immobilization of heavy metals by biochar which makes it a better alternative to 

remediate soils polluted with heavy metals.  

Different results have been reported as a result of relating soil characteristics, the climatic 

condition of the site, crop yield to type of feedstocks, pyrolysis conditions, and biochar 

applications (Sohi et al., 2010). Positive reports from biochar amendment suggested 

improvement in crop yield (Chan et al., 2007; Alburquerque et al., 2013; Zheng et al., 2013, Ali 

et al., 2017; Bashir et al., 2018ab). Olmo et al. (2014) also investigated that olive-tree -derived 

biochar amendment improved the wheat growth.  On the contrary, Xie et al. (2013) found no 

significant impact on rice grown on non-fertile soil amended with biochar derived from wheat-

straw on rice growth in non-fertile soil.  

All the biochar treatments did better than the control for plant height of Zea mays in 2018 while 

in 2019, 2% StB and 2% and 3% SB responded positively. The results from the present study 

was in conjunction with the past reports made concluding that there was increase in maize yield 

as related to the wheat straw biochar and rice husk biochar applications at various rate (Zhang et 

al., 2012; Abukari, 2014; Zhang et al., 2014; Zhang et al.,2015; Mensah and Frimpong, 2018). It 

was observed that Zea mays and Tridax procumbens height did not respond to rice biochar in 

2019 when compared to the result in 2018. This could result from the climate change due to the 

differences in the time of planting. It may also result from the interaction with the soil type. 

Biochar effects could depend on its interactions with the soil properties and climatic conditions 

(Blanco-Canqui, 2017). According to Biederman and Harpole (2013), they explained that in spite 

of differences in soil type, climate, and production methods, biochar averagely had a neutral to 
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positive influence on various ecosystem properties. However, same report was revealed in the 

studies performed by Lehmann et al. (2006) and Atkinson et al. (2010). For Pennisetum glaucum 

(Pearl millet), its height responded to sorghum and rice biochars. Height of Tithonia diversifolia 

increased with response to 3% SB and all concentrations of rice biochar in comparism to the 

control and other treatments in 2018 while 1% RB and all concentration of sorghum biochar 

increased the height of Tithonia diversifolia in 2019. The differences in the result of Pennisetum 

glaucum and Tithonia diversifolia could be as a result of the opinion made by Blanco-Canqui 

(2017). Phosphorus availability could result to decrease in plant production (Xie et al., 2013). 

Among the biochar treatments examined in the current work, rice biochar was observed to 

increase the height of all the plants studied in 2018.  

Result of this study also revealed that rice biochar and sorghum biochar treatments of all 

concentrations increased the height of Tridax procumbens in 2018 and 2019 respectively as 

compared to control. However, 3% RB and 3% SB had the highest heights for all the studied 

plants 2018 and 2019 respectively. This result is in accordance with the study of Ghoneim and 

Ebid (2013) who noted positive response of rice to application of rice straw biochar. He further 

explained that 3% concentration of rice straw derived biochar did better than other concentration 

(1.5%) used. Abbas et al. (2019) also showed that addition of biochar at 3% improved the height 

of Zea mays. Kamara et al. (2014) concluded that rice straw biochar increased the plant height of 

rice and maize plants with increase in concentration (at the rate of 0.4%, 0.8%, 1.25% and 

1.67%). This findings concided with the result of the current study which revealed that height 

was improved with increase in the concentrations of rice biochar in the studied plants except 

Pennisetum glaucum. With respect to plant height, positive result of rice straw biochar applied 

on two varieties of rice plants was observed from the report of Kamara et al. (2015). According 
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to Yang et al. (2015), rice straw and corn stalk derived biochars increased the yield of peanut, 

sweet potato and maize plants.  

It was reported by Carter et al. (2013) that introduction of sorghum biochar increased the leaf 

number of lettuce and cabbage. Mensah and Frimpong (2018) also had a similar result to that of 

Carter et al. (2013).  In contrast to these reports, the present study found out that there was no 

significant impact of biochars on the leaf number of the Zea mays and Pennisetum glaucum in 

2018. However, the leaf number of Zea mays and Pennisetum glaucum increased by the biochars 

in 2019. In 2018, leaf number of Tithonia diversifolia was increased by rice biochar but the 

control had higher values in leaf number in 2019. We could still say that the improved leaf 

number of the plants in this study still correspond to the positive result of leaf number obtained 

from the study of Carter et al. (2013), and Mensah and Frimpong, (2018). Necrosis was observed 

in the studied plants (Tithonia and P. glaucum treated with 1% SB and Zea mays treated with 1% 

and 2% RB).  High heavy metal concentrations could lead to necrosis in plants as opined by 

Waqas et al. (2014) who revealed mild necrosis in soybean after being stressed by high level of 

Zn. The leaf number of Tridax procumbens was improved by rice biochar in 2018 as compared 

to control and other biochars but in 2019, there was no significant difference between the control 

and the biochars. 

This study revealed increased leaf area of Zea mays grown on biochars when compared to those 

on the control in 2018. The leaf area of Pennisetum glaucum was improved by 3% of all biochars 

in 2018 while 2% and 3% of rice and sorghum biochars improved the leaf area in 2019. Tithonia 

diversifolia grown on soil amended with rice biochar in 2018.  Only 3% RB boosted the growth 

of Tridax procumbens in 2018. Generally, rice biochar especially at 3% concentration had the 

highest leaf area in all the plants studied in 2018. The results of this study corresponds with Tian 
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et al. (2017) who revealed positive response of leaf area of Asian Lotus (Nelumbo nucifera) and 

Chinese sage (Salvia miltiorrhiza) to application of biochar. Agegnehu (2017) also showed that 

biochar enhanced the leaf area of barley. He further explained that the changes in the soil 

properties like high water retention, increased macronutrients, soil pH and available phosphorus 

and possibly potassium contents in soil.  

It was observed in this study that biochars increased the stem girth of Zea mays in 2018. Also, 

biochars increased the stem girth of Tithonia diversifolia when compared to the control. This 

agrees with Mensah and Frimpong (2018) who reported increase in stem girth of two maize 

varieties in Aiyinase soil after application of corncobs derived biochar pyrolyzed at 350℃. 

However, rice biochar with 3% concentration recorded the highest stem girth in Zea mays. In 

2019, stem girth of T. diversifolia increased with increase in the concentrations of rice biochar 

and trendy increase was noticed in stem girth of Zea mays by sorghum biochar. This agrees with 

the report made by Kamara et al. (2014) stating that maize and rice (main tiller) stem girths 

increased with increasing application levels of biochars made from maize stover and rice straw 

for certain period. This result still agrees with Carter et al. (2013) who explained that there was 

increase in the stem girth of lettuce and cabbage after introduction of sorghum biochar at the rate 

of 50g/kg. However, rice biochar and sorghum biochar with 3% concentration had the best 

influence on Zea mays and T. diversifolia. Necrosis of Zea mays plant treated with rice biochar 

with 1% and 2% was observed. Stem girth of P. glaucum without treatment (Control) was found 

to do better than the P. glaucum treated with all the biochar treatments in 2018.  Kamara et al. 

(2014) also explained that further biochar introduction to maize and rice plant did not increase 

the stem girth i.e control did better at the end of the experiment (week 3 and week 4). Although, 
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all the biochars at 2% and 3% did better in 2019. Necrosis was also observed in the pearl millet 

treated with sorghum biochar 1%.  

From the report of this study and other research, we could deduce positive and negative response 

of plants to different biochars with respect to their growth parameters. Though, the percentage of 

the positive result was more than 50%. In general, rice biochar and sorghum biochar performed 

better than standard biochar. Biochar has been reported to boost plant growth and yield (Chan et 

al., 2007; Zheng et al., 2010; Onwuka and Nwangwu, 2016). In accordance with Genesio et al. 

(2012), physical conditions change with biochar; its dark color alters thermal dynamics and 

alleviates quick plant germination, creating more time for growth compared with controls.  The 

distribution of elemental composition in biochars, such as Ca and K, is known to be a key 

property when used as an amendment agent due to their function in improving plant growth 

(Qian et al., 2013). Production of feedstock is recognized to generate biochar with high pH, 

carbon, CEC, and exchangeable cations (Masulili et al., 2010; Wu et al., 2012; Milla et al., 

2013) which make such biochar a potential soil amendment (Kamara et al., 2015). The high pH 

and mineral contents (P, Ca, K, and Mg) in the studied biochars could result to their performance 

on the growth of the studied plants.  Mensah and Frimpong (2018) suggested from his study that 

high pH in soil and P availability could contribute to plant growth.  From Jeffery et al.’s (2017) 

study, it showed that biochar can be a useful to the improvement of plant growth and yield. 

Considering the result obtained from the properties of rice biochar and sorghum biochar, it could 

be deduced that these properties favoured the soil properties and growth of the plants studied and 

thereby considered as the best soil amendments among the other biochars studied. 

This study revealed that all biochars increased the root length of Zea mays and P. glaucum as 

compared to control. Among the biochars, wheat biochar had the highest root length in Zea mays 
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and rice biochar had the highest root length in P. glaucum.  Though, Tithonia root length was 

recorded to be higher in control than the biochar treatments. However, 3% RB and SB recorded 

longest root in 2018 and 2019 respectively.  The current study supports the work of Bruun et al. 

(2014) who revealed that biochar boosts the plant biomass. Waines (2012) connected increased 

root growth with yield for some wheat cultivars. Farhangi-Abriz and Torabian (2018) also 

reported improvement of root length bean plant (Phaseolus vulgaris) in response to biochar 

application. 

Root growth is dependent on water-holding capacity (WHC) and bulk density of soil 

(Crutchfield, 2016).  Biochar can regulate soil water-holding capacity (Laird et al., 2010), 

thereby increasing plant biomass (Kammann et al., 2011). Bruun et al. (2014) further explained 

that the improved biomass result from increased water holding capacity and reduced soil bulk 

density by biochar. Though, high water holding capacity results to a waterlogged environment 

where plants tend to have reduced number of roots. Biochar applications is able to decrease 

water holding capacity of soil from 9% to 15% due to the biochar type and the soil (Dugan et al., 

2010; Karhu et al., 2011; Basso et al., 2013).  According to Crutchfield (2016), wheat (Triticum 

aestivum L.) plants have the tendency to increase in root growth when grown with biochar.  Root 

biomass in barley increased when similar rates of biochar (1% by weight) were applied in sandy 

soils, although there is a corresponding increase in yield (Bruun et al., 2014). 

Carter et al. (2013) revealed positive response of rice husk biochar addition on the aboveground 

biomass and belowground biomass of lettuce and cabbage in a sandy, acidic soil of Cambodia. 

His report suggested that rice husk biochar has important potential benefits for both subsistence 

and commercial agriculture. Sigua et al. (2015) also discovered favourable effects of sorghum 

biochars on aboveground and belowground biomass of winter wheat.  Rice straw biochar 
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addition improved the shoot and root biomass of two varieties of rice plants (Kamara et al., 

2015).  Same result was found in Tian et al. (2017) who indicated increase in both above ground 

and belowground biomass of Lotus by adding biochar.  

This study revealed a similar result to the previous reports made on positive response of biochars 

to plant biomass. This study revealed that biochars improved the aboveground biomass of Zea 

mays. For Pennisetum glaucum, the aboveground and belowground biomass was improved by 

the biochars except the shoot fresh weight in 2018. Comparing the results of this study to the 

report made by other researchers on biochars with respect to plant biomass, we could say that the 

performance of these biochars favoured the biomass of the studied plants. However, biochar had 

slight effect on the aboveground and belowground biomass of Tithonia diversifolia. Biomass was 

not recorded for Tridax due to its minuteness. Sigua et al. (2015) suggested that the neutral to 

positive response of plant biomass could result from the differences in the rapid and stable 

reaction of biochars oxidized in the soil is determined by their physico-chemical properties along 

with the physicochemical conditions of the soil. 

Increased pH promotes the formation of precipitates such as CdCO3, Cu(OH)2, and Pb5(PO4)3OH 

thereby affecting the mobility of metals in soil (Mousavi et al., 2010; Cao et al., 2011; Lu et al., 

2014). Determinants affecting bioavailable metals and their existence in plants are soil pH, SOM, 

soil texture, and interaction among the target elements (McBride et al., 2004). Metal 

accumulation by plants can be influenced by some determinants including metal content in soils, 

soil pH, SOM, types and varieties of plants, and plant life span (Jung, 2008). 

After the application of biochar in this experiment, for all the studied plants, the Pb content was 

lower than the permissible limits of 2.00 mg/kg recommended by WHO (1996) in both years. On 
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the contrary, Cd and Cr content were higher than the permissible limits of 0.02 mg/kg and 1.30 

mg/kg respectively. Iqbal et al. (2011) reported lower values of Cu, Pb and Cd content in plants 

which were within the permissiblie limit. However, Cr concentration in some plants was a threat 

due to its high values exceeding the permissible limit. He explained further that for those plants 

with low metal concentration, increased pH and fine soil texture could help them in the 

restriction of metal uptake. Alaboudi et al. (2019) also confirmed that increased soil pH could be 

influenced by biochar addition and presence of OH group. Lomaglio et al. (2016) also revealed 

that biochar amendments reduced the content of Pb in Phaseolus vulgaris especially in the shoot 

and he explained that the strong of affinity of the plant cell wall could be responsible for the 

reduced concentration. 

This study had similar report with Fosu-Mensah et al. (2017) who reported lower Zn content and 

higher Cd content in the plants when compared with the permissible limit. Wuana et al. (2013) 

also revealed higher Cd content than Pb in P. glaucum. The connection of Cd with non-residual 

fractions of heavy metal which contributes to its mobility and bio-availability to plant (Zhang et 

al., 2009) could result in the high Cd content in this study. The current study recorded low Cu 

concentration in Zea mays and P. glaucum treated with standard and sorghum biochar. Also, T. 

diversifolia recorded low Cu concentrations in all the treatments except 2% of standard biochar. 

Experiment conducted by Buss et al. (2011) and Ahmad et al. (2012) on introduction of biochar 

derived from hardwood forest green waste and oak reduced Cu and Pb content in Chenopodium 

quinoa and the seed germination percentage of Lactuca sativa under HMS. In contrast to the 

result of the current study, Fosu-Mensah et al. (2017) confirmed higher content of Pb in their 

study. In comparison with the permissible limits in the study, there were variations in the heavy 

metal content with respect to the application rates and biochar used. Hou et al. (2017) and Alwi 
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et al. (2018) opined that differences in metal uptake in plants depend on the plant species and 

heavy metal types. There was presence of more heavy metals in shoot than in root of the Zea 

mays and P. glaucum all through the experiment. This could be as a result of metal ions 

translocated to the shoot area through the transport network of the plant. 

Many plant species that may or may not associate with amendments, have been confirmed good 

candidates for phytoremediation (Moosavi and Seghatoleslami, 2013). The use of soil 

amendments in association with plants that possess high heavy metals tolerance can promote 

phytoextraction and phytostabilization through immobilization of metal(loids) and 

simultaneously improve the physico-chemical and biological properties of soils (Rees et al., 

2015; Sigua et al., 2019). Biochar as one of these amendments has presently been studied for in 

situ remediation of polluted soils in combination with plants (Beesley et al., 2011; Park et al., 

2011; Rees et al., 2015; Novak et al., 2018). There have been contrary results on the effects of 

amendment agents such as biochars on restriction of heavy metal movement in soil. Previous 

reports have shown that metal accumulated by plants is determined by the metal type, plant 

species and the sites (Hou et al., 2017; Leite et al., 2017). 

Plants with BCF and TF values greater than 1.0 are referred to as potential phytoextractors (Fitz 

and Wenzel, 2002) while plants that have high BCF values (BCF>1.0) and low TF (TF<1.0) are 

considered potential phytostabilizers (Mendez and Maier, 2008; Garba et al., 2013). In this 

study, control confirmed Zea mays and Pennisetum glaucum as phytoextractors of Cu and 

Tithonia diversifolia as phytoextractor of Cr. It was observed that the presence of biochar made 

Cu and Cr unavailable for the plants to either phytoetxract or phytostabilize. The result of this 

study is in agreement with Bashir et al. (2018b) who indicated that Cd and Cr availability was 

reduced in polluted soil due to addition of rice straw derived biochar.  



139 
 

From the result of the study it was observed that control revealed Pennisetum glaucum, Tridax 

procumbens and Zea mays as phytostabilizers of Cd, Pb and Cd and Cr, respectively.  These 

plants were unable to uptake these metals because of their reduction in the soil.  Bashir et al. 

(2019) suggested that the biochar features such as presence of micropores and surface functional 

groups could be accountable for the reduction of Cr mobility in soil therefore making it 

impossible for plant to uptake. As reported by Waqas et al. (2014), biochar decrease the Zn 

uptake in soybean shoots and roots. Zn has direct interaction with biochar and is sealed up 

through specific and nonspecific-adsorption thereby causing a reduction in the level of Zn 

availability in the soil (Park et al., 2011). Biochar has been used effectively to remediate heavy 

metal contaminated soils by reducing the concentration in plants grown in the amended soils 

(Beesley and Marmiroli, 2011; Fellet et al. 2011; Choppala et al., 2012; Zhang et al., 2013; 

Sousa et al., 2018). Biochar addition helps in decreasing the heavy metal intake by most plant 

species (Karami et al., 2011; Rees et al., 2016; Zheng et al., 2016). Biochars contain SiO3
2-, 

PO4
3-, CO3

2- and MnOx particles (Qian and Chen, 2013; Wang et al., 2015b), which form 

sorption sites with various structure that have storng affinity towards metals thereby forming 

precipitates such as Pb3(CO3)2(OH)2 (Cao et al., 2009), Cu3(CO3)2(OH)2 (Ippolito et al., 2012), 

CdCO3 and Cd3(PO4)2 (Zhang et al., 2015).  Nzediegwu et al. (2019) supported the suggestion 

made by Offenbacher and PiSunyer (1988) the reduction in Cr mobility could result from the 

interference with other metals, especially presence of Fe in the soil which may lead to reduction 

of Cr uptake in plants. In this case, the efficacy of the biochars to reduce heavy metal mobility 

for plant uptake renders edible plants safe for consumption. 

In agreement with Hossain et al. (2010) and Dede et al. (2012) who revealed that the application 

of biochars to soil enhanced the phytoextraction and soil properties to meet up the standard 
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agricultural values of the soils, this study shows that application of biochar improved 

phytoextraction of Cu and Cr in Zea mays in 2019. Also, 3% SB enhanced the phytoextraction of 

Cr and Pb in Pennisetum glaucum and Tithonia diversifolia, respectively. Result of Wuana et al. 

(2013) who reported P. glaucum to be a good phytoextractor for Cd due to its ability to take up 

Cd from soil to the shoot coincide with the result of this study which revealed that 3% StB 

described P. glaucum as a phytoextractor of Cd. Increased Cu mobility resulted from the organic 

matter that was released by biochar (Shen et al., 2018; Wang et al., 2018b). The organic matter 

released from the biochar bonded with Cu to form organic matter Cu-complexes thereby 

increasing the mobility of Cu (Meng et al., 2018b).  

The result obtained in the present study showed that rice biochar had positive influence on the 

phytostabilization of Cu, Zn and Pb in Zea mays. Pennisetum glaucum and Tithonia diversifolia 

had the potential to phytostabilize Cu and Cr, respectively after application of sorghum biochar 

at 3%. Previous studies demonstrated that biochar has the ability to reduce chromate Cr(VI) 

contaminated soils under neutral pH through the transformation of hexa-valent chromium Cr(VI) 

into tri-valent stable form Cr(III) (Choppala et al., 2012; Bolan et al., 2013). From this study, the 

3% RB had positive influence on the phytostabilization of Zn and Cd in Tridax procumbens. 

This result is in agreement with the work of other authors like Sigua et al. (2019) who showed 

that biochars improved the phytostabilization of Cd and Zn in corn which is in conjunction with 

Park et al. (2013) and Zhang et al. (2013).  They confirmed that sorption is one of the 

mechanisms used in heavy metals retention. Sorption of Cd and Zn in biochars could result from 

the complexation of the heavy metals with various functional groups that exist in the biochar, 

such as Ca+2 and Mg+2 (Lu et al., 2012), K+, Na+ and S, or resulting from physical adsorption 

(Uchimiya et al., 2011). Sigua et al. explained further that the high soil pH may contribute to the 
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enhancement of the phytostabilization of metals through adsorption and complexation of these 

metals. The certain techniques of restriction of metal movement in the biochar treatments, with 

high soil pH, was probably the outcome in the formation of precipitates such as Cd(OH)2 and 

Zn(OH)2. Other works revealed the application of biochar and phytostabilization using Brassica 

napus L. at targeted Cd-contaminated soils (Houben et al., 2013). In addition, the observations 

made by Hartley et al. (2009) and Case et al. (2014) revealed that biochar can be combined with 

Miscanthus to phytostabilize Cd and Zn in polluted soils.  Lebrun et al. (2016) also confirmed 

Salix alba as a good phytostabilizer for Pb. The reductions in plant heavy metal concentrations 

achieved with biochar application varied significantly for different types of plants (Alaboudi et 

al., 2019). 

Conclusion 

From the current research, it can be concluded that the studied biochars have the potential to 

amend degraded soil by improving the soil properties. Generally, biochar application improved 

the growth of plants in spent oil-contaminated soil. Rice biochar and sorghum biochar improved 

the plant growth. In addition, biochar has helped in remediating the polluted soil by reducing the 

heavy metals present. Lower Pb concentration was observed in the studied plants and higher 

concentration of the studied heavy metals were found in the shoot than in root hence the potential 

phytoextractor for phytoremediation.  

Tridax procumbens was found to be an indicator while other plants were more of accumulators. 

Studied plants could be either phytoextractor or phytostabilizer depending on their response to 

biochar treatments. Biochar may enhance soil fertility of soil and plant growth if suitable 
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application rates are applied. Therefore, biochar and plant remediation can be combined in the 

remediation of heavy metals contaminated soils for sustainable agriculture and environment. 

Major findings  

Biochars derived from rice and sorghum straws by slow pyrolysis have physical and chemical 

properties that are favourably comparable to the standard recommended by International Biochar 

Initiative (IBI). The functional groups identified in the biochars are relevant for heavy metal 

adsorption. Biochars demonstrated potentials to amend spent oil contaminated soil by improving 

soil properties required to support plant growth. Addition of biochars to the soil improved the 

growth of the studied plants. 

Zea mays is a good phytoextractor of Cu and Cr while others plants including, Pennisetum 

glaucum, Tithonia diversifolia and Tridax procumbens are phytostabilizers of heavy metals even 

though the heavy metals were lower than the permissible limit, which makes the edible ones 

harmless for consumption.  

Contributions to knowledge  

- Indigenous agricultural wastes in Nigeria, particularly sorghum and rice straws are 

suitable feedstocks for the production of biochar.  

- Locally produced biochars have the potential to amend contaminated soils.  

- The integrated use of biochar and phytoremediating plants have the potentials to amend 

contaminated soils. 
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Recommendations  

From the findings of this study, it is recommended that:  

1. In promoting a circular economy, rice and sorghum straws should be exploited for the 

production of biochar. This is a way to optimally utilize plant resources, reduce the waste 

build up and generate wealth.  

2. Biochars should be used to amend contaminated soil to make soil suitable for arable 

purposes. This is a simple, affordable, feasible and sustainable approach to remediate 

contaminated soils.  

3. Biochar and phytoremediating plants integrated and should be used to adequately amend 

spent oil contaminated soil. 

 

 

 

 

 

 

 

 

 



144 
 

REFERENCES 

Abbas, A., Azeem, M., Naveed, M., Latif, A., Bashir, S., Ali, A., Bilal, M. and Ali, L. (2019). 

Synergistic use of biochar and acidified manure for improving growth of maize in chromium 

contaminated soil. International Journal of Phytoremediation, DOI: 

10.1080/15226514.2019.1644286 

Abioye, O.P., Agamuthu, P. and Abdul Aziz, A.R. (2012). “Biodegradation of used motor oil in soil 

using organic waste amendments”. Biotechnology Resource Institute, doi: 10.1155/2012/587041. 

Abrishamkesh S., Gorji M., Asadi H., Bagheri-Marandi G.H., Pourbabaee A.A. (2015). Effects of 

rice husk biochar application on the properties of alkaline soil and lentil growth. Plant, Soil and 

Environment, 61: 475–482. 

Abukari, A. (2014). Effect of rice husk biochar on maize productivity in the Guinea Savannah Zone 

of Ghana. Master’s Thesis, Kwame Nkrumah University of Science and Technology, Kumasi, 

Ghana. 

Adams, C., Witt, E.C., Wang, J.M., Shaver, D.K., Summers, D., Filali-Meknassi, Y., Shi, H.L., Luna, 

R. and Anderson, N. (2007). Chemical quality of depositional sediments and associated soils in 

New Orleans and the Louisiana Peninsula following Hurricane Katrina. Environ. Sci. Technol., 

41: 3437–3443. 

Adejumo, S.A., Togun, A.O., Adediran, J.A. and Ogundiran, M.B. (2011). In-situ remediation of 

heavy metal contaminated soil using Mexican sunflower (Tithonia diversifolia) and cassava 

waste composts. World Journal of Agricultural Sciences, 7 (2): 224-233. 

Adekiya, A.O., Agbede, T.M., Olayanju, A., Ejue, W.S., Adekanye, T.A. and Adenusi, T.T. (2020). 

Effect of biochar on soil properties, soil loss and cocoyam yield on a tropical sandy loam Alfisol. 

Scientific World Journal. Volume 2020, Article ID 9391630, 9 pages 

https://doi.org/10.1155/2020/9391630. 

Adenipekun, C.O., Oyetunji, O.J. and Kassim, L.S. (2008). Effect of spent engine oil on the growth 

parameters and chlorophyll content of Cocchorus olitorus Linn. Environmentalist, 28: 446-450 

Adriano, D.C. (2001). Trace Elements in Terrestrial Environments, 2nd ed.; Springer-Verlag: New 

York, NY, USA, pp. 61–89. 

Adriano, D.C., Wenzel, W.W., Vangronsveld, J. and Bolan, N.S. (2004). Role of assisted natural 

remediation in environmental cleanup. Geoderma, 122:121–142 

Adu, A.A., Aderinola, O.J. and Kusemiju, V. (2015). Comparative effects of spent engine oil and 

unused engine oil on the growth and yield of Vigna Unguiculata (Cowpea). International 

Journal of Science and Technology, 4 (3):1-11. 

https://doi.org/10.1155/2020/9391630


145 
 

Adeoye, G.O. and Sridhar, M.K.C. (2008). Effect of inorganic and organo mineral fertilizers on the 

uptake of selected heavy metals by Helianthus annus L. and Tithonia diversifolia (Hems L.) 

under greenhouse condition. Toxicological Environ. Chem. 91(5):970-980. 

Agbogidi, O.M. and Egbuchua, C.O. (2010). Heavy metal concentrations of soil contaminated with 

spent engine oil in Asaba, Delta State. Acta Agronomica Nigeriana, 9(1-2):1-6. 

Agbogidi, O.M. and Enujeke, E.C. (2012). Effects of spent motor oil on soil physico-chemical 

properties and growth of Arachis hypogea L. Global of Bio-sci. Biotech., 1(1):7-74. 

Agbogidi, O.M. and Nweke, F.U. (2005). Effect of crude oil polluted soil on the performance of Okra 

(Abalmoschus esculentus L.). Moench in Delta Stat.  Afr. J. Nat. Sci., 8: 31-35. 

Agbogidi, O.M., Nweke, F.U. and Okechukwu, E.M. (2006). Yield performance of five cultivar of 

soya beans (Glycine max L. Merr) as influenced by soil contaminated with crude oil. Niger. Sci., 

8: 31-35. 

Agboola, A.A. and Adeoye, D.A. (2005). Critical level ofsoil plants available P, K, Zn, Mg, Cu and 

Mn on maize leaf content in sedimentary soils of Southwest Nigeria. Fert. Res., 6:66-71 

Agegnehu, J.G. (2017). Biochar, compost and biochar-compost: effect on crop performance, soil 

quality and greenhouse gas emissions in tropical agricultural soils. James Cook University, 

Australia.  

Ahamefule, E. H., Obi, E. M., Amana, S. M., Peter, P. C., Eifediyia, E. K. and Nwokochae, C. C. 

(2014). Spent engine oil contamination of an ultisol in southeastern Nigeria: Comparative effects 

on two crop species. Nigerian Journal of Agriculture, Food and Environment, 10(4):90-98. 

Ahmad, M., Lee, S. S., Yang, J.E., Ro, H.M., Lee, H.Y. and Ok, Y. (2012). Effects of soil dilution 

and amendments (mussel shell, cow bone, and biochar) on Pb availability and phytotoxicity in 

military shooting range soil. Ecotoxicology and Environmental Safety, 79: 225–231. 

Ahmad, M., Rajapaksha, A.U.,  Lim, J.E., Zhang, M., Mohan, N.B.D., Vithanage, M. ,Lee, S.S. and 

Ok, Y.S. (2014).  Biochar as a sorbent for contaminant management in soil and water: A review. 

Chemosphere, 99:19–33 

Ahmad, P., Sarwat, M., Bhat, N.A., Wani, M. R., Kazi, A.G.and Tran, L.S.P. (2015). Alleviation of 

cadmium toxicity in Brassica juncea L. (czern and coss) by calcium application involves various 

physiological and biochemical strategy. PLoS ONE. 

Ahmedna, M., John, M.M., Clarke, S.J., Marshal, W.E. and Rao, R.M. (1997). Potential of 

agricultural by-products based activated carbons for use in raw sugar and decolourization. 

Journal of the Science of Food and Agriculture, 75:117-124. 

Ajema, L. (2018). Effects of biochar application on beneficial soil organism review. International 

Journal of Research Studies in Science, Engineering and Technology.,5(5):9-18 



146 
 

Akanbi, W.A., Olaniran, D.A. and Adebayo, T.A. (2007). Control of insect pest of Cowpea in the 

field with allelochems from Tephrosia rogelii and Petiveria alliacea in Southern Guinea 

Savannah of Nigeria. Agric. J., 2: 365-369. 

Akobundu, O.I and Agyakwa, C.W. (1998). A handwork of West African weeds. International 

Institute of Tropical Agriculture.  

Alaboudi, K.A., Ahmed, B. and Brodie, G. (2019). Effect of biochar on Pb, Cd and Cr availability 

and maize growth in artificial contaminated soil. Annals of Agricultural Sciences, 64: 95–102 

Alburquerque, J. A., Calero, J. M., Barrón, V., Torrent, J., Del Campillo, M. C., Gallardo, A., and 

Villar, R. (2014). Effects of biochars produced from different feedstocks on soil properties and 

sunflower growth. Journal of Plant Nutrition and Soil Science, 177(1):16-25. 

Alburquerque, J. A., Salazar, P., Barrón, V., José Torrent, J., Campillo M.C., Gallardo A. and Villar, 

R. (2013). Enhanced wheat yield by biochar addition under different mineral fertilization levels.  

Agron. Sustain. Dev., 33: 475–484. 

Aleem, M. O., Alamu, L. O. and Olabode, O. S. (2014). Allelopathic effects of some selected tree 

species on the germination and growth of Cowpea (Vigna unguiculata L. Walp.). Open Journal 

of Forestry, 4:310-315. 

Ali, N.A., Bernal, M.P. and Ater, M. (2002). Tolerance and bioaccumulation of copper in Phragmites 

australis and Zea mays, Plant Soil., 239:103–111 

Ali, B., Gill, R.A., Yang, S., Gill, M.B., Farooq, M.A., Liu, D., Daud, M.K., Ali, S. and Zhou, W. 

(2015). Regulation of cadmium induced proteomic and metabolic changes by5- aminolevunic 

acid in leaves of Brassica napus.L. PLoS ONE. 

Ali, H., Khan, E. and Sajad, M.A. (2013) Phytoremediation of heavy metals. Concepts and 

applications. Chemosphere 91: 869–881. 

Alloway, B. J. (2009).  Soil factors associated with zinc deficiency in crops and humans. Environ 

Geochem Health, 31:537–548. 

Almuth, E. (2011). Biochar: A climate smart solution? Bischofliches Hilfswerk MISEREOR. 

Al-Wabel, M.I., Al-Omran, A., El-Naggar, A.H., Nadeem, M. and Usman, A.R.A. (2013). Pyrolysis 

temperature induced changes in characteristics and chemical composition of biochar produced 

from conocarpus wastes. Bioresour. Technol., 131:374–379, doi:10.1016/j.biortech.2012.12.165. 

Alwi, N.A., Asmawati and Liong, S. (2018). Phytoaccumulation of chromium (VI) metal ion by 

snake plant (Sansevieria tifasciata Prain). Indonesia Chimica Acta., 11(2): 1-10 

Amadi, A., Dickson, A.A. and Maate, G.O. (1993). Remediation of oil polluted soils. Effects of 

organic and inorganic nutrient supplements on the performance of maize (Zea mays L.). Water, 

Air and Soil Pollution, 66:59-76. 



147 
 

Ambarsht , R.S. (1986). A Text Book of Plant Ecology Students Friends & Company; Varanasi India 

American Society for Testing and Materials (ASTM) (1972). Standard methods of test for alcohol-

benzene solubility of wood designated. D1107-56. 

Amonette, J. E. and Joseph, S. (2009). Physical properties of biochar. In: Lehmann, J., Joseph, S. 

(Eds.), Biochar for Environmental Management. London Sterling, VA, pp. 13–29. 

Amusan, A.A., Ige, D.V. and Olawale, R. (2005). Characteristics of soil and crops uptake of metal in 

municipal waste dumpsites in Nigeria. J. Hum. Ecol., 17:167-171 

Andrenelli, M., A. Maienza, L. Genesio, F. Miglietta, S. Pellegrini, F. Vaccari, (2016). Field 

application of pelletized biochar: Short term effect on the hydrological properties of a silty clay 

loam soil. Agric. Water Manage. 163:190–196.  

Anoliefo, G. O. and Edegbai, B. O. (2000). Effect of spent engine oil as a soil contaminant on the 

growth of two egg plant species, Solanum melongena L. and Solanum incanum L. Journal of 

Agriculture, Forestry and Fisheries,1:21-25. 

Anoliefo, G. O. and Vwioko, D. E. (1995). Effects spent lubricating oil on the growth of Capsicum 

annum L. and Lycopersicon esculentum Miller. Environmental Pollution, 88: 361-364. 

Anon (1985). Collection and disposal of oily wastes in Nigeria. Report prepared by RRI (Nig.) Ltd., 

for the Petroleum Oil Wastes Disposal Committee. 

Antal, A. J. Jr. and Gronli, M. (2003). The art, science and technology of charcoal production. 

Industrial and Engineering Chemistry Research, 42:1619-1640. 

AOAC (2005) Chapter 2, fertilizers. In Official methods of analysis of AOAC International, 

WashingtoN. 

Araruna, Jr J.T., Portes, V.L.O., Soares, A.P.L., Silva, M.G. and Sthel, M.S. (2004). Oil spills debris 

clean up by thermal desorption. J. Hazard Mater., 110: 161-171. 

Armynah, B., Atika, Djafar, Z., Piarah, W.H. and Tahir, D. (2018). Analysis of chemical and physical 

properties of biochar from rice husk biomass. IOP Conf. Series: Journal of Physics. Conf. Series 

979. 

Arvidsson, J. (1999). Nutrient uptake and growth of barley as affected by soil compaction. Plant Soil, 

208:9–19.  

Asai, H., Samson, B. K., Stephan, H. M., Songyikhangsuthor, K., Homma, K., Kiyono, Y. and Horie, 

T. (2009). Biochar amendment for upland rice production in Northern Laos: Soil physical 

properties, leaf SPAD and grain yield. Field Crops Research, 111(1): 81-84. 

ASTM 1762. (1990). http://www.astm.org/Standards/D1762.htm. 

http://www.astm.org/Standards/D1762.htm


148 
 

Atkinson, C. J., Fitzgerald, J.D. and Hipps, N.A. (2010). Potential mechanisms for achieving 

agricultural benefits from biochar application to temperate soils: a review. Plant Soil, 337:1–18 

ATSDR (Agency for Toxic Substances and Disease Registry). (1997). Toxicology profile for used 

mineral based crankcase oil. Department of Health and Human Services, Public Health Service 

Press, Atlanta, GA, USA. 

Atuanya, E. I. (1987). Effect of waste engine oil pollution on physical and chemical properties of soil. 

A case study of waste oil contaminated Delta Soil in Bendel State. Nigeria Journal of Applied 

Sciences, 5:155-176. 

Awad, Y. M., Blagodatskaya, E., Ok, Y. S., and Kuzyakov, Y. (2012). Effects of polyacrylamide, 

biopolymer, and biochar on decomposition of soil organic matter and plant residues as 

determined by C14 and enzyme activities. Eur. J. Soil Biol., 48:1–10. 

Awad, Y.M., Blagodatskaya, E., Ok, Y.S. and Kuzyakov, Y. (2013). Effects of polyacrylamide, 

biopolymer and biochar on the decomposition of C14-labelled maize residues and on their 

stabilization in soil aggregates. Eur. J. Soil Sci., 64, 488–499. 

Awodoyin, R.O., Egberongbe, R.K. and Ogunyemi, S. (2010). Can Tithonia diversifolia (Hemsl.) A. 

Gray, a pantropic invasive weed species, clean up spent lubricating oil polluted soils? Global 

Journal of Environmental Sciences, 9 (1 & 2): 71-79. 

Ayeni, A. O., Lordbanjou, D. T. and Majek. B. A. (1997). Tithonia diversifolia (Mexican sunflower) 

in South-western Nigeria: Occurrence and growth habit. Weed Research, 37: 443-449. 

Baccio, D., Kopriva, S., Sebastiani, L. and Rennenberg, H. (2005). Does glutathione metabolism have 

a role in the defence of poplar against zinc excess. New Phytol., 167:73–80 

Baker, A.J.M. (1981). Accumulators and Excluders-Strategies in the response of Plants to Heavy 

Metals. Journal of Plant Nutrition, 3(1-4) :643-654. 

Baker, J.M. (1970). The effects of oils on plants. Environ. Pollut.,1:27-44. 

Balat, M., Balat, M., Kırtay, E. and Balat, H. (2009). Main routes for the thermo-conversion of 

biomass into fuels and chemicals. Part 1: Pyrolysis systems. Energy Convers. Manag., 50: 3147–

3157. 

Baldock, J.A. and Smernik, R.J. (2002). Chemical composition and bioavailability of thermally, 

altered Pinus resinosa (red pine) wood. Org Geochem., 33:1093-1097 

Bamiro, A.O. and Osibanjo, O. (2004).  Pilot study of used oils in Nigeria. Int. J. Math. Comp. Sci., 

15: 100-165.  

Bareen, F., Shafiq, M. and Jamil, S. (2012). Role of plant growth regulators and a saprobic fungus in 

enhancement of metal phytoextraction potential and stress alleviation in pearl millet. Journal of 

Hazardous Materials, 237-238:186-193. 

http://scholarism.net/FullText/2013154.pdf
http://scholarism.net/FullText/2013154.pdf


149 
 

Barrow, C.J. (2012). Biochar: Potential for countering land degradation and for improving 

agriculture. Applied Geography, 34: 21-28. 

Bashir, S., Salam, A., Rehman, M., Khan, S., Gulshan, A.B., Iqbal, J., Shaaban, M., Mehmood, S., A. 

and Hu, H. Z. (2019). Effective role of biochar, zeolite and steel slag on leaching behavior of Cd 

and its fractionations in soil column study. Bull Environ. Cont. Toxicol., 1:1–6. 

Bashir, S., Hussain, Q., Shaaban, M. and Hu, H. (2018a). Efficiency and surface characterization of 

different plant derived biochar for cadmium (Cd) mobility, bioaccessibility and bioavailability to 

Chinese cabbage in highly contaminated soil. Chemosphere. 21:632–639. 

Bashir, S., Zhu, J., Fu, Q. and Hu, H. (2018b). Cadmium mobility, uptake and anti-oxidative response 

of water spinach (Ipomoea Aquatic) under rice straw biochar, zeolite and rock phosphate as 

amendments. Chemosphere, 19:579–587 

Basso, A. S., Miguez, F. E., Laird, D. A., Horton, R. and Westgate, M. (2013). Assessing potential of 

biochar for increasing water-holding capacity of sandy soils. GCB Bioenergy, 5(2):132-143. 

Batista, E.M.C.C., Shultz, J., Matos, T.T.S., Fornari, M.R., Ferreira, T.M., Szpoganicz, B., de Freitas, 

R.A. and Mangrich, A.S. (2018). Effect of surface and porosity of biochar on water holding 

capacity aiming indirectly at preservation of the Amazon biome. Sci. Rep., 8, 10677 

Beesley, L. and Marmiroli, M. (2011). The immobilisation and retention of soluble arsenic, cadmium 

and zinc by biochar. Environ Pollut., 159:474–80 

Beesley, L., Marmiroli, M., Pagano, L., Pigoni, V., Fellet, G., Fresno, T., Vamerali, T., Bandiera, M., 

and Marmiroli, N. (2013). Biochar addition to an arsenic contaminated soil increases arsenic 

concentrations in the pore water but reduces uptake to tomato plants (Solanum lycopersicum L.). 

Sci. Total Environ., 454–455, 598–603. 

Beesley, L., Moreno-Jimenez, E. and Gomez-Eyles, J.L. (2010). Effects of biochar and greenwaste 

compost amendments on mobility, bioavailability and toxicity of inorganic and organic 

contaminants in a multi-element polluted soil. Environ Pollut., 158:2282–2287. 

Berek, A. K. (2014). Exploring the potential roles of biochars on land degradation mitigation. Journal 

of Degraded and Mining Lands Management, 1(3):149-158. 

Biederman, L.A. and Harpole, W.S. (2013). Biochar and its effect on plant productivity and nutrient 

cycling: a meta-analysis. Glob. Change Biol. Bioenergy, 5:202-214 

Bizly, S., Rugh, C.L. and Meager, R.B. (2000). Efficient phytodetoxification of the environmental 

pollutant methyl mercury by engineered plants. Nat. Biotech-nol., 18: 213-217. 

Blake, G. R. and Hartage, K. H. (1986). In: Methods of soil analysis, part 1, Klute A. (Ed). 

Monograph No.9. American Society of Agronomy, Madison, Wisconsin, 363-375. 

Blanco-Canqui, H. (2017). Biochar and soil physical properties. Soil Science Society of America 

Journal. 81:687-711. 



150 
 

Blaylock, M. J., Salt, D.E. Dushenkov, S., Zakharova, O. and Gussman C. (1997). Enhanced 

accumulation of Pb in Indian mustard by soil-applied chelating agents. Environ. Sci. Technol., 

31: 860-865. 

Bolan, N.S., Adrian, D.C., Mani, P.A. and Duraisamy, A. (2003). Immobilization and 

phytoavailability of cadmium in variable charge soils. II. Effect of lime addition. Plant Soil, 

251:187–198 

Bolan, N.S., Kunhikrishnan, A., Choppala, G.K., Thangarajan, R. and Chung, J.W. (2012). 

Stabilization of carbon in composts and biochars in relation to carbon sequestration and soil 

fertility. Sci. Total Environ., 424:264–270. 

Bolan, N.S., Kunhikrishnan, A. and Naidu, R. (2013). Carbon storage in a heavy clay soil landfill site 

after biosolid application. Sci. Total Environ., 465:216-225. 

Bolan, N., Kunhikrishnan, A., Thangarajan, R., Kumpiene, J., Park, J., Makino, T., Kirkham, M.B. 

and Sheckel, K. (2014). Remediation of heavy metal(loid)s contaminated soil- to mobilize or 

immobilize? J. Hazard Mater., 266 (4): 141-166.  

Boonyapookana B., Parkplan P., Techapinyawat S., DeLaune R.D. and Jugsujinda A. (2005). 

Phytoaccumulation of lead by sunflower (Helianthus annuus), tobacco (Nicotiana tabacum), and 

vetiver (Vetiveria zizanioides). J. Environ. Sci. Heal., 40:117-137. 

Boonyapookana, B., Upatham, E.S., Kruatrachue, M., Pokethitiyook, P., Singhakaew, S. (2002). 

Phytoaccumulation and phytotoxicity of cadmium and chromium in duckweed Wolffia globosa. 

Int. J. Phytoremed., 4:87–100. 

Borchard, N., Wolf, A., Laars, V., Aeckersberg, R., Scherer, H.W. and Moeller, A. (2012). Physical 

activation of biochar and its meaning for soil fertility and nutrient leaching-a greenhouse 

experiment. Soil Use Managt., 28:177–84. 

Boughton, B. and Horvath, A. (2004). Environmental Assessment of Waste oil Management 

Methods. Environ . Sci. Technol., 38:353-358. 

Bouqbis, L., Daoud, S., Koyro, H., Kammann, C.I., Ainlhout, L.F.Z. and Harrouni, M.C. (2016). 

Biochar from argan shells: production and characterization. Int. J. Recycl. Org. Waste Agricult., 

5:361-365. 

Brandt, R., Merkl, N., Schultze-kranft, R., Infante, C. and Broll, G. (2006). Potential of vetiver 

(Vetiveria zizanioides L. Nash) for phytoremediation of petroleum hydrocarbon- contaminated 

soils in Venezuela. Int. J. phytoremed., 8: 273-284. 

Brassard, P., Godbout, S., Raghavan, V.G.S., Palacios, J.H., Grenier, M. and Zegan, D. (2017). The 

production of engineered biochars in a vertical auger pyrolysis reactor for carbon sequestration. 

Energies, 10: 288. 

http://pubs.acs.org/doi/abs/10.1021/es034236p
http://pubs.acs.org/doi/abs/10.1021/es034236p


151 
 

Bridgwater A.V., Czernik, S. and Piskorz, J. (2001). An overview of fast pyrolysis. In: Bridgwater 

AV, editor.Progress in thermochemical biomass conversion. IEA Bioenergy. Blackwell Sciences. 

pp. 977-97. 

Brinkman, D.W (1991).  Large Grassroots Lube Refinery in Operation. Oil Gas J., 89: 60-63. 

Broadhurst, C.L., Chaney, R.L., Angle, J.S., Maugel, T.K., Erbe, E.F. and Murphy, C.A. (2004). 

Simultaneous hyperaccumulation of nickel, manganese, and calcium in Alyssum leaf trichomes. 

Environ. Sci. Technol., 38:5797-5802 

Brockhoff, S. R., Christians, N. E., Killorn, R. J., Horton, R. and Davis, D. D. (2010). Physical and 

mineral-nutrition properties of sand-based turfgrass root zones amended with biochar. Agronomy 

Journal, 102(6):1627-1631. 

Brown, R. (2009). Biochar production technology. In: Lehmann, J., Joseph, S. (Eds.). Biochar for 

Environmental Management Science and Technology. Earthscans, UK, pp. 127–146 

Brownsort, P.A. (2009). Biomass Pyrolysis Process: Review of Scope, Control and Variability, 

Newcastle. 

Bruun, E. W., Petersen, C. T., Hansen, E., Holm, J. K.  and Hauggaard-Nielsen, H. (2014). Biochar 

amendment to coarse sandy subsoil improves root growth and increases water retention. Soil use 

and management, 30(1):109-118. 

Buss, W., Graham, M. C. and Shepherd, J. G. (2016). Risks and benefits of marginal biomass-derived 

biochars for plant growth. Science of the Total Environment, (569-570):496-506. 

Buss, W., Kammann, C. and Koyro, H.W. (2011). Biochar reduces copper toxicity in Chenopodium 

quinoa Willd. in a sandy soil. J. Environ. Qual., 40:1–9. 

Cantrell. K.B., Hunt, P.G., Uchimiya, M., Novak, J.M. and Ro, K.S. (2012). Impact of pyrolysis 

temperature and manure source on physicochemical characteristics of biochar. Bioresour. 

Technol. Elsevier, 107: 419- 28. 

Cao, C.T.N., Farrella, C., Kristiansenc, P.E. and Rayner, J.P. (2014). Biochar makes green roof 

substrates lighter and improves water supply to plants. Ecol. Eng. 71:368–374. 

doi:10.1016/j.ecoleng.2014.06.017. 

Cao, X. and Harris, W. (2010). Properties of dairy-manure-derived biochar pertinent to its potential 

use in remediation. Bioresour. Technol., 101:5222–5228. 

Cao, X., Ma, L., Gao, B. and Harris, W. (2009). Dairy-manure derived biochar effectively sorbs Lead 

and Atrazine. Environ. Sci. Technol., 43:3285-3291.  

Cao, X., Ma, L., Liang, Y., Gao, B. and Harris, W. (2011). Simultaneous immobilization of Lead and 

Atrazine in contaminated soils using dairy manure biochar. Environ Sci Technol., 45:4884–4889 

http://www.osti.gov/scitech/biblio/5794271


152 
 

Cao, P., Lu, C. and Yu, Z. (2017). Agricultural Nitrogen fertilizer uses in the continental U.S. during 

1850-2015: A set of gridded time-series data. PANGAEA 

Carter, S., Shackley, S., Sohi, S., Suy, T.B. and Haefele, S. (2013). The impact of biochar application 

on soil properties and plant growth of pot grown lettuce (Lactuca sativa) and cabbage (Brassica 

chinensis). Agronomy, 3:404-418 

Case, S. D. C., McNamara, N. P., Reay, D. S., and Whitaker, J. (2014). Can biochar reduce soil 

greenhouse gas emissions from a Miscanthus bioenergy crop?, GCB Bioenergy, 6: 76–89. 

Chan, K.Y., Zwieten, L.V., Meszaros, I., Downie, A. and Joseph, S. (2007). Agronomic values of 

greenwaste biochar as a soil amendment. Australian J. Soil Res., 45: 629-634.  

Chan, K. Y., Zwieten, L.V., Meszaros, I., Downie, A. and Joseph, S. (2008). Using poultry litter 

biochar as soil amendments. Australian J. Soil Res., 46: 437-444.  

Chandra, S.K., Kamala, C.T., Chary, N.S., Balaram, V. and Garcia, G. (2005). Potential of 

Hemidesmus indicus for phytoextraction of lead from industrially contaminated soils. 

Chemosphere, 58:507-514. 

Chen, B., Chen, Z., and Li, S. (2011). A novel magnetic biochar efficiently sorbs organic pollutants 

and phosphate. Bioresource technology, 102(2):716-723. 

Chen, H., Xie, A. and You, S. (2018).  A Review: Advances on absorption of heavy metals in the 

waste water by biochar IOP Conf. Series: Materials Science and Engineering 301. 

Cheng, C.H., Lehmann, J., Thies, J.E., Burton, S.D. and Engelhard, M.H. (2006). Oxidation of black 

carbon by biotic and abiotic processes. Org. Geochem., 37: 1477–1488. 

Cheng, C.H., Lehmann, J. and Engelhard, M.H. (2008). Natural oxidation of black carbon in soils: 

Changes in molecular form and surface charge along a climosequence. Geochim Cosmochim Ac., 

72(6):1598-1610. 

Cho, Y.M., Ghosh, U., Kennedy, A.J., Grossman, A., Ray, G., Tomaszewski, J.E., Smithenry, D.W., 

Bridges, T.S. and Luthy, R.G. (2009). Field application of activated carbon amendment for in-

situ stabilization of Polychlorinated Biphenyls in Marine sediment. Environ. Sci. Technol., 

43:3815–3823. 

Choppala, G. K., Bolan, N. S., Megharaj, M., Chen, Z. and Naidu, R. (2012) The influence of biochar 

and black carbon on reduction and bioavailability of chromate in soils. J. Environ. Qual., 41, in 

press. 

Chun, Y., Sheng, G., Chiou, C.T. and Xing, B. (2004). Compositions and sorptive properties of crop 

residue-derived chars. Environ. Sci. Technol., 38:4649–4655. 

Claoston, N., Samsuri, A.W., Ahmad Husni, M.H. and Mohd Amran, M.S.  (2014). Effects of 

pyrolysis temperature on the physicochemical properties of empty fruit bunch and rice husk 

biochars. Waste Manag. Res., 32: 331–339.  



153 
 

Clonfero, E., Nardini, B., Marchioro, M., Bordin, A. and Gabbani G. (1996). Mutagenicity and 

contents of polycyclic aromatic hydrocarbons in used and recycled motor oils. Mutation 

Research/Genetic Toxicology, 368:283–291. 

Cobbett, C. and Goldsbrough, P. (2002). Phytochelatins and metallothioneins: Roles in heavy metal 

detoxification and homeostasis. Ann. Rev. Plant Biol., 53:159-182. 

Colantoni, A., Zambon, I., Colosimo, F., Monarca, D., Cecchini, M., Gallucci, F., Proto, A.R. and 

Lord, R. (2016). An innovative agro-forestry supply chain for residual biomass: Physicochemical 

characterisation of biochar from Olive and Hazelnut pellets. Energies, 9:526. 

Collison, M., Collison, L., Sakrabani, R., Tofield, B. and Wallage, Z. (2009). Biochar and carbon 

sequestration: A regional perspective. Low Carbon Innovation Centre, UEA, Norwich 

Cornelissen, G., Haftka, J., Parsons, J. and Gustafsson, O. (2005). Sorption to black carbon of organic 

compounds with varying polarity and planarity. Environ. Sci. Technol., 39:3688–3694. 

Crombie, K., Masˇek, O., Sohi, S.P., Brownsort, P. and Cross, A. (2013). The effect of pyrolysis 

conditions on biochar stability as determined by three methods. Glob. Chang. Biol. Bioenergy, 

5:122–131. 

Crutchfield, E. F. (2016). Biochar’s effect on plant growth and soil nutrient loss. Peer 

reviewed|Thesis/dissertation. https://escholarship.org/uc/item/0kr7d1k1 

Cui, L., Li, L., Zhang, A., Pan, G., Bao, D. and Chang, A. (2011). Biochar amendment greatly 

reduces rice Cd uptake in a contaminated paddy soil: A two-year field experiment, Bioresources, 

6:2605–2618. 

Cui, L., Pan, G., Li, L., Yan, J., Zhang, A., Bian, R., and Chang, A. (2012). The reduction of wheat 

Cd uptake in contaminated soil via biochar amendment: A two-year field experiment, 

Bioresources, 7:5666–5676. 

Cummer, K.R., and Brown. R.C. (2002). Ancillary equipment for biomass gasification. Biomass and 

Bioenergy, 23:113-128 

Curaqueo, G., Meier, S., Khan, N., Cea, M. and Navia, R. (2014). Use of biochar on two volcanic 

soils: Effects on soil properties and barley yield. J. Soil Sci. Plant Nutr., 14: 911–924. 

Cybulak, M., Sokołowska, Z. and Boguta, P. (2016). Hygroscopic moisture content of podzolic soil 

with biochar. Acta Agroph., 23(4):533–543. 

Czernik, S. and Bridgwater, A.V. (2004). Overview of applications of biomass fast pyrolysis oil. 

Energy and Fuels, 18:590- 598. 

Dale, P., Repekine, J. and Levrnskaite, L.  and Lugauskas, A. (2006). Growth and metal accumulation 

ability of plants on soil polluted with Cu, Zn and Pb. Ekologija, 1:48-52. 

https://escholarship.org/uc/item/0kr7d1k1


154 
 

Daniel-Kalio, L.A. and Pepple, S.F. (2006). Effect of bonny light crude oil pollution of soil of the 

growth of dayflower (Commelina bengalensis) in the Niger Delta, Nigeria. J. Applied Sci. 

Environ. Mgt., 10: 111-114. 

Darmstadt, H., Pantea, D., Su¨mmchen, L., Roland, U., Kaliaguine, S. and Roy, C. (2000). Surface 

and bulk chemistry of charcoal obtained by vacuum pyrolysis of bark: influence of feedstock 

moisture content. J. Anal. Appl. Pyrol., 53:1–17. 

Das, P., Samantaray, S. and Rout, G.R. (1997). Studies on cadmium toxicity in plants: A review. 

Environ. Pollut., 98:29–36. 

Davies, F.T., Puryear, J.D., Newton, R.J., Egilla, J.N. and Grossi, J.A.S. (2002). Mycorrhizal fungi 

increase chromium uptake by sunflower plants: influence on tissue mineral concentration, 

growth, and gas exchange. J. Plant Nutr., 25:2389–2407. 

Davis, A.P., Shokouhian, M. and Ni, S. (2001). Loading estimates of lead, copper, cadmium, and zinc 

in urban runoff from specific sources. Chemosphere, 44:997–1009. 

de Abreu, C.A., Coscione, A.R., Pires, A. M. and Paz-Ferreiro, J. (2012) Phytoremediation of a soil 

contaminated by heavy metals and boron using castor oil plants and organic matter amendments. 

J. Geochem. Explor., 123: 3–7. 

Dede, G., Ozdemir, S. and Hulusi, D.O. (2012). Effect of soil amendments on phytoextraction 

potential of Brassica juncea growing on sewage sludge. Int. J. Environ Sci. Technol., 9:559–564. 

DeLuca, T.H., Gundale, M.J., MacKenzie, M.D. and Jones, D.L. (2015). Biochar effects on soil 

nutrient transformation. In: Lehmann J, Joseph S, editors. Biochar for Environmental 

Management: Science and Technology. 2nd ed. Routledge, pp. 421-454 

Demirbas, A. (2004). Effects of temperature and particle size on biochar yield from pyrolysis of 

agricultural residues. Journal of Analytical and Applied Pyrolysis, 72:243–248. 

Demirevska-Kepova, K., Simova-Stoilova, L., Stoyanova, Z., Holzer, R. and Feller, U. (2004). 

Biochemical changes in barley plants after excessive supply of copper and manganese. Environ. 

Exp. Bot., 52:253–266 

De Pasquale, C., Marsala, V., Berns, A. E., Valagussa, M., Pozzi, A., Alonzo, G. and Conte, P. 

(2012). Greenhouse growth of Euphorbia × lomi Rauh in peat reduced and peat free substrates 

prepared with different composted waste. Acta Hort, 801: 1105-1112. 

Diana, B.R., Diane, J.K., Richard, E.T. and James, J.G. (2004). Natural revegetation of hydrocarbon-

contaminated soil in semi-arid grasslands. Journal Can. Bot., 82: 22-30. 

Dias, B.O., Silva, C.A., Higashikawa, F.S., Roig, A. and Sanchez-Monedero, M.A. (2010). Use of 

biochar as bulking agent for the composting of poultry manure; effect on organic matter 

degradation and humification. Bioresource Technology, 101:1239–1246.   



155 
 

Dick, R.P. (2007). Soil enzyme activities as integrative indicator of soil health in biological 

indicators of soil health.9th Eds CE Pankhurst, BM Double and V.VS.V.R Gupta CABI Pub. 

Wallington UK 

Dickson, U.J. and Udoessien, E.I. (2012). Physicochemical studies of Nigeria’s crude oil blends. Pet 

Coal, 54(3):243-251. 

Dillewijn, P.V., Caballero, A., Paz, J.A., Gonzalez-Perez, M. M., Oliva, J.M. and Bamos, J. L. 

(2007). Bioremediation of 2,4,6-trinitrotoluene under field conditions, Environ. Sci. Technol., 

41:1378–1383. 

Ding, W., Dong, X., Ime, L.M., Gao, B. and Ma, L.Q. (2014). Pyrolytic temperatures impact on lead 

sorption mechanisms by bagasse biochars. Chemosphere. 105: 68-74 

Ding, Y., Liu, Y., Liu, S., Li, Z., Tan, X., Huang, X., Zeng, G., Zhou, X and Zheng, B. (2016). 

Biochar to improve soil fertility. A review. Agron. Sustain. Dev., 36: 2-18. 

DIN ISO (2011). Draft International Standard ISO/DIS 14238.  

DOE/NWC, (1981). Report of the sub-committee on the disposal of sewage sludge to land. Standing 

Tech. Committee Report No. 2, Dept. of Environment. London. 

Domingues, R.R., Trugilho, P.F., Silva, C.A., de Melo, I.C.N.A., Melo, L.C.A., Magriotis, Z.M. and 

Sa´nchez-Monedero, M.A. (2017). Properties of biochar derived from wood and high nutrient 

biomasses with the aim of agronomic and environmental benefits. PLoS ONE 

https://doi.org/10.1371/journal.pone.0176884. 

Dominic, W. (2008). Biochar as a soil amendment: A review of the environmental implications.  

Doumer, M.E., Arízaga, G.G.C., Silva, D.A., Yamamoto, C.I., Novotny, E.H., Santos, J.M., dos 

Santos, L.O., Wisniewski, A., Jr., de Andrade, J.B. and Mangrich, A.S. (2015). Slow pyrolysis of 

different Brazilian waste biomasses as sources of soil conditioners and energy, and for 

environmental protection. J. Anal. Appl. Pyrolysis, 113:434–443. 

Downie, A., Crosky, A. and Munroe, P. (2009). Physical properties of biochar. In: Lehmann, J. and 

Joseph, S. (eds.): Biochar for Environmental Management: Science and Technology. Earthscan, 

London. pp. 13-32. 

Dugan, E., Verhoef, A., Robinson, S. and Sohi, S. (2010). Biochar from sawdust, maize stover and 

charcoal: Impact on water holding capacities (WHC) of three soils from Ghana. In 19th World 

Congress of Soil Science, Symposium, 4(2):9-12. 

Durgacharan, A.B., Suresh, G.K. and Rahul, S.A. (2008). Antidiabetic activity of leaf extracts of 

Tridax procumbens. Indian Journal of Green Pharmacy, 2: 126-128. 

Ebbs, S.D. and Kochian, L.V. (1997). Toxicity of zinc and copper to Brassica species: Implications 

for phytoremediation.  J. Environ. Qual., 26:776–781 

https://doi.org/10.1371/journal.pone.0176884


156 
 

Edebiri, R.A.O. and Nwanokwale, E. (1981). Control of pollution from internal combustion engine 

used lubricant. In: Proceedings International Seminar on Petroleum Industry and the Nigerian 

Environment, pp. 9–12. 

Ekpete, O.A.  and Festus, C. (2013). Heavy metal distribution in soil along Iwofe Rumuolumeni road. 

Experiment, Mar., 8(1), 450-455 

Ekundayo, E.O. and Obuekwe, O. (2000). Effects of an oil spill on soil physico-chemical properties 

of a spill site in a Typic Udipsamment of the Niger Delta Basin of Nigeria. Environ. Monit. 

Assess., 60(2):235–249. 

El-Fadel, M. and Khoury, R. (2004). Strategies for vehicle waste-oil management: A case study. 

Resour. Conserv. Recyc., 33:75-91.  

Enders, A., Hanley, K., Whitman, T., Joseph, S. and Lehmann, J. (2012). Characterization of biochars 

to evaluate recalcitrance and agronomic performance. Bioresour. Technol., 114: 644-53. 

Evangelou, M.W.H., Fellet, G., Ji, R. and Schulin, R. (2015) Phytoremediation and Biochar 

Application as an Amendment. Pp 253-263 

Fabbri, D., Torri, C. and Spokas, K. A. (2012). Analytical pyrolysis of synthetic chars derived from 

biomass with potential agronomic application (biochar). Relationships with impacts on microbial 

carbon dioxide production. Journal of Analytical and Applied Pyrolysis, 93(0) :77-84. 

Fang, Y., Singh, B., Singh, B. P., and Krull, E. (2014). Biochar carbon stability in four contrasting 

soils. Europ. J. Soil Sci., 65: 60–71. 

Farhangi-Abriz, S. and Torabian, S. (2018). Effect of biochar on growth and ion contents of bean 

plant under saline condition. Environ. Sci. Pollut. Res. Int. 25(12):11556-11564 

Fatoba, P.O., Ogunkunle, C.O. and Ihaza, C.O. (2015). Assessment of metal pollution of soil and 

diagnostic species associated with oil spills in the Niger-Delta, Nigeria. Environ. Res. Eng. 

Manag., 71(3):13–22 

Favas, P. J., Pratas, J., Varun, M., D’Souza, R. and Paul, M. S. (2014). Phytoremediation of Soils 

Contaminated with Metals and Metalloids at Mining Areas: Potential of Native Flora, 

Environmental Risk Assessment of Soil Contamination, Dr. Maria C. Hernandez Soriano 

https://www.intechopen.com/books/environmental-risk-assessment-of-soil 

Fellet, G., Marchiol, L., Delle Vedove, G. and Peressotti, A. (2011). Application of biochar on mine 

tailings: Effects and perspectives for land reclamation. Chemosphere, 83:1262–1267. 

Fellet, G., Marmiroli, M. and Marchiol, L. (2014). Element uptake by metal accumulator species 

grown on mine tailings amended with three types of biochar. Sci. Total Environ., 468: 598-608 

Fernández, J.M., Nieto, M.A., López-de-sá, E.G., Gascó G., Méndez, A. and Plaza, C. (2014). Carbon 

dioxide emmisions from semi-arid soils amended with biochar alone or combined with mineral 

and organic fertilizers. Sci. Total Environ., 482–483, 1–7. 

http://www.sciencedirect.com/science/article/pii/S0921344901000581
http://www.sciencedirect.com/science/article/pii/S0921344901000581
https://www.intechopen.com/books/environmental-risk-assessment-of-soil


157 
 

Fitz, W.J. and Wenzel, W.W. (2002). Arsenic transformations in the soilerhizospheree plant system: 

fundamentals and potential application to phytoremediation. J. Biotechnol., 99:259-278. 

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., Chapin, F. S., Coe, 

M.T., Daily,G. C., Gibbs, H. K., Helkowski, J. H., Holloway,T.,Howard, E. A., Kucharik, C. J., 

Monfreda, C., Patz, J. A., Prentice, I. C., Ramankutty,N. and Snyder, P. K. (2005) ‘Global 

consequences of land use’, Science, 309:570–574. 

Fontes, R.L.S. and Cox, F.R. (1998). Zinc toxicity in soybean grown at high iron concentration in 

nutrient solution. J. Plant Nutr., 21:1723–1730. 

Fosu-Mensah, B.Y., Addae, E., Yirenya-Tawiah, D. and Nyame, F.  (2017). Heavy metals 

concentration and distribution in soils and vegetation at Korle Lagoon area in Accra, Ghana. 

Cogent Environmental Science, 3(1):405-887 

Foy, C.D., Chaney, R.L. and White, M.C. (1978). The physiology of metal toxicity in plants. Ann 

.Rev. Plant Physiol., 29:511. 

Fuertes, A.B., Arbestain, M.C., Sevilla, M., Maclá-Agulló, J.A., Fiol, S., López, R., Smernik, R.J., 

Aitkenhead, W.P., Arce, F. and Maclas, F. (2010) Chemical and Structural Properties of 

Carbonaceous Products Obtained by Pyrolysis and Hydrothermal Carbonisation of Corn Stover. 

Australian Journal of Soil Research, 48:618-626. 

Gabos, M.B., Casagrande, G., Abreu, C.A. and Paz-Ferreiro, J. (2011) Use of organic matter to 

mitigate multicontaminated soil and sunflower plants as phytoextractor. Rev Bras Eng Agr Amb, 

15: 1298–1306. 

Gai, X., Wang, H., Liu, J., Zhai, L. and Liu, S. (2014). Effects of feedstock and pyrolysis temperature 

on biochar adsorption of ammoniumand nitrate. Plosone, 9(12):113-888. 

Gajewska, E., Sklodowska, M., Slaba, M. and Mazur, J. (2006). Effect of nickel on antioxidative 

enzymes activities, proline and chlorophyll contents in wheat shoots. Biol. Planta., 50:653–659 

Garba, S.T., Nkafaminya, I.I. and Barminas, J.T. (2013). Phytoremediation: Influence of different 

level of EDTA on the phytoextraction ability of Pennisetum pedicellatum for the metals; 

cadmium and zinc. International Journal of Engineering and Management Sciences, 4(2): 92-97. 

Garcia-Perez, M., Lewis, T. and Kruger, C.E. (2010).  Methods of producing biochar and advanced 

biofuel reactor. First project report Department of Biological System Engineering.  The Center 

for Sustaining Agriculture and Natural Mass Resources. Washington State University, Pullma, 

WA, pp 137. 

Gasco, G., Paz-Ferreiro, J. and Mendez, A. (2012). Thermal analysis of soil amended with sewage 

sludge and biochar from sewage sludge pyrolysis. Journal of Thermal Analysis and Calorimetry, 

108:769- 775. 

Gaskin, J.W., Steiner, C., Harris, K. C., Das, C. and Bibens, B. (2008). Effect of low-temperature 

pyrolysis conditions on biochar for agricultural use. Transactions of the Asabe, 51: 2061–2069. 



158 
 

Gaunt, J.L. and Lehmann, J. (2008). Energy balance and emissions associated with biochar 

sequestration and pyrolysis bioenergy production. Environmental Science & Technology 42: 

4152-4158. 

Gee, G.W. and Bauder, J.W. (1986). Particle-size analysis. In Methods of Soil Analysis Part 1—

Physical and Mineralogical Methods; Klute, A., Ed.; ASA and SSSA: Madison, WI, USA, pp. 

383–411. 

Genesio, L., Miglietta, F., Lugato, E., Baronti, S., Pieri, M. and Vaccari, F.P. (2012). Surface albedo 

following biochar application in durum wheat. Environmental Resource Letters, pp 7. 

Ghoneim, A.M. and Ebid, A.I. (2013). Impact of rice straw biochar on some selected soil properties 

and rice (Oryza sativa L.) grain yield.   International Journal of Agronomy and Agricultural 

Research (IJAAR), 3(4):14-22. 

Ghosh, M. and Singh, S.P. (2005). A comparative study of cadmium phytoextraction by accumulator 

and weed species. Environ. Pollut., 133: 365-371. 

Gill, R.A., Zang, L., Ali, B., Farooq, M.A., Cui, P., Yang, S., Ali, S. and Zhou, W. (2015). Chromium 

induced physiochemical and ultrastructural changes in four cultivars of Brassica napus.L. 

Chemosphere,120:154-164 

Glaser, B. (2007). Prehistorically modified soils of Central Amazonia: A model for sustainable 

agriculture in the Twenty-first century. Philosophical Transactions of the Royal Society B-

Biological Sciences, 36(2):187-196. 

Glaser, B., Lehmann, J. and Zech, W. (2002). Ameliorating physical and chemical properties of 

highly weathered soils in the tropics with charcoal-a review. Biol. Fertil. Soils, 35: 219-230. 

Gomez-Eyles, J.L., Sizmur, T., Collins, C.D. and Hodson, M.E. (2011) Effects of biochar and the 

earthworm Eisenia fetida on the bioavailability of polycyclic aromatic hydrocarbons and 

potentially toxic elements. Environ. Pollut., 159(2):616–622 

Grejtovský, A. and Prič, R. (2000). The effect of high cadmium concentration in soil on growth, 

uptake of nutrient and some heavy metals on Chamomilla recutita (L.) Rauschert. Journal of 

Applied Botany-Angewandte Botanik, 74(5-6):169-174. 

Grusak, M. A. (2001). Plant macro- and micronutrient minerals. Encyclopedia Of Life Sciences / & 

Nature Publishing Group / www.els.net 

Guerrero, M., Ruiz, M.P., Millera, Á., Alzueta, M.U. and Bilbao, R. (2008). Characterization of 

biomass chars formed under different devolatilization conditions: Differences between rice husk 

and eucalyptus. Energy Fuels, 22: 1275–1284 

Guilbert, J.J. (2003). The world health report 2002 reducing risks, promoting healthy life. Educ. 

Health, 16(2):230–231. 

http://www.els.net/


159 
 

Gul, S. and Whalen, J.K. (2016).  Biochemical cycling of nitrogen and phosphorus in biochar-

amended soils. Soil Biol. Biochem., 103:1–15. 

Gul, S., Whalen, J.K., Thomas, B.W., Sachdeva, V. and Deng, H.Y. (2015): Physico-chemical 

properties and microbial responses in biochar-amended soils: Mechanisms and future directions. 

Agriculture, Ecosystems and Environment, 206: 46–59. 

Guo, J., Dai, X., Xu, W. and Ma, M.(2008). Over expressing GSHI and AsPCSI simultaneously 

increases the tolerance and accumulation of cadmium and arsenic in Arabidopsis thaliana. 

Chemosphere, 72:1020–1026 

Hafeez, Y.,  Iqbali, S., Jabeen, K., Shahzad, S.,   Jahan, S.  and Rasul, F. (2017).  Effect of biochar 

application on seed germination and seedling growth of Glycine max (l.) Merr. Under drought 

stress. Pak.Jj. Bot., 49(51): 7-13 

Han, M., Yi, W., Wu, Q., Liu, Y. and Hong, Y. (2000). Preparation of biodiesel from waste oils 

catalyzed by a Brønsted acidic ionic liquid. BioresourceTechnol., 100: 2308-2310. 

Hans-Peter, S. S. A. (2013). European biochar certificate -guidelines for a sustainable production of 

biochar. European Biochar Found [WWW Document]. URL http://www.bio-

inspecta.ch/htm/dl_detail.htm?spracheDe&idD105&pD3 (accessed 12.25.16). 

Harris, K., Gaskin, J., Cabrera, M., Miller, W. and Das, K.C. (2013). Characterization and 

mineralization rates of low temperature peanut hull and pine chip biochars. Agronomy, 3: 294-

312. 

Hartley, W., Dickinson, N.M., Riby, P. and Lepp, N.W. (2009). Arsenic mobility in brownfield soils 

amended with green waste compost or biochar and planted with Miscanthus. Environ. Pollut., 

157:2654–2662 

Harvey, O. M., Herbert, B. E., Kuo, L. J. and Louchouarn, P.(2012). Generalized two dimensional 

perturbation correlation Infrared spectroscopy reveals mechanisms for the development of 

surface charge and recalcitrance in plant-derived biochars, Environ. Sci. Technol., 46:10641–

10650. 

Hass, A., Gonzalez, J. M., Lima, I. M., Godwin, H.W., Halvorson, J.J. and Boyer, D.G. (2012). 

Chicken manure biochar as liming and nutrient source for acid Appalachian soil. J. Environ. 

Qual., 41:1096–1106 

Hattab, S., Dridi, B., Chouba, L., Kheder, M.B.  and Bousetta, H. (2009). Photosynthesis and growth 

response of pea Pisum sativum L. under heavy metals stress. Journal of Environmental Sciences, 

21(11): 1552-1556. 

He, J., Strezov, V., Kan, T., Weldekidan, H. and Kumar, R. (2019). Slow pyrolysis of metal(loid)-rich 

biomass from phytoextraction: characterisation of biomass, biochar and bio-oil. Energy 

Procedia, 160:178–185. 

Higman, C. and Burgt, M.V.D. (2008). Gasification. Second Edition, Elsevier. 

http://www.sciencedirect.com/science/article/pii/S0960852408008900
http://www.sciencedirect.com/science/article/pii/S0960852408008900


160 
 

Hoier, C.K., Sonnenborg, T.O., Jensen, K.H., Kortegaard, C. and Nasser, M.M. (2007). Experimental 

investigation of pneumatic soil vapor extraction. J. Contam. Hydrol., 89: 29-47. 

Hossain, M.K., Strezov, V., Chan, K.Y., Ziolkowski, A., Nelson, P.F. (2011). Influence of pyrolysis 

temperature on production and nutrient properties of wastewater sludge biochar. J. Environ. 

Manage. Elsevier Ltd, 92: 223-228. 

Houben, D., Evrard, L. and Sonnet, P. (2013). Beneficial effects of biochar application to 

contaminated soils on the bioavailability of Cd, Pb and Zn and the biomass production of 

rapeseed (Brassica napus L.). Biomass Bioenergy, 57:196-204. 

Hou, D., O’Connor, D., Nathaniel, P., Tian, L. and Ma, Y. (2017). Integrated GIS and multivariate 

statistical analysis for regional scale assessment of heavy metal soil contamination: a critical 

review. Environ. Pollut., 159: 1215-1221 

Hseu, Z.Y.; Jien, S.H.; Chien, W.S. and Liou, R.C. (2014). Impacts of biochar on physical properties 

and erosion potential of a mudstone slopeland soil. Sci. World J. 

doi:10.1155/2014/602197,http://tech.groups.yahoo.com/group/biochar/message/1822. 

Huang, H., Wang, K., Zhu, Z., Li, Y., He, Z., Yang, X. E., and Gupta, D. K. (2013). Moderate 

phosphorus application enhances Zn mobility and uptake in hyperaccumulator Sedum alfredii, 

Environ. Sci. Pollut. R., 20: 2844–2853. 

IBI. (2015). Standardized product definition and product testing guidelines for biochar: That is used 

in soil [WWW Document]. URL http://www.biochar-international.org/sites/default/ 

files/IBI_Biochar_Standards_V2.1_Final.pdf. (accessed 12.25.16). 

Ibmesin, R.I. (2010). Effect of salinity and crude oil on Paspalum conjugation Bergius (Sour grass). 

J. Bio. Sci., 10: 122-130. 

International Biochar Initiative (IBI). (2012). Standardized product definition and product testing 

guidelines for biochar that is used in soil. IBI biochar standards. 

Inyang, M. I., Gao, B., Yao, Y., Xue, Y., Zimmerman, A., Mosa, A., Pullammanappallil, P., Ok, Y. 

S., and Cao, X. (2016). A review of biochar as a low-cost adsorbent for aqueous heavy metal 

removal. Crit. Rev. Environ. Sci. Technol., 46: 406–433. 

Ippolito, J.A., Strawn, D.G., Scheckel, K.G., Novak, J.M., Ahmedna, M. and Niandou, M.A.S. 

(2012). Macroscopic and molecular investigations of copper sorption by a steam-activated 

biochar. J. Environ. Qual., 41:1150–1156 

Iqbal, M.A., Chaudhary, M.N., Zaib, S., Imran, M., Ali, K. and Iqbal, A. (2011). Accumulation of 

heavy metals (Ni, Cu, Cd, Cr, Pb) in agricultural soils and spring seasonal plants, irrigated by 

industrial waste water. Journal of Environmental Technology and Management, 2(1) 

Ivezic, V., Alma˚s, A.R. and Singh, B.R. (2012) Predicting the solubility of Cd, Cu, Pb and Zn in 

uncontaminated Croatian soils under different land uses by applying established regression 

models. Geoderma,170:89–95 

http://tech.groups.yahoo.com/group/biochar/message/1822
http://www.biochar-international.org/sites/default/


161 
 

Jain, R., Srivastava, S., Madan, V.K. and Jain, R. (2000). Influence of chromium on growth and cell 

division of sugarcane. Indian J Plant Physiol., 5:228–231 

Jama, B.A., Palm, C.A., Buresh, R.J., Niang, A.I., Gachengo, C., Nziguheba, G. and Amadalo, B. 

(2000). Tithonia diversifolia as a green manure for soil fertility improvement in western Kenya: 

A review: Agroforestry Systems, 49(2):201-221. 

Javied, S., Mehmood, T., Choodhry, M.M., Tufail, M. and Irfan, N. (2009). Heavy metal pollution 

from phosphate rock used for the production of fertilizer in Pakistan. Microchem J., 91:94–99 

Jeffery, S., Abalos, D. and Prodana, M. (2017). “Biochar boosts tropical but not temperate crop 

yields,” Environmental Research Letters, 12(5): 053-001. 

Jeffery, S., Meinders, M.B.J., Stoof, C.R., Bezemer, T.M., Van de Voorde, T.F.J, Mommer, L.and 

Van Groenigen, J.W. (2015). Biochar application does not improve the soil hydrological function 

of a sandy soil. Geoderma, 251–252:47–54. 

Jeffery, S., Verheijen, F. G. A., Van der Velde, M. and Bastos, A. C. (2011). A quantitative review of 

the effects of biochar application to soils on crop productivity using meta-analysis, Agr. Ecosyst. 

Environ., 144: 175–187. 

Jha, P., Biswas, A.K., Lakaria, B.L. and Subba Rao, A. (2010). Biochar in agriculture—prospects and 

related implications. Curr. Sci., 99:1218–1225. 

Jiang, T.Y., Jiang, J., Xu, R.K. and Li, Z. (2012). Adsorption of Pb (II) on variable charge soils 

amended with rice-straw derived biochar. Chemosphere, 89:249–256 

Jien, S.H. and Wang, C.S. (2013). Effects of biochar on soil properties and erosion potential in a 

highly weathered soil. Catena, 110: 225–233 

Jien, S., Wang, C., Lee, C. and Lee, T. (2015). Stabilization of organic matter by biochar application 

in compost-amended soils with contrasting pH values and textures. Sustainability, 7:13317-

13333. 

John, C. (2000). Interpretation of Infrared Spectra, A Practical Approach. Encyclopedia of Analytical 

Chemistry R.A. Meyers (Ed.) Copyright Ó John Wiley & Sons Ltd. 

John, M. (2011) "Environmental Sustainability: A Definition for Environmental Professionals," 

Journal of Environmental Sustainability,1(1):2. 

Jones, B.E.H., Haynes, R.J. and Phillips, I.R. (2010). Effect of amendment of bauxite processing sand 

with organic materials on its chemical, physical and microbial properties. J. Environ. Manag., 

91: 2281–2288. 

Jung, M.C. (2008) Heavy Metal Concentrations in Soils and Factors Affecting Metal Uptake by 

Plants in the Vicinity of a Korean Cu-W Mine. Sensors, 8: 2413-2423 



162 
 

Kabata-Pendias, A. and Pendias, H. (2001). Trace elements in soils and plants, 3rd ed.; CRC Press: 

Washington, DC, USA, pp. 93–121. 

Kalaivanan, D.  and Ganeshamurthy, A.N. (2016). Mechanisms of Heavy Metal Toxicity in Plants. 

Springer India. 

Kale, S.S. and Deshmukh, A.S. (2014). Tridax procumbens: A medicinal gift of nature. Asian Journal 

of Research in Biological and Pharmaceutical Sciences, 2(4):159 – 162. 

Kammann, C.I., Linsel, S., Geobling, J.W. and Koyro, H.W. (2011) Influence of biochar on drought 

tolerance of Chenopodium quinoa wild. and on soil–plant relations. Plant and Soil, 345: 195–

210. 

Kamara, A., Kamara, H.S. and Kamara, M.S. (2015). Effect of rice straw biochar on soil quality and 

the early growth and biomass yield of two rice varieties. Agricultural Sciences, 6:798-806. 

Kamara, A., Mansaray, A.M., Kamara, A. and Sawyer, P.A. (2014). Effects of biochar derived from 

maize stover and rice straw on the early growth of their seedlings. American Journal of 

Agriculture and Forestry, 2(5): 232-236. 

Kambo, H.S. and Dutta, A. A. (2015). Comparative review of biochar and hydrochar in terms of 

production physico-Chemical properties and applications. Renew. Sustain. Energy. Rev., 

45:359–378. 

Karami, N., Clemente, R., Moreno-Jiménez, E., Lepp, N. and Beesley, L. (2011). Efficiency of green 

waste compost and biochar soil amendments for reducing lead and copper mobility and uptake to 

ryegrass (Lolium perenne). J Hazard Mater., 191:41–8. 

Karhu, K., Mattila, T., Bergstrom, I. and Regina, K. (2011). Biochar addition to agricultural soil 

increased CH 4 uptake and water holding capacity–results from a short-term pilot field study. 

Agriculture, Ecosystems & Environment, 140(1): 309-313. 

Kasozi, G. N., Zimmerman, A. R., Nkedi-Kizza, P., and Gao, B. (2010). Catechol and humic acid 

sorption onto a range of laboratory-produced black carbons (Biochars). Environ. Sci. Technol., 

44, 6189–6195.  

Keiluweit, M., Nico, P.S., Johnson, M.G. and Kleber, M. (2010). Dynamic molecular structure of 

plant biomass-derived black carbon (biochar). Environ. Sci. Technol., 44:1247–1253 

Khan, S., Rehman, S., Khan, A.Z., Khan, M. A. and Shah, M.T. (2010). Soil and vegetables 

enrichment with heavy metals from geological sources in Gilgit, northern Pakistan. Ecotoxicol. 

Environ. Saf., 73:1820–1827 

Kinney, T.J., Masiello, C.A., Dugan, B., Hockaday, W.C., Dean, M.R. and Zygourakis, K. (2012). 

Hydrologic properties of biochars produced at different temperatures. Biomass Bioenergy, 

41:34–43. 



163 
 

Kirkpatrick, W.D., White Jr, P., Wolf, D.C., Thoma, G.J. and Reynolds, C.M. (2006). Selecting 

plants and nitrogen rates to vegetate crude-oil-contaminated soil. Int. J. Phytoremed., 8: 285–

297. 

Knicker, H., Gonzalez-Vila, F.J., Polvillo, O., Gonzalez, J.A. and Almendros, G. (2005). Fire induced 

transformation of C- and N-forms in different organic soil fractions from a Dystric Cambisol 

under a Mediterranean pine forest (Pinus pinaster). Soil Biol. Biochem., 37:701–718. 

Komárek, M., Vanek, A., and Ettler, V. (2013). Chemical stabilization of metals and arsenic in 

contaminated soils using oxides-a review, Environ. Pollut., 172: 9–22. 

Kráľová, K., Masarovičová, E. and Bumbálová, A. (2000). Toxic effect of cadmium on Hypericum 

perforatum plants and green alga Chlorella vulgaris. Chemia i Inžynieria Ekologiczna, 

7(11):1200-1205. 

Kraska, P., Oleszczuk, P., Andruszczak, S., Kwiecińska-Poppe, E., Różyło1, K., Pałys, E., 

Gierasimiuk, P. and Michałojć, Z. (2016).  Effect of various biochar rates on winter rye yield 

andthe concentration of available nutrients in the soil.  Plant Soil Environ., 62(11): 483–489 

Kristensen, B.O.  (2006). Personal communication with Danske Olie Gen-brug. 

Krull, E., Lehmann, J., Skjemstad, J., Sohi, S., Carter, J., Barson, M., Falloon, P., Coleman, K. and 

Woodbury, P. (2008). Australian climate-carbon cycle feedback reduced by soil black carbon. 

Nature Geoscience 1: 832-835. 

Kumar, V., Guleria, P., Kumar, V., Yadav, S.K. (2013). Gold nanoparticle exposure induces growth 

and yield enhancement in Arabidopsis thaliana. Sci. Total Environ., 461:462–468. 

Kumar, S.S., John, R. Narayanan, G.L. (2015). Antimicrobial activity of Tridax procumbens leaf. 

International Journal of Pharma Sciences and Research (IJPSR). 6 (3):517-518 

Kuzyakov, Y., Subbotina, I., Chen, H., Bogomolova, I., and Xu, X. (2009). Black carbon 

decomposition and incorporation into soil microbial biomass estimated by 14C labeling. Soil 

Biol. Biochem., 41: 210–219.  

Lai, H.Y. (2015). Subcellular distribution and chemical forms of cadmium in Impatiens walleriana in 

relation to its phytoextraction potential. Chemosphere, 138, 370–376. 

Laird, D.A. (2008). The charcoal vision: A win-win-win scenario for simultaneously producing 

bioenergy, permanently sequestering carbon, while improving soil and water quality. Agron. J., 

100: 178-181. 

Laird, D.A., Brown, R.C., Amonette, J.E. and Lehmann, J. (2009). Review of the pyrolysis platform 

for co-producing bio-oil and biochar. Biofuels Bioprod Bioref., 3(5):547-62. 

Laird, D., Fleming, P., Wang, B., Horton, R. and Karlen, D. (2010). Biochar impact on nutrient 

leaching from a Midwestern agricultural soil. Geoderma, 158:436–42. 



164 
 

Lale, O.O., Ezekwe, I.C. and Lale, N.E.S. (2014). Effect of Spent Lubricating oil Pollution on Some 

Chemical Parameters and the Growth of Cowpeas (Vigna unguiculata Walpers). Resources and 

Environment, 4(3): 173-17. 

Larcher, W. (2000). Ecofisiologia vegetal. RiMa, Sao Carlos, 365. 

Lasat, M.M. (2002). Phytoextraction of toxic metals, a review of biological mechanisms. J. Environ. 

Qual., 31: 109-120. 

Lebrun, M., Macri, C., Miard, F., Hattab-Hambli, N., Motelica-Heino, M (2016). Effect of biochar 

amendments on As and Pb mobility and phytoavailability in contaminated mine technosols 

phytoremediated by Salix. Journal of Geochemical Exploration, Elsevier, Accepted Manuscript, 

30 p.  

Lee, J.W., Kidder, M., Evans, B.R., Paik, S., Buchanan, A.S., Garten, C.T. and Brown, R.C. (2010). 

Characterization of biochars produced from cornstovers for soil amendment. Environ. Sci. 

Technol., 44:7970–7974. 

Lee, Y., Park, J., Ryu, C., Gang, K.S., Yang, W., Park, Y., Jung, J. and Hyun, S. (2013). Comparison 

of biochar properties from biomass residues produced by slow pyrolysis at 500℃. Bioresour. 

Technol., 148: 196-201. 

Lehmann, J. (2007). Bio-energy in the black. Frontiers in Ecology and the Environment 5:381–387. 

Lehmann, J. (2009) Biochar for Environmental Management. Earthscan, Oxford UK. 

Lehmann, J., Da Silva Jr., J.P., Steiner, C., Nehls, T., Zech, W. and Glaser, B. (2003). Nutrient 

availability and leaching in an archaeological Anthrosol and a Ferralsol of the Central Amazon 

basin: fertilizer, manure and charcoal amendments. Plant Soil, 249: 343–357. 

Lehmann, J., Gaunt, J. and Rondon, M. (2006). Bio-char sequestration in terrestrial ecosystems – A 

review. Mitig. Adapt. Strateg. Glob. Chang., 11:395–419. 

Lehmann, J., and Joseph, S. (2009). Biochar for environmental management: An introduction, In: 

Lehmann, J. and Joseph, S. (Eds.), Biochar for environmental management: Science and 

Technology, (pp. 1–9). London 

Lehmann, J. and Joseph, S. (2015). Biochar for environmental management: An introduction. In 

Biochar for Environmental Management: Science, Technology and Implementation, 2nd ed.; 

Lehmann, J., Joseph, S., Eds.; Earthscan: London, UK, pp. 1–15. 

Lehmann, J. and Rondon, M. (2006). Biochar soil management on highly weathered soils in the 

Humid Tropics. In: Ball, A.S., Fernandes, E., Herren, H., Husson, O., Laing M., Palm, C., Pretty, 

J., Sanchez, P., Sanginga, N. and Thies, J. (Eds.), Biological Approaches to Sustainable Soil 

Systems. CRC Press, Boca Raton, FL, pp. 517–530 



165 
 

Lei, O. and Zhang, R. (2013). Effects of biochars derived from different feedstocks and pyrolysis 

temperatures on soil physical and hydraulic properties. Journal of Soils and Sediments, 

13(9):1561-1572. 

Leite, N.F., Sobral-Souza, C.E., Albuquerque, R.S., Pinho, A.I., Cunha, F.A.B. and Coutinho, 

H.D.M. (2017). Reduction of the toxic effect of mercurium chloride by chelating effect of 

Psidium brownianum Mart. ex DC. International Biodeterioration & Biodegradation, 119:538–

541 DOI 10.1016/j.ibiod.2016.09.032. 

Lentz, R.D. and Ippolito, J.A. (2012). Biochar and manure affect calcareous soiland corn silage 

nutrient concentrations and uptake. J. Environ. Qual., 41:1033–104. 

Lewis, S., Donkin, M.E. and Depledge, M.H. (2001). Hsp 70 expression in Enteromorpha intestinalis 

(Chlorophyta) exposed to environmental stressors. Aquat. Toxicol., 51:277–291 

Li, Z., Song, Z., Singh, B.P. and Wang, H. (2019). The impact of crop residue biochars on silicon and 

nutrient cycles in cropland. Sci. Total Environ., 659: 673-680. 

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J. and O’Neill, B. (2006). Black 

carbon increases cation exchange capacity in soils. Soil Sci. Soc. Am. J., 70(5):1719-30. 

Liang, B., Lehmann, J., Solomon, D. Sohi, S. Thies, J.E., Skjemstad, J. O., Luizao, F.J., Engelhard, 

M. H., Neves, E. G. and Wirick. S. (2008). Stability of biomassderived black carbon in soils. 

Geochimica et Cosmochimica Acta, 72:6096–6078. 

Lima, I. M., Boykin, D. L., Klasson, K. T. and Uchimiya, M. (2014).  Influence of post-treatment 

strategies on the properties of activated chars from broiler manure, Chemosphere, 95: 96–104. 

Lionel, S. and Karunakaran, R.J. (2017). Effect of biochar application on the chromium uptake of 

Canna indica L. from chromium spiked soil. Journal of Pharmacognosy and Phytochemistry, 

6(4):146-152 

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., Pan, G., and Paz-Ferreiro, J.(2013).  Biochar’s 

effect on crop productivity and the dependence on experimental conditions- a meta-analysis of 

literature data.  Plant Soil, 373: 583–594.  

Liu, Z., Chen, X., Jing, Y., Li, Q., Zhang, J. and Huang, Q. (2014). Effect of biochar amendment on 

rapeseed and sweet potato yields and water stable aggregate in upland red soil. Catena, 123: 45-

51. 

Lomaglio, T., Hattab-Hambli, N., Bret, A., Miard, F., Trupiano, D., Scippa, G., Motelica-Heino, M., 

Bourgerie, S. and Morabito, D. (2016). Effect of biochar amendments on the mobility and (bio) 

availability of As, Sb and Pb in a contaminated mine technosol. Journal of Geochemical 

Exploration, 182:138-148. 

Lu, H., Zhang, Y. Y., Huang, X., Wang, S. and Qiu, R. (2012). Relative distribution of Pb2+ sorption 

mechanisms by sludge-derived biochar.  Water Res., 46: 854–862. 



166 
 

Lu, H., Li, Z., Fu, S., Mendez, A., Gasco, G. and Ferriero, J.P. (2015). Combining phytoextraction 

and biochar addition improves soil biochemical properties in a soil contaminated with Cd. 

Chemosphere, 119:209–216 

Lu, K., Yang, X., Shen, J., Robinson, B., Huang, H., Liu, D., Bolan, N., Pei, J., and Wang, H. (2014). 

Effect of bamboo and rice straw biochars on the bioavailability of Cd, Cu, Pb and Zn to Sedum 

plumbizincicola. Agric. Ecosyst. Environ., 191:124–132. 

Lyu, S., Du, G., Liu, Z., Zhao, L. and Lyu. D (2016). Effects of biochar on photosystem function and 

activities of protective enzymes in Pyrus ussuriensis Maxim. under drought stress. Acta Physiol. 

Plant., 38: 220. 

Mackie, K.A., Marhan, S., Ditterich, F., Schmidt, H.P. and Kandeler, E. (2015). The effects of 

biochar and compost amendments on copper immobilization and soil microorganisms in a 

temperate vineyard. Agric. Ecosyst. Environ., 201:58–69. 

Mahajan, P. and Kaushal, J. (2018). Role of phytoremediation in reducing cadmium toxicity in soil 

and water. J. Toxicol., 1–16. 

Major, J. (2009). Biochar application to a Colombian Savanna Oxisol: Fate and effect on soil 

fertility, crop production, nutrient leaching and soil hydrology (Doctoral dissertation, Cornell 

University). 

Major, J., Rondon, M., Molina, D., Riba, S.J. and Lehmann, J. (2010). Maize yield and nutrition 

during 4 years after biochar application to a Columbian Savanna Oxisol. Plant Soil, 333:117–28. 

Makeen, K., Babu, G. S., Lavanya, G.R. and Abraham, G. (2007). Studies of Chlorophyll Content by 

Different Methods in Black Gram (VignamungoL.). International Journal of Agricultural 

Research, 2: 651-654. 

Malallah, G., Afzal, M., Kurian, M., Gulshan, S. and Dhami, M.S.I. (1998). Impact of oil pollution on 

some desert plants. Environ. Int., 24: 919-924 

Manara, A. (2012). Plant responses to heavy metal toxicity.  In: Furini A (ed) Plants and heavy 

metals.  SpringerBriefs in Biometals. 

Marchiol, L., Assol`ari, S., Sacco, P. and Zerbi, G. (2004). Phytoextraction of heavy metals by canola 

(Brassica napus) and radish (Raphanus sativus) grown on multicontaminated soil. Environ. 

Pollut., 132: 21-27. 

Marquard, R. and Schneider, M. (1998). Zur Cadmiumproblematik im Arzneipflanzenbau. In: 

Fachtagung Arznei- und Gewűrzpflanzen. R. Marquard & E. Schubert, (Ed.), 9-15, 1.-2. 10, 

Giessen, Germany. 

Masarovičová, E. and Kráľová, K. (2007). Medicinal plants – past, nowadays, future. Acta 

Horticulturae, 749: 19- 27. 



167 
 

Masarovičová, E. and Kráľová, K. (2012). Plant-Heavy Metal Interaction: Phytoremediation, 

Biofortification and Nanoparticles. In: Advances in Selected Plant Physiology Aspects, Giuseppe 

Montanaro (Ed). IntechOpen, 75-102 

Masarovičová, E., Kráľová, K. and Šeršeň, F. (2011). Plant Responses to Toxic Metal Stress. In: 

Handbook of Plant and Crop Stress, 3rd Edition, M. Pessarakli, (Ed.), 595-634, Boca Raton, 

CRC Press. 

Masarovičová, E., Kráľová, K., Šeršeň, F., Bumbálová, A. and Lux, A. (1999). Effect of toxic effects 

on medicinal plants. In: Mengen- und Spurelemente, M. Anke et al., (Ed.), 189- 196, 19. 

Arbeitstagung, Jena, 3 - 4. 2. 1999, Leipzig, Verlag Harald Schubert 

Masarovičová, E., Kráľová, K. and Streško, V. (2003). Effect of metal ions on some medicinal plants. 

Chemia i Inžynieria Ekologiczna, 10(3-4): 275-279. 

Masiello C, Dugan B, Brewer C, Spokas K, Novak J, Liu Z. (2015). Biochar effects on soil 

hydrology. 

Masulili, A., Utomo, W. and Syekhfani, H. (2010). Rice husk biochar for rice based cropping system 

in acid soil The characteristics of rice husk biochar and its Influence on the properties of acid 

sulfate soils and rice growth in West Kalimantan, Indonesia. Journal of Agricultural Science, 

(Canada) 3:25-33. 

Mendez, M.O. and Maier, R.M. (2008). Phytostabilization of mine tailings in arid and semiarid 

environments—An emerging remediation technology. Environ. Health Perspect., 116: 278–283. 

Meng, J., Tao, M., Wang, L., Liu, X. and Xu, J. (2018b). changes in heavy metal bioavailability and a 

speciation from a Pb-Zn mining soil amended with biochars from co-pyrolysis of rice straw and 

swine manure. Sci. Total Environ., 633:300-307. 

Mia, S., Singh, B. and Dijkstra, F.A. (2017). Aged biochar affects gross nitrogen mineralization and 

recovery: A 15N study in two contrasting soils. Glob. Change Biol. Bioenergy, 9:1196–1206. 

Ministry of Environment and Forest (MEF) (2008). India Report 378 00RT. 

Mir, A., Dar, M., Mir., Ahmad, S., and Chitale, G. (2016). Analysis of phytochemistry and 

antimicrobial activity of Tridax procumbens Linn. Chemical Sciences Journal, 7:2 

Mcbeath, A.V., Smernik, R.J., Krull, E.S. and Lehmann, J.  (2013). The influence of feedstock and 

production temperature on biochar carbon chemistry: A solid-state 13 C NMR study. Biomass 

Bioenergy, 60:121–129. 

McClellan, A.T., Deenik, J., Uehara, G. and Antal, M. (2007). Effects of Flashed Carbonized 

Macadamia Nutshell Charcoal on Plant Growth and Soil Chemical Properties, Soil Science 

Society of America International Annual Meeting, New Orleans, LA  pp. 11/4–11/8.   



168 
 

McElligott, K., Dumroese, D., and Coleman, M. (2011). Bioenergy production systems and biochar 

application in forests: Potential for renewable energy, soil enhancement, and carbon 

sequestration. 

McLaughlin, H., Anderson, P.S., Shields, F.E.  and Reed, T. B.  (2009). All biochars are not created 

equal, and how to tell them apart. Proceedings, North American Biochar Conference, Boulder, 

Colorado, August 2009. www.biochar international.org/sites/default/files/All- Biochars--

Version2— 

Meharg, A.A. and Hartley-Whitaker, J. (2002). Arsenic uptake and metabolism in arsenic resistant 

and nonresistant plant species. New Phytol., 154:29–43. 

Mellem, J.J., Baijnath, H. and Odhav, B. (2012). Bioaccumulation of Cr, Hg, As, Pb, Cu and Ni with 

the ability for hyperaccumulation by Amaranthus dubius. African Journal of Agricultural 

Research, 7:591-596. 

Melo, L.C.A., Coscione, A.R., Abreu, C.A. and Puga, A.P. (2013). Influence of pyrolysis temperature 

on cadmium and zinc sorption capacity of sugarcane straw derived biochar. Bioresources, 8: 

4992-5004. 

Mench, M. (1990). ‘Transfert des oligo-´el´ements du sol `a la racine et absorption’, C.R. Acad. 

Agric.Fr., 76(2): 17–30 

Mendez, A., Gómez, A., Paz-Ferreiro, J. and Gascó, G. (2012). Effects of sewage sludge biochar on 

plant metal availability after application to a Mediterranean soil. Chemosphere, 89(11):1354–

1359. 

Mensah, A.K. and Frimpong, K.A. (2018). Biochar and/or Compost Applications Improve Soil 

Properties, Growth, and Yield of Maize Grown in Acidic Rainforest and Coastal Savannah Soils 

in Ghana. International Journal of Agronomy. Pp 1-8 

Milla, V.O., Eva, R.B., Huang, W.J., Chien, C.C. and Wang, Y.M. (2013). Agronomic properties and 

characterization of rice husk and wood biochars and their effect on the growth of water spinach 

in a field test. J. Soil Sci. Plant Nutr., 13(2):251–266. 

Ministry of Environment and Forest (MEF) (2008). India Report 378 00RT. 

Mir, A., Dar, M., Mir., Ahmad, S., and Chitale, G. (2016). Analysis of phytochemistry and 

antimicrobial activity of Tridax procumbens Linn. Chemical Sciences Journal, 7:2 

Mohan D., Pittman, C.U. and Steele, P.H. (2006). Pyrolysis of Wood/Biomass: A critical review. 

Energy &Fuels, 20:848-889. 

Mohanpuria, P., Rana, N.K. and Yadav, S.K. (2007). Cadmium induced oxidative stress influence on 

glutathione metabolic genes of Camellia sinensis (L.). O Kuntze. Environ. Toxicol., 22:368–374 

Monni, S., Salemaa, M. and Milar, N. (2000). The tolerance of Empetrum nigrum to copper and 

nickel. Environ. Pollut., 109: 221-229. 

http://www.biochar/


169 
 

Moosavi, S.G. and Seghatoleslami, M.J. (2013). Phytoremediation: A review. Adv. Agri. Biol., 1 (1): 

5-11 

Mousavi, Z.H., Hosseinifar, A. and Jahed, V. (2010). Removal of Cu (II) from wastewater by waste 

tire rubber ash. J. Serb. Chem. Soc., 75:845–853 

Mudgal, V., Madaan, N. and Mudgal, A. (2010). Heavy metals in plants: phytoremediation: Plants 

used to remediate heavy metal pollution. Agric. Biol. J. N. Am., 1(1): 40-46 

Mukherjee, A. and Lal, R. (2013). Biochar impacts on soil physical properties and greenhouse gas 

emissions. Agronomy, 3:313–339. 

Mukherjee, A., Lal, R. and Zimmerman, A.R. (2014). Impacts of 1.5-year field aging on biochar, 

humic acid, and water treatment residual amended soil. Soil Sci., 179:333–339. 

Mukherjee, A., Zimmerman, A.R. and Harris, W.G. (2011). Surface chemistry variations among a 

series of laboratory- produced biochars. Geoderma, 163: 247-255. 

Nafziger (2014). “Corn”. Corn Illinois Agronomy Handbook. University of Illinois at Urbana 

Champaign; Extension and outreach. Retrieved October 1, 2014 from 

http://extension.cropsci.illinois.edu/handbook/. 

Nagajyoti, P.C., Lee, K.D., Sreekanth, T.V.M. (2010). Heavy metals, occurrence and toxicity for 

plants: A review. Environ. Chem. Lett., 8:199–216 

Namgay, T., Singh, B. and Singh, B.P. (2010). Influence of biochar application to soil on the 

availability of As, Cd, Cu, Pb, and Zn to maize (Zea mays L.). Aust J Soil Res. 48:638–47. 

Narzari, R., Bordoloi, N., Chutia, R.S., Borkotoki, B., Gogoi, N., Bora, A. and Kataki, R. (2015). 

Biochar: An Overview on its Production, Properties and Potential Benefits. Biology, 

Biotechnology and Sustainable Development, Pg 13-40 

Nas, S.F. and Ali, M. (2018). The effect of lead on plants in terms of growing and biochemical 

parameters: a review. MOJ Ecology and Environmental Sciences, 3(4):265-268 

Ndor, E., Amana, S.M. and Asadu, C.L.A. (2015). Effect of biochar on soil properties and organic 

Carbon sink in degraded soil of Southern Guinea Savannah zone, Nigeria. International Journal 

of Plant and Soil Science, 4(3): 252-258  

Neumann, D. and Zur Nieden, U. (2001). Silicon and heavy metal tolerance of higher plants. 

Phytochemistry, 56: 685-692. 

Ngulube, M., Mweetwa, A. M., Phiri, E., Muriu, S.C., Chalwe, N. H., Shitumbanuma, V.  and 

Brandenburg, R.L. (2018). Effects of biochar and gypsum soil amendments on groundnut 

(Arachis hypogaea L.) dry matter yield and selected soil properties under water stress.  African 

Journal of agricultural Research,13(21):1080-1090 

http://extension.cropsci.illinois.edu/handbook/


170 
 

Nigeria Shell (2014). Oil theft, sabotage and spills shell. Publication of Shell Petroleum Development 

Company of Nigeria Limited, Nigeria. 

Nirola, R., Mallavarapu, M., Aryal, R. and Naidu, R. (2016). Screening of metal uptake by plant 

colonizers growing on abandoned copper mine in Kapunda, South Australia. Int. J. Phytorem., 

18:399–405.  

Nobre, M.M.M. and Nobre, R.C.M. (2004) Soil vapor extraction of chlorinated solvents at an 

industrial site in Brazil. J. Hazard Mater., 110: 119-127.  

Novak, J.M., Busscher, W.J., Laird, D.L., Ahmedna, M., Watts, D.W. and Niandou, M.A.S. (2009). 

Impact of biochar amendment on fertility of a southeastern coastal plain soil. Soil Science, 174 

:105-112. 

Novak, J.M., Ippolito, J.A., Ducey, T.F., Watt, D.W., Spokas, K.A., Trippe, K.M., Sigua, G.C. and 

Johnson, M.G. (2018). Remediation of an acidic mine soil: Miscanthus biochar and lime 

amendment affects metal availability, plant growth and soil enzyme activity. Chemosphere, 205: 

709-718. 

Nwankwo, J.N. (1989). Oil Spill Incidence at Olomoro. NNPC Annual Report 12 p. 

Nwite, J. N. and Alu, M. O. (2015). Effect of different levels of spent engine oil on soil properties, 

grain yield of maize and its heavy metal uptake in Abakaliki, Southeastern Nigeria. Journal of 

Soil Science and Environmental Management, 5(4): 44-51. 

Nwite, J.N., Mbah, C.N., Okonkwo, C.I. and Obi, M.E. (2012). Analysis of the Physical conditions of 

a contaminated typic Haplustult amended with organic wastes. Int. Res. J. Agric Sci. Soil Sci., 1 

(2):058-063. 

Nzediegwu, C., Prasher, S., Elsayed, E., Dhiman, J., Mawof, A. and Patel, R. (2019). Effect of 

biochar on heavy metal accumulation in potatoes from wastewater irrigation. Journal of 

Environmental Management, 232:156-164 

Obinia, U. and Afiukwaa, J.N. (2013). Environmental and health impact of waste engine oil disposal 

in nigeria: a review.  Education and Science Journal of Policy Review and Curriculum 

Development, 3 (3): 1-12 

Obilo, P. O. and Ogunyemi, S. (2005). The use of maize as an indicator crop and in the remediation 

of farmland laden with heavy metals as a result of crude oil pollution. Discovery and Innovation. 

17 (3/4): 180-185. 

Odjegba, V. J. and Sadiq, A. O. (2002). Effects of spent engine oil on the growth parameters, 

chlorophyll and protein levels of Amaranthus hybridus L. The Environmentalists, 22: 23 – 28. 

Odu, T.C.I. (1981). Petroleum industry and the Nigerian Environment. Proc. Seminar on the   

Petroleum Industry and the Nigerian Environment held in Port Harcourt, Rivers States. 



171 
 

Offenbacher, E.G. and Pi-Sunyer, F. (1988). Chromium in human nutrition. Annu. Rev. Nutr., 8: 543-

563. 

Ogawa, M., and Okimori, Y. (2010). Pioneering works in biochar research, Japan. Soil Research, 

48(7): 489-500. 

Ogbeide, S.O (2010). An Investigation to the Recycling of Spent Engine Oil. Journal of Engineering 

Science and Technology, 3(1): 32-35. 

Ogboghodo, A. E., Osemwota, I. O. and Choke, J. U. (2001). An assessment of the effect of crude oil 

pollution on soil properties, germination and growth of maize (Zea mays L. ) Two crude types of 

focade light (UQCC) and Escravos light (Chevron). Proceeding of Annual Conference, SSSN, 

Unical Calabar 300pp 

Ogunkunle, C.O., Folarin, O.O., Olorunmaiye, K. S., Varun, M. and Fatoba, P.O. (2016). Transfer of 

metals from crude oil impacted soils to some native wetland species, the Niger-Delta, Nigeria: 

Implications for phytoremediation potentials. Journal of Agricultural Sciences, 61 (2):181-199 

Oh, T.K., Choi, B.S., Shinogi, Y. and Chikushi, J. (2012). Characterization of biochar derived from 

three types of biomass. J. Fac. Agric., 57(1):61–66. 

Okimori, Y., Ogawa, M. and Takahashi, F. (2003). Potential of CO2 emission reductions by 

carbonizing biomass waste from industrial tree plantation in South Sumatra, Indonesia. Mitig. 

Adapt. Strateg.Glob. Chang., 8: 261–280. 

Okonokhua, B.O., Ikhajiagbe, B., Anoliefo, G.O. and Emede, T.O. (2007). “The Effect of Spent 

Engine Oil on Soil Properties and Growth of Maize (Zea mays L.) ”Journal of Applied Science 

and environmental Management, 11(3): 147 – 152. 

Oleszczuk, P., Hale, S.E., Lehmann, J. and Cornelissen, G. (2012). Activated carbon and biochar 

amendments decrease pore-water concentrations of polycyclic aromatic hydrocarbons (PAHs) in 

sewage sludge. Bioresour. Technol., 111: 84–91 

Olmo, M., Alburquerque, J.A., Barrón, V., Del Campillo, M.C., Gallardo, A., Fuentes, M. and Villar, 

R. (2014). Wheat growth and yield responses to biochar addition under Mediterranean climate 

conditions. Biol. Fertil. Soils, 50: 1177–1187. 

Olowoyo, J.O., Van Heerden, E., Fischer, J.L. and Baker, C. (2010). Trace metals in soil and leaves 

of Jacaranda mimosifolia in Tshwane area, South Africa. Atmospheric Environment, 44: 1826-

1830. 

Omondi, M.O., Xia, X., Nahayo, A.,  Liu, X.,  Korai, P.K. and Pan. G. (2016). Quantification of 

biochar effects on soil hydrological properties using meta-analysis of literature data. Geoderma, 

274:28–34. 

O’Neill, B., Grossman, J., Tsai, M.T., Gomes, J. E., Lehmann, J., Peterson, J., Neves, E. and Thies. 

J.E. (2009). Bacterial community composition in Brazilian Anthrosols and adjacent soils 

characterized using culturing and molecular identification. Microbial Ecology, 58:23–35. 



172 
 

Onwuka, M.I. and Nwangwu B.C.  (2016). Roles of biochar produced from animal and plant wastes 

on okra (Abelmoschus esculenta) growth in Umudike area of Abia State. Nigeria  Journal of 

Agriculture and Sustainability, 9 (2):158-174 

Opeyemi, M.O. (2004). Proposal for New Waste Management System in Nigeria (Lagos 

State).Thesis, Business School Degree programme in International Business, International 

Business.  

Orwa, C., Mutua, A., Kindt, R., Jamnadass, R. and Anthony, S. (2009). Agroforestree Database:a tree 

reference and selection guide version 4.0 

(http://www.worldagroforestry.org/sites/treedbs/treedatabases.asp) 

O’toole, A., Knoth de Zarruk, K., Steffens, M. and Rasse, D.P. (2013). Characterization, stability, and 

plant effect of kiln-produced wheat straw biochar. J. Environ. Qual., 42:429. 

Ouyang, L., Wang, F., Tang, J., Yu, L. and Zhang, R. (2013). Effect of biochar amendment on soil 

aggregates and hydraulic properties. J. Soil Sci. Plant Nutr., 13(4): 991-1002. 

Pagano, M.C., Ribeiro-Soares, J., Cancado, L.G., Falcao, N.P.S., Goncalves, V.N., Rosa, L.H., 

Takahashi, J.A., Achete, C.A. and Jorio, A. (2016). Depth dependence of black carbon structure, 

elemental and microbiological composition in anthropic Amazonian dark soil. Soil and Tillage 

Research, 155:298–307. 

Palivan, C.G., Gescheidt, G. and Weiner, L. (2001). The formation of copper complexes with 

hypericin, in solutions: An EPR study. Journal of Inorganic Biochemistry, 86(1):369-369. 

Pandey, N. and Sharma, C.P. (2002). Effect of heavy metals Co2, Ni2+, and Cd2+ on growth and 

metabolism of cabbage. Plant Sci., 163:753–758. 

Park, J.H., Choppala, G.K., Bolan, N.S., Chung, J.W. and Chuasavathi, T. (2011) Biochar reduces the 

bioavailability and phytotoxicity of heavy metals. Plant and Soil, 348: 439–451. 

Park, J., Hung, I., Gan, Z., Rojas, O. J., Lim, K. H. and Park, S. (2013). Activated carbon from 

biochar: Influence of its physicochemical properties on the sorption characteristics of 

phenanthrene. Bioresour. Technol., 149: 383-389. 

Paria, S. (2008) Surfactant-enhanced remediation of organic contaminated soil and water. Adv 

Colloid Interface Sci., 138: 24-58. 

Parr, P.D. and Taylor, F.G. Jr (1982). Germination and growth effects of hexavalent chromium in 

Orocol TL (a corrosion inhibitor) on Phaseolus vulgaris. Environ. Int., 7:197–202 

Paz-Ferreiro, J. and Fu, S. (2014).  Biological indices for soil quality evaluation: perspectives and 

limitations, Land Degrad. Dev., in Press.  

Paz-Ferreiro, J., Lu, H., Fu, S., Mendez, A., and Gasco, G. (2014) Use of phytoremediation and 

biochar to remediate heavy metal polluted soils: A review. Solid Earth, 5: 65–75. 

https://www.theseus.fi/bitstream/handle/10024/52188/OLUWALEYE%20MICHAEL%20OPEYEMI.pdf?sequence=2
https://www.theseus.fi/bitstream/handle/10024/52188/OLUWALEYE%20MICHAEL%20OPEYEMI.pdf?sequence=2
https://www.theseus.fi/bitstream/handle/10024/52188/OLUWALEYE%20MICHAEL%20OPEYEMI.pdf?sequence=2
http://www.worldagroforestry.org/sites/treedbs/treedatabases.asp


173 
 

Pecha, B. and Garcia-Perez, M. (2015). Bioenergy, Elsevier. Available at: 

http://www.sciencedirect.com/science/article/pii/B9780124079090000262 [Accessed February 

26, 2015]. 

Pei, K.K. (2010). Effect of Cd and Zn stress on seed germination, physiology and biochemistry of 

Nelumbo nucifera [thesis]. Zhengzhou, China: College of Forestry, Henan Agricultural 

University; (in Chinese with English abstract) 

Peng, X., Ye, L.L., Wang, C.H., Zhou, H. and Sun, B. (2011) Temperature- and Duration- Dependent 

Rice Straw-Derived Biochar: Characteristics and effects on soil properties of an Ultisol in 

Southern China. Soil and Tillage Research, 112:159-166. 

Peralta, J.R., Gardea, Torresdey, J.L., Tiemann, K.J., Gomez, E., Arteaga, S. and Rascon, E. (2001). 

Uptake and effects of five heavy metals on seed germination and plant growth in alfalfa 

(Medicago sativa) L. Bull. Environ.. Contam. Toxicol., 66(6):727–734 

Peralta-videa, J. R., De Ia Rosa, G., Gonzalez, J. H. and Gardea-Torresdey, J. L. (2004). Effects of 

the growth stage on the heavy metal tolerance of alfalfa plants. Advances in Environmental 

Research, 8: 679-685. 

Pe´rez-Esteban, J., Escola´stico, C., Moliner, A. and Masaguer, A. (2013). Chemical speciation and 

mobilization of copper and zinc in naturally contaminated mine soils with citric and tartaric 

acids. Chemosphere, 90:276–283. 

Peuke, A. D. and Rennenberg, H. (2005). Phytoremediation-Molecular biology, requirements for 

application, environmental protection, public attention and feasibility. EMBO Rep. 6:497–501. 

doi: 10.1038/sj.embor.7400445. 

Pituello, C., Francioso, O., Simonetti, G., Pisi, A., Torreggiani, A., Berti, A. and Morari, F. (2015). 

Characterization of chemical, physical, structural and morphological properties of biochars from 

biowastes produced at different temperatures. J. Soils Sediments, 15:792–804. 

Ponomarenko, E. V. and Anderson, D. W. (2001). Importance of charred organic matter in 

BlackChernozem soils of Saskatchewan. Canadian Journal of Soil Science, 81 (3):285-297. 

Qayyum M.F., Steffens D., Reisenauer H.P., Schubert S. (2014): Biochars influence differential 

distribution and chemical composition of soil organic matter. Plant, Soil and Environment, 60: 

337–343. 

Qian, L. and Chen, B. (2013). Dual role of biochars as adsorbents for aluminum: the effects of 

oxygen-containing organic components and the scattering of silicate particles. Environ. Sci. 

Technol., 47(15):8759–8768 

Qian, K., Kumar, A., Patil, K.,  Bellmer ,D.,  Wang , D., Yuan, W.  and Huhnke, R.L. (2013). Effects 

of Biomass Feedstocks and Gasification Conditions on the Physiochemical Properties of Char. 

Energies, 6: 3972-3986 



174 
 

Rafiq, M.K., Bachmann, R.T., Rafiq, M.T., Shang, Z., Joseph, S. and Long, R. (2016). Influence of 

pyrolysis temperature on physicochemical properties of corn stover (Zea mays L) biochar and 

feasibility for carbon capture and energy balance. PLoS ONE 11: e0156894. 

Rahman, H., Sabreen, S., Alam, S. and Kawai, S. (2005). Effects of nickel on growth and 

composition of metal micronutrients in barley plants grown in nutrient solution. J. Plant Nutr., 

28:393–404 

Rajkovich, S., Enders, A., Hanley, K., Hyland, C., Zimmerman, A.R. and Lehmann, J. (2011) Corn 

growth and nitrogen nutrition after additions of biochars with varying properties to a temperate 

soil. Biol. Fertil. Soils, 48:271–284. 

Rascio, N. and Navari-Izzo, F. (2011). Heavy metal hyperaccumulating plants: how and why do they 

do it? And what makes them so interesting? Plant Sci., 180 (2):169–181. 

Rawat, J., Saxena, J. and Sanwal, P. (2019). Biochar: A Sustainable Approach for Improving Plant 

Growth and Soil Properties. DOI: http://dx.doi.org/10.5772/intechopen.82151. 

Rawls, W. J., Pachepsky, Y. A., Ritchie, J. C., Sobecki, T. M., and Bloodworth, H. (2003). Effect of 

soil organic carbon on soil water retention. Geoderma, 116(1): 61-76. 

Reddy, K.R., Hettiarachci, H., Gangathulasi, J., Bogner, J.E. and Lagier T. (2009). Geotechnical 

properties of synthetic municipal solid waste. Int. J. Geotechn. Eng., 3: 429–438. 

Regmi, P., Moscoso, J. L. G., Kumar, S., Cao, X., Mao, J. and Schafran, G. (2012). “Removal of 

copper and cadmium from aqueous solution using switchgrass biochar produced via 

hydrothermal carbonization process”, J. Environ. Manage., 109:61-69. 

Rees, F., Germain, C., Sterckeman, T. and Morel, J.L. (2015). Plant growth and metal uptake by a 

non-hyperaccumulating species (Lolium perenne) and a Cd-Zn hyperaccumulator (Noccaea 

caerulescens) in contaminated soils amended with biochar. Plant Soil, 395 (1): 57-73 

Rees, F., Simonnot, M.O. and Morel, J.L. (2014). Short term effect of biochar on soil heavy metal 

mobility are controlled by intra-particle diffusion and soil pH increase. Eur. J. Soil Sci., 65:149-

161. 

Rees, F., Sterckeman, T. and Morel, J.L. (2016). Root development of nonaccumulating and 

hyperaccumulating plants in metal-contaminated soils amended with biochar. Chemosphere, 

142:48–55. https://doi. org/10.1016/j.chemosphere.2015.03.068 

Reeves, R.D. and Baker A.J.M. (2000). Metal-accumulating plants. In: Raskin I, Ensley BD (eds), 

Phytoremediation of Toxic Metals, pp. 193-229. John Wiley, NY, USA. 

Renner, R. (2007). Rethinking biochar. Environ. Sci. Technol., 41:5932-5933.  

Rizwan, M., Ali, S., Qayyum, M. F., Ibrahim, M., Zia-ur-Rehman, M., Abbas, T., and Ok, Y. S. 

(2016). Mechanisms of biochar-mediated alleviation of toxicity of trace elements in plants: A 

critical review. Environ. Sci. Pollut. Res., 23:2230–2248.  

http://dx.doi.org/10.5772/intechopen.82151
https://doi/


175 
 

Robertson, G. P. and Swinton, S. M. (2005) ‘Reconciling agricultural productivity and environmental 

integrity: A grand challenge for agriculture’, Frontiers in Ecology and the Environment, 3:38–

46. 

Rogovska, N., Laird, D.A., Rathke, S. J. and Karlen, D.L. (2014). Biochar impact on midwestern 

mollisols and maize nutrient availability. Geoderma 230–231:340- 347 

Romero-Puertas, M.C., Rodriquez-Serrano, M., Corpas, F.J., Gomez, M., Del Rio, L.A. and  

Sandalio, L.M. (2004). Cadmium-induced subcellular accumulation of O2 and H2O2 in pea 

leaves. Plant Cell Environ., 27:1122–1134 

Rondon, M.A., Lehmann, J., Ramirez, J. and Hurtado, M. (2007). Biological nitrogen fixation by 

common beans (Phaseolus vulgaris L.) increases with bio-char additions. Biology and Fertility of 

Soils, 43:699-708. 

Ronsse, F., Dickinson, D., Nachenius, R. and Prins, W. (2013). Biomass pyrolysis and biochar 

characterization. 1st FOREBIOM Workshop 4/4/13 – Vienna. 

Ronsse, F., van Hecke, S., Dickinson, D. and Prins, W. (2012). Production and characterization of 

slow pyrolysis biochar: influence of feedstock type and pyrolysis conditions. Glob. Chang. Biol. 

Bioenergy., 5:104–115. 

Rout, G. R., Samantaray, S. and Das, P. (2000). Effects of chromium and nickel on germination and 

growth in tolerant and non tolerant populations of Echinochloa colona (L.) Link. Chemosphere, 

40: 855-859. 

Sadaka, S., Mahmoud A. Sharara, M.A., Ashworth, A. and Keyser , P., Allen, F. and Wright, A. 

(2014).  Characterization of Biochar from Switchgrass Carbonization. Energies, 7: 548-567. 

Sahoo, M. and Chand, P. K. (1998). In vitro multiplication of a medicinal herb Tridax procumbens L. 

(Mexican Daisy, coat button): influence of explanting season, growth regulator synergy, culture 

passage and planting substrate. Phytomorphology, 48: 195 – 206 

Samsuri, A.W., Sadegh-Zadeh, F. and Seh-Bardan, B.J. (2014). Characterization of biochars 

produced from oil palm and rice husks and their adsorption capacities for heavy metals. Int. J. 

Environ. Sci. Technol., 11:967–976. 

Sanborn, P., Geertsema, M., Timothy Jull, A. J. and Hawkes, B. (2006). Soil and sedimentary 

charcoal evidence for Holocene forest fires in an inland temperate rainforest, east-central British 

Columbia, Canada. The Holocence, 16(3):415 – 427. 

Sarma, H. (2011). Metal hyperaccumulation in plants: a review focusing on phytoremediation 

technology. Journal of Environmental Science and Technology, 4 (2): 118-138 

Schnoor, J. L. (2002). Technology Evaluation Report: Phytoremediation of Soil and Groundwater. 

GWRTAC Series TE-02-01. 



176 
 

Sempebwa, J.C. and Carpenter, D.O. (2009 ).the generation, use and disposal of waste crankcase oil 

in developing countries: a case for kampala district, Uganda.  J. Hazard Mater., 161(2-3): 835–

841.  

Semple, K.T., Doick, K.J., Jones, K.C., Burauel, P., Craven, A. and Harms, H. (2004). Defining 

bioavailability and bioaccessibility of contaminated soil and sediment is complicated. Environ. 

Sci. Technol., 38:228A-231A. 

Shaaban, A., Se, S.M., Dimin, M.F., Juoi, J.M., Husin, M.H. and Mitan, N.M.M. (2014). Influence of 

heating temperature and holding time on biochars derived from rubber wood sawdust via slow 

pyrolysis. J. Anal. Appl. Pyrol., 107:31–39. 

Shaaban, M., Van Zwieten L., Bashir S., Younas A., Nunez-Delgado A., Chhajro M.A., Kubar K.A., 

Ali U., Rana M.S., Mehmood M.A. and Hu R.G. (2018). A concise review of biochar application 

to agricultural soils to improve soil conditions and fight pollution. Journal of Environmental 

Management, 228:429-440. 

Shanker, A.K., Cervantes, C., Loza-Tavera, H. and Avudainayagam, S. (2005). Chromium toxicity in 

plants. Environment International, Vol. 31, No. 5, (July 2005), pp. 739-753, ISSN 0160-4120 

Sharifi, M., Sadeghi, Y. and Akbarpour, M. (2007). Germination and growth of six plant species on 

contaminated soil with spent oil. Inter. J. Environ., Sci. Technol., 4 (4): 463-470 

Sharma, P. and Dubey, R.S. (2005). Lead toxicity in plants. Brazilian J. Plant Physiol., 17: 35–52. 

Sharma, R.K., Wooten, J.B., Baliga, V.L., Lin, X., Chan, W.G. and Hajaligol, M.R. (2004). 

Characterization of chars from pyrolysis of lignin. Fuel, 83:1469-1482. 

Shtangeeva, I. (2006) Phytoremediation of trace element contaminated soil with cereal crops: role of 

fertilizers and bacteria on bioavailability. In: Sajwan KS, Naidu R (eds) Trace elements in the 

environment (Prasad MNV. CRC Press, Taylor and Francis Group, Boca Raton, pp 689–706. 

Si, L., Xie, Y., Ma, Q.  and Wu, L. (2018). The Short-Term Effects of Rice Straw Biochar, Nitrogen 

and Phosphorus Fertilizer on Rice Yield and Soil Properties in a ColdWaterlogged Paddy Field. 

Sustainability. 10,537 

Sigua, G.C., Novak, J.M., Watts, D.W., Ippolito, J.A., Ducey, T.F., Johnson, M.G. and Spokas, K.A. 

(2019). Phytostabilization of Zn and Cd in Mine Soil Using Corn in Combination with Biochars 

and Manure-Based Compost. Environments, 6:69 

Sigua, G.C., Stone, K.C., Hunt, P.G., Cantrell, K.B. and Novak, J.M. (2015). Increasing biomass of 

winter wheat using sorghum biochars. Agron. Sustain. Dev., 35:739–748. 

Silverstein, M. R., Webster, X. F. and Kiemle, J. D. (2005). “Spectrometric identification of organic 

compounds”, 7th Edition, John Wiley & Sons, USA. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ssempebwa%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=18513868
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=18513868
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=18513868


177 
 

Sizmur, T., Quilliam, R., Puga, A.P., Moreno-Jimenez, E., Beesley, L. and Gomez-Eyles, J.L. (2015). 

Application of Biochar for Soil Remediation. Soil Research Center, Dept. of Geography and 

Environmental Science.  

Skjemstad, J.O., Reicosky, D.C., Wilts, A.R. and McGowan, J.A. (2002). Charcoal carbon in US 

agricultural soils. Soil Sci. Soc. Am. J., 66: 1249–1255. 

Smider, B. and Singh, B. (2014). Agronomic performance of a high ash biochar in two contrasting 

soils. Agric. Ecosyst. Environ.,191:99–107. doi:10.1016/j.agee.2014.01.024 

Smith, K.S., Ranville, J.F., Adams, M.K., Choate, L.M., Church, S.E., Fey, D.L.,Wanty, R.B., and 

Crock, J.G. (2006). Predicting toxic effects of copper onaquatic biota in mineralized areas by 

using the biotic ligand model, inProceed-ings of the Seventh International Conference on Acid 

Rock Drainage, St. Louis,Missouri, March 26–30,  p. 2055–2077. 

Sobek, A., Stamm, N.  and Bucheli, T.D. (2009) Sorption of phenyl urea herbicides to black carbon. 

Environ. Sci. Technol., 43, 8147–8152. 

Sohi, S., Krull, E., Lopez-Capel, E. and Bol, R. (2010). A review of biochar and its use and function 

in soil. Advances in Agronomy, 105:47-82. 

Sohi, S., Loez-Capel, E., Krull, E. and Bol, R. (2009). Biochar's roles in soil and climate change: A 

review of research needs. CSIRO Land and Water Science Report 05/09, 64 pp. 

Solomon, D., Lehmann, J., Thies, J., Schafer, T., Liang, B., Kinyangi, J. and Skjemstad, J. (2007). 

Molecular signature and sources of biochemical recalcitrance of organic C in Amazonian Dark 

Earths. Geochimica et Cosmochimica Acta, 71 (9):2285-2298. 

Somasekharaiah, B.V., Padmaja, K. and Prasad, A.R.K. (1992). Phytotoxicity of cadmium ions on 

germinating seedlings of mung bean (Phaseolus vulgaris): involvement of lipid peroxidase in 

chlorophyll degradation. Physiol. Plant, 85:85–89. 

Sousa, R.S.D., Nunes, L., Lima, A.B.D., Melo, W.J.D., Antunes, J.E.L. and Araujo, A. (2018). 

Chromium accumulation in maize and cowpea after successive applications of composted 

tannery sludge. Acta Scientiarum Agron., 40:55–60. 

Souza, B.S., Moreira, A.P.D. and Teixeira, A.M.R.F. (2009). TG-FTIR coupling to monitor the 

pyrolysis products from agricultural residues. J. Therm. Anal. Calorim., 97:637–642 

Spokas, K. A., Cantrell, K. B., Novak, J. M., Archer, D. W., Ippolito, J. A., Collins, H. P. and Lentz, 

R. D. (2012). Biochar: a synthesis of its agronomic impact beyond carbon sequestration. Journal 

of Environmental Quality, 41(4): 973-989. 

Steiner, C., Teixeira, W. G., Lehmann, J., Nehls, T., de Macêdo, J. L. V., Blum, W. E., & Zech, W. 

(2007). Long term effects of manure, charcoal and mineral fertilization on crop production and 

fertility on a highly weathered Central Amazonian upland soil. Plant and Soil, 291(1-2), pp. 275-

290. 



178 
 

Stengel, P. and Gelin, S. (2004). Soil Fragile Interference, 1st edition. Science Publishers Inc., 

Enfield, NH, USA. pp. 189204 

Stella Mary, G., Sugumaran, P., Niveditha, S., Ramalakshmi, B., Ravichandran, P. and Seshadri, S. 

(2016). Production, characterization and evaluation of biochar from pod (Pisum sativum), leaf 

(Brassica oleracea) and peel (Citrus sinensis) wastes. Int. J. Recycl. Org. Waste Agricult., 5:43–

53 

Sun, F. and Lu, S. (2014). Biochars improve aggregate stability, water retention, and pore-space 

properties of clayey soil. J. Plant Nutr. Soil Sci., 177:26–33. 

Sun, J., Lian, F., Liu, Z., Zhu, L. and Song, Z. G. (2014). Biochars derived from various crop 

straws:Characterizationand Cd(II) removal potential. EcotoxicologyandEnvironmentalSafety, 

106:226–231 

Sun, Y., Gao, B., Yao, Y., Fang, J., Zhang, M., Zhou, Y., Chen, H. and Yang, L. (2014). Effects of 

feedstock type, production method, and pyrolysis temperature on biochar and hydrochar 

properties. Chem. Eng. J., 240:574–578 

Sutton, P. (2004).  A Perspective on environmental sustainability? A paper for the Victorian 

Commissioner for Environmental Sustainability. 

Svab, M., Kubal, M., Müllerova, M. and Raschman, R. (2008). Soil flushing by surfactant solution: 

Pilot-scale demonstration of complete technology. J. Hazard Mater., 163: 410-417. 

Takarina, N.D. and Pin, T.G. (2017). Bioconcentration Factor (BCF) and Translocation Factor (TF) 

of Heavy Metals in Mangrove Trees of Blanakan Fish Farm. Makara Journal of Science, 21:77-

81. 

Tag, A.T., Duman, G., Ucar, S. and Yanik, J. (2016).  Effects of feedstock type and pyrolysis 

temperature on potential applications of biochar. J. Anal. Appl. Pyrol. 120:200–206 

Taghizadeh-Toosi, A., Clough, T. J., Sherlock, R. R. and Condron, L. M. (2012). Biochar adsorbed 

ammonia is bioavailable. Plant and soil, 350(1-2): 57-69. 

Tammeorg, P., Simojokib, A., Makela, P., Stoddard, F.L., Alakukku, L. and Helenius, J. (2014). 

Short-term effects of biochar on soil properties and wheat yield formation with meat bone meal 

and inorganic fertiliser on a boreal loamy sand. Agric. Ecosyst. Environ., 191:108–116. 

doi:10.1016/j.agee.2014.01.007. 

Thomas, F., Malick, C., Endreszl, E.C. and Davies, K.S. (1998). Distinct responses to copper stress in 

the halophyte, Mesembryanthemum crystallinum. Physiol. Plant, 102:360–368. 

Thompson, M. and Wood, S. (1982). In Atomic Absorption Spectrometry; Cantle, E.J., Ed.; Elsevier: 

Amsterdam,4:261 - 284. 

Tian, D., Liu, A. and Xiang, Y. (2017). Effects of Biochar on Plant Growth and Cadmium Uptake: 

Case Studies on Asian Lotus (Nelumbo nucifera) and Chinese Sage (Salvia miltiorrhiza).pp 13. 



179 
 

Tlustoš, P., Pavlíková, D., Száková, J. and Balík, J. (2006). Phytoremediation of Metal-Contaminated 

Soils; Morel, J.-L., Echevarria, G., Goncharova, N., Eds.; Springer Netherlands: Dordrecht, The 

Netherlands, 2006; pp. 53-84. 

Tokova, L., Igaz, D., Horak, J. and Aydin, E. (2020). Effect of Biochar Application and Re-

Application on Soil Bulk Density, Porosity, Saturated Hydraulic Conductivity, Water Content 

and Soil Water Availability in a Silty Loam Haplic Luvisol. Agronomy, 10:1005. 

Tomaszewski, J.E., Werner, D. and Luthy, R.G. (2007). Activated carbon amendment as a treatment 

for residual DDT in sediment from a superfund site in San Francisco Bay, Richmond, California, 

USA. Environmental Toxicology and Chemistry, 26: 2143-2150. 

Tripathi, M., Sahu, J.N. and Ganesan, P. (2016). Effect of process parameters on production of 

biochar from biomass waste through pyrolysis: a review. Renew Sust. Energ Rev., 55:467–481. 

Troy, S.M., Lawlo, P.G., O’Flynn, C.J. and Healy, M.G. (2013). Impact of biochar addition to soil on 

greenhouse gas emissions following pigmanure application. Soil Biol. Biochem., 60:173–181. 

Turkdogan, M.K., Fevzi, K., Kazim, K., Ilyas, T. and Ismail, U. (2003) Heavy metals in soil, 

vegetables and fruits in the endemic upper gastrointestinal cancer region of Turkey. Environ. 

Toxicol. Pharm., 13:175–179 

Tyson-young (2008). Used oil situational analysis in Jamaica. National Workshop on Land-based 

Sources of Marine Pollution January 15 -16, 2008 

Ubuoh, E.A., Ezenwa, L. and Ogbuji, S. I. (2016). Phytoremediation potential of guinea grass 

(panicum - maximum) in the recovery of engine oil polluted soil in Imo state, Nigeria. Int’l 

Journal of Agric. and Rural Dev., 19(2): 2774-2781. 

Uchendu, U. I. and Ogwo, P. A. (2014). The Effect of Spent Engine Oil Discharge on Soil Properties 

in an Automobile Mechanic Village in Nekede, Imo State, Nigeria. Journal of Environmental 

Science, Toxicology and Food Technology (IOSR-JESTFT, 11(8): 28-32. 

Uchimiya, M., Lima, I.M., Klasson, K.T., Chang, S., Wartelle, L.H. and Rodgers, J.E. (2010). 

Immobilization of heavy metal ions (CuII, CdII, NiII, and PbII) by broiler litter‐derived biochars 

in water and soil. Journal of Agricultural Food Chemistry.58(9):5538‐5544 

Uchimiya, M., Klasson, K.T., Wartelle, L.H. and Lima, I.M. (2011a). Influence of soil properties on 

heavy metal sequestration by biochar amendments: 1. Copper sorption isotherms and the release 

of cations. Chemosphere, 82: 1431-1437. 

Uchimiya, M., Klasson, K.T., Wartelle, L.H. and Lima, I.M. (2011b). Influence of soil properties on 

heavy metal sequestration by biochar amendments: 2. Copper desorption isotherms. 

Chemosphere, 82: 1438-1447. 

Uchimiya, M., Wartelle, L.H., Klasson, K.T., Fortier, C.A., and Lima, I. M. (2011c). Influence of 

pyrolysis temperature on biochar property and function as a heavy metal sorbent in soil.  J. Agr. 

Food Chem., 59:2501–2510. 



180 
 

Uchimiya, M., Bannon, D.I., Wartelle, L.H., Lima, I.M. and Klasson, K.T. (2012). Lead retention by 

broiler litter biochars in small arms range soil: impact of pyrolysis temperature. J. Agric. Food 

Chem., 60: 5035–5044. 

Udebuani, A.C., Okoli, C.G., Okoli, I.C., Nwigwe, H.C. and Ozoh, P.T.E. (2011). Assessments of the 

volume and disposal methods of spent engine oil generated in Nekede mechanic village, Owerri, 

Nigeria. Sciencepub., 3(2). 

Udo, E. J. and Fayemi, A. A. (1975). The effect of oil pollution of soil on germination, growth and 

nutrient uptake of corn. Journal of Environmental Quality, 4: 537 – 540 

USEPA (2000). Office of the Solid Waste, EPA, 530-F-94-008. 

Usman, A.R.A., Alkredaa, R.S. and Al-Wabel, M.I. (2013). Heavy metal contamination in sediments 

and mangroves from the coast of Red Sea: Avicennia sp. marina as potential metal 

bioaccumulator. Ecotoxicol Environ Saf. 97: 263-270, http://dx. 

doi.org/10.1016/j.ecoenv.2013.08.009. 

Uzoma, K.C., Inoue, M., Andry, H., Fujimaki, H., Zahoor, A. and Nishihara, E. (2011). Effect of cow 

manure biochar on maize productivity under sandy soil condition. Soil Use Manag. 27:205–212. 

Van der Ent, A., Baker, A.J.M., Reeves, R.D., Pollard, A.J. and Schat, H. (2013).  Hyperaccumulators 

of metal and metalloid trace elements: Facts and fiction. Plant. Soil., 362: 319–334. 

Van Zwieten, L., Kimber, S., Morris, S., Downie, A., Berger, E., Rust, J., and Scheer, C. (2010). 

Influence of biochars on flux of N2O and CO2 from Ferrosol. Aust. J. Soil Res., 48, 555. 

Varalakshmi, L.R. and Ganeshamurthy, A.N. (2009) Effect of  cadmium on plant biomass and 

cadmium accumulation in amaranthus (Amaranthus tricolor) cultivars.  Indian J. Agric Sci., 

79(1):861–864. 

Varalakshmi, L.R and Ganeshamurthy, A.N. (2012).  Heavy  metal contamination of water bodies, 

soils and  vegetables in peri-urban areas: a case study in  Bengaluru. J. Hortic. Sci., 7(1):62–67. 

Varalakshmi, L.R. and  Ganeshamurthy, A.N. (2013)  Phytotoxicity of cadmium in radish and its 

effects on  growth, yield and cadmium uptake. Commun. Soil Sci. Plant Anal. 44:1444–1456. 

Varun, M., D’Souza, R., Kumar, D. and Paul, M.S. (2011). Bioassay asmonitoring system for lead 

phytoremediation through Crinum asiaticum L. Environmental Monitoring & Assessment, 178: 

373-381. 

Verheijen, F., Jeffery, S., Bastos, A. C., Van der Velde, M., & Diafas, I. (2010). Biochar application 

to soils. Institute for Environment and Sustainability, Luxembourg. 

Videgain-Marco, M., Marco-Montori, P., Marti-Dalmau, C., Jaizme-Vega, M., Manya-Cervello, J.J. 

and Garcia-Ramos, F.J. (2020). Effects of Biochar Application in a Sorghum Crop under 

Greenhouse Conditions: Growth Parameters and Physicochemical Fertility. Agronomy, 10:104. 

http://dx/


181 
 

Viluvanthan, R., Kanchi, S.S. and Thiruvengadam, D. (2004). Effect of Tridax procumbens on liver 

antioxidant defence system during lipopolysacharideinduced hepatitis in D-galactosomine 

senitized rats. Molecular and Cellular Biochemistry, 269: 131-136 

Vwioko, D. E., Anoliefo, G. O., Fashemi, S. D. (2006). Metals concentration in plant tissues of 

Ricinus communis L. (Castor Oil) grown in soil contaminated with spent lubricating oil. Journal 

of Applied Science and Environmental Management, 10: 127-134. 

Waines, J. G. (2012). Determination of optimum root and shoot size in bread wheat for increased 

water and nutrient use efficiency and grain yield. Report to California Wheat Commission: GH 

2011-2012 Experiments. California Wheat Commission. 

Walters, R.D. and White, J.G. (2018). Biochar in situ decreased bulk density and improved soil-water 

relations and indicators in Southeastern US Coastal Plain Ultisols. Soil Sci., 183:1–13. 

Wang, M., Zhu, Y., Cheng, L., Andserson, B., Zhao, X., Wang, D. and Ding, A. (2018b). Review on 

utilization of biochar for metal-contaminated soil and sediment remediation. J. Environ. Sci. 

63:156–173. 

Wang, T., Sun, H., Ren, X., Li1, B. and Mao, H. (2017). Evaluation of biochars from different stock 

materials as carriers of bacterial strain for remediation of heavy metal-contaminated soil. 

Scientific Reports, 7: 12114 

Wang, Z., Zheng, H., Luo, Y., Deng, X., Herbert, S., and Xing, B. (2013). Characterization and 

influence of biochars on nitrous oxide emission from agricultural soil. Environ. Pollut., 174, 

289–296. 

Wang, Z.Y., Zong, H.Y., Zheng, H., Liu, G.C., Chen, L. and Xing, B.S. (2015b). Reduced 

nitrification and abundance of ammonia-oxidizing bacteria in acidic soil amended with biochar. 

Chemosphere, 138:576-583. 

Warnock, Lehmann, J., Kuyper, T. and Rillig, M. (2007). Mycorrhizal responses to biochar in soil – 

concepts and mechanisms. August 9. 

Watt, W.R. (1973). Soil temperature and heat expansion in Zea Mays L. Experimental Agriculture, 

9:12-18. 

Waqas, M., Khan, A. L., Kang, S.M., Kim, Y. H. and Lee, I. J. (2014). Phytohormone-producing 

fungal endophytes and hardwood-derived biochar interact to ameliorate heavymetal stress in 

soybeans. Biol Fertil Soils. DOI 10.1007/s00374-014-0937-4 

Wei, S., Zhu, J., Zhou, Q.X. and Zhan, J. (2011). Fertilizer amendment for improving the 

phytoextraction of cadmium by hyperaccumulator Rorippa globose (Turcz). J. Soils Sediment, 

11: 915–922. 

WHO/FAO. (2001). Codex alimentarius commission. Food additives and contaminants. Joint 

FAO/WHO Food Standards Programme, ALINORM 10/12A. Retrieved from 

www.transpaktrading.com/static/pdf/research/ achemistry/introTofertilizers.pdf 

http://www.transpaktrading.com/static/pdf/research/


182 
 

WHO/FAO (1996). Permissible limit of heavy metals in soil and plants. WHO, Geneva, Switzerland 

WHO. Exposure to arsenic: a major public health concern (2010). http://www.who.int/ 

ipcs/features/arsenic.pdf. 

Wilon, K. (2019). How biochar works in soil, the Biochar Journal 2014, Arbaz, Switzerland. 

Available online: www.biochar-journal.org/en/ct/32 (accessed on 14 June 2019). 

Winsley, P. (2007). Biochar and bioenergy production for climate change mitigation. New Zealand 

Sci. Review, 64:5-10.  

Woolf, D., Amonette, J. E., Street-Perrott, F. A., Lehmann, J. and Joseph, S. (2010). Sustainable 

biochar to mitigate global climate change. Nature Comm., 1:56-64. 

Wu, P., Ata-Ul-Karim, S.T., Singh, B.P., Wang, H., Wu, T., Liu, C., Fang, G., Zhou, D., Wang, Y. 

and Chen, W. (2019). A scientometric review of biochar research in the past 20 years (1998–

2018). Biochar 1:23–43. https://doi. org/10.1007/s42773-019-00002-9. 

Wu, H., Yip, K., Tian, F., Xie, Z., and Li, C. Z. (2009). Evolution of char structure during the steam 

gasification of biochars produced from the pyrolysis of various Mallee Biomass Components. 

Ind. Eng. Chem. Res., 48, 10431–10438. 

Wu, W., Yang, M., Feng, Q., McGrouther, K., Wang, H., Lu, H. and Chen, Y. (2012). Chemical 

characterization of rice straw-derived biochar for soil amendment. Biomass Bioenergy, 47, 268–

276. 

Wuana, R.A., Adie, P.A., Abah, J., Ejeh, M.A. (2013). Screening of Pearl Millet for Phytoextraction 

Potential in Soil Contaminated with Cadmium and Lead. International Journal of Science and 

Technology, 2(4): pp 158. 

Wuana, R.A. and Okieimen, F.E. (2010). Phytoremediation potential of maize (Zea mays L.). A 

review. African Journal of General Agriculture, 6(4):275-287. 

Wyszkowska, J. and Kucharski, J. (2004). The biochemical properties of soil contaminated by diesel 

oil and the yield of yellow lupine. Rocz Glebozn.,50: 299-304. 

Wyszkowski, M and Ziolkowska, A. (2008). Effect of Petrol and Diesel on ciontent of organic carbon 

and mineral components in soil. American Journal of Sustainable Agriculture. 2(1): 54-60. 

Xie, Z., Xu, Y., Zhu, J., Tu, C. and Hu, S. (2013). “Impact of biochar application on nitrogen 

nutrition of rice, greenhouse-gas emissions and soil organic carbon dynamics in two paddy soils 

of China”, Plant and Soil, 370(1-2):527–540. 

Xu, D., Zhao, Y., Sun, K., Gao, B., Wang, Z., Jin, J., Zhang, Z., Wang, S., Yan, Y. L.X. and Wu, F. 

(2014). Cadmium adsorption on plant- and manure-derived biochar and biochar-amended sandy 

soils: Impact of bulk and surface properties. Chemosphere, 11:320–326. 

http://www.who.int/


183 
 

Yadav, S.K. (2010). Heavy metals toxicity in plants: an overview on the role of glutathione and 

phytochelatins in heavy metal stress tolerance of plants. S. Afr. J. Bot., 76:167–179 

Yadav, A., Khursheed B. Ansari, B. K., Simha, P., Gaikar, G.V and   Pandit, A.B. (2016). Vacuum 

pyrolysed biochar for soil amendment, Resource-Efficient Technologies 2:S177–S185 

Yamato, M., Okimori., Y., Wibowo, I. F., Anshori, S. and Ogawa, M. (2006). Effect of the 

application of charred bark of Acacia mangium on the yield of maize, cowpea and peanut, and 

soil chemical properties in South Sumatra, Indonesia. Soil Sic. Plant Nut., 52: 489-495.  

Yang, Y., Ma, S., Zhao, Y., Jing, M., Xu, Y. and Chen, J. (2015). A Field Experiment on 

Enhancement of Crop Yield by Rice Straw and Corn Stalk-Derived Biochar in Northern China. 

Sustainability, 7:13713-13725. 

Yang, H., Yan, R., Chen, H., Lee, D.H. and Zheng, C. (2007). Characteristics of hemicellulose, 

cellulose and lignin pyrolysis. Fuel, 86: 1781–1788 

Yanqun, Z., Yuan, L., Jianjun, C., Haiyan, C., Li, Q. and Schvartz, C. (2005). Hyperaccumulation of 

Pb, Zn and Cd in herbaceous grown on lead-zinc mining area in Yunnan, China. Environ. Int., 

31: 755-762. 

Yao, Y., Gao, B., Chen, J. and Yang, L. (2013). Engineered biochar reclaiming phosphate from 

aqueous solutions: mechanisms and potential application as a slow-release fertilizer. Environ. 

Sci. Technol., 47(15):8700–8708. 

Yoon, J., Cao, X. Zhou, Q. and Ma, L.Q. (2006). Accumulation of Pb, Cu and Zn in native plants 

growing on a contaminated Florida site. Sci. Total Environ., 368: 456-464. 

Yu, X. Y., Ying, G. G. and Kookana, R. S. (2006). Sorption and desorption behaviors of diuron in 

soils amended with charcoal. Journal of Agricultural and Food Chemistry, 54(22):8545-8550. 

Yuan, J., Xu, R. and Zhang, H. (2011). The forms of alkalis in the biochar produced from crop 

residues at different temperatures. Bioresource Technology. 102:3488-3497. 

Zama, E.F., Zhu, Y-G, Reid, B.J., Sun, G-X. (2017). The role of biochar properties in influencing the 

sorption and desorption of Pb(II), Cd(II) and As (III) in aqueous solution. J. Clean Prod., 

148:127–136. 

Zhang, A., Liu, Y., Pan, G., Hussain, Q., Li, L., Zheng, J. and Zhang, X. (2012). Effect of biochar 

amendment on maize yield and greenhouse gas emissions from a soil organic carbon poor 

calcareous loamy soil from Central China Plain. Plant Soil, 351:263–275. 

Zhang, D., Pan, G., Wu, G., Kibue, G.W., Li, L., Zhang, X., Zheng, J., Zheng, J., Cheng, K. and 

Joseph, S. (2015). Biochar helps enhance maize productivity and reduce greenhouse gas 

emissions under balanced fertilization in a rainfed low fertility inceptisol. Chemosphere, 



184 
 

Zhang, M., Gao, B., Varnoosfaderani, S., Hebard, A., Yao, Y., and Inyang, M. (2013). Preparation 

and characterization of a novel magnetic biochar for arsenic removal. Bioresour. Technol., 130, 

457–462. 

Zhang, N., Li, J., Liu, X.H., Liu, Y., Wang, Y.P., Liang, H.Y. and Liao, Y.C. (2014). Effects of 

Biochar on Growth and Yield of Summer Maize. J. Agro-Environ. Sci., 33:1569–1574. 

Zhang, Q.Z., Dijkstra, F.A., Liu, X.R., Wang, Y.D., Huang, J. and Lu, N. (2014). Effects of biochar 

on soil microbial biomass after four years of consecutive application in the north China plain. 

PLoS One 9. 

Zhang, X., Yang, F., Luo, C., Wen, S., Zhang, X., and Xu, Y. (2009). Bioaccumulative characteristics 

of hexabromocyclododecanes in freshwater species from an electronic waste recycling area in 

China. Chemosphere, 76(11), 1572– 1578. 

Zhao, B. and Nartey, O.D. (2014). Characterization and evaluation of biochars derived from 

agricultural waste biomass from Gansu, China. The 2014 world congress in Advances in Civil, 

environmental and materials research Busan korea Aug 24-28. 

Zhao, H.Y., Lin, L.J., Yan, Q.L., Yang, Y.X., Zhu, X.M. and Shao, J.R. (2011). Effects of EDTA and 

DTPA on lead and zinc accumulation of ryegrass. J. Environ. Protec., 2: 932–939. 

Zhao, S.X., Ta, N. and Wang, X. D. (2017). Effect of Temperature on the Structural and 

Physicochemical Properties of Biochar with Apple Tree Branches as Feedstock Material. 

Energies, 10: 1293. 

Zheng, W., Sharma, B.K. and Rajagopalan, N. (2010). Using Biochar as a Soil Amendment for 

Sustainable Agriculture. Sustainable Agriculture Grant Program Illinois Department of 

Agriculture. 

Zheng, H., Wang, Z.Y., Deng, X., Herbert, S. and Xing, B. (2013). Impacts of adding biochar on 

nitrogen retention and bioavailability in agricultural soil. Geoderma, 206:32–39. 

Zheng, R.L., Cai, C., Liang, J.H., Huang, Q., Chen, Z., Huang, Y.Z., Arp, H.P.H. and Sun, G. X. 

(2012). The effect of biochar from rice residue on the formation of iron plaqueand accumulation 

of Cd, Zn, Pb and As in rice (Oryza sativa L.) seedlings. Chemosphere. (89(7): 856-862 

Zhou, J., Chen, H., Huang, W., Arocena, J.M. and Ge, S. (2016). Sorption of Atrazine, 17_-Estradiol, 

and Phenanthrene on Wheat Straw and Peanut Shell Biochars. Water Air Soil Pollut., 7:227. 

Zimmerman, A.R., Gao, B. and Ahn, M.Y. (2011) Positive and negative carbon mineralization 

priming effects among a variety of biochar-amended soils. Soil Biol. Biochem., 43, 1169–1179. 

Zulfqar, S., Wahid, A., Farooq, M., Maqbool, N. and Arfan, M. (2012). Phytoremediation of soil 

cadmium using Chenopodium species. Pak. J. Agri. Sci., 49: 435-445. 

 

 


