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Abstract 

EFFECTS OF SELECTED BIOCHAR AMENDMENTS ON 

IMMOBILIZATION OF BIOAVAILABLE CADMIUM (Cd) IN 

ETHIOPIAN KALE (Brassica carinata) GROWN IN ARTIFICIALLY 

CONTAMINATED SOIL 

YORDANOS KIROS G/TSADIK  

Addis Ababa University, 2018  

Biochar has attracted research interest due to its ability to reduce the bioavailability of 

heavy metals in contaminated soils and reduce their risk of entering the food chain. This 

study aims to evaluate the potential use of Stinging Nettle (SNB), Parthenium (PB), 

Brewery Sludge (BR) and Bamboo (BB) derived biochar as a soil amendment for 

reducing Cd availability and uptake by Brassica carinata in pot experiments. The soil 

used for these experiments were moderately fertile silty loam and slightly basic (pH= 

7.76). All the biochar treatments were pyrolyzed at 500  and sieved with mesh size 

(0.5mm). They were applied at the rate of 4% w/w on cultivars grown on artificially Cd 

spiked soil. The addition of biochars to the soil significantly (p < 0.05) increased the dry 

weight of edible part of Brassica carinata (Ethiopian kale) by 216% in SNB, 335% in PB, 

228% in BR and 35% in BB. The bioavailable Cd concentration was measured by CaCl2 

extractable procedure was significantly lower (P < 0.05) in all selected biochar treated 

soil than soil without biochar treatment, followed the order: BR > PB > SNB >BB. This 

was contributed for significant reduction in Cd accumulation in the edible part of the 

plant in treated soils. The amount of Cd reduction in soil and accumulation in plant were 

significantly higher in BR and SNB than PB and BB derived biochars, at 0.05 significant 

level of Post Hoc ANOVA. Particularly, with the increasing soil available phosphors 

(AP), pH and Cation Exchange Capacity (CEC) of BR and PB biochars significantly 

reduced Cd bioavailability in soil by (86% and 44%) and accumulation in shoot of 

Brassica carinata cultivars by (93% and 79%),respectively. The Effects of biochar 

treatments on heavy metal bioavailability varied with the nature of the feedstocks. The 

result indicates that BR and PB derived biochars are most effective to promote Cd 

immobilization and Ethiopian kale growth than the SNB and BB derived biochars. 

Therefore, these biochars could be used as effective treatments to reduce contaminated 

agricultural soil and efficient disposal of agriculture and industrial wastes.  

Key words: biochar amendments, Immobilization, Cadmium, Soil Contamination, 

Brassica carinata.   
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Chapter One 

1. Introduction  

Urban agriculture near river side for food production is important to the society and the 

environment around the world (Orsini et al., 2013). Because of contaminated river water 

soil and plants accumulate a large amount of pollutant (heavy metals). In recent years, 

heavy metals pollution in agricultural soil has been a current issue; metals has been 

relatively non-biodegradable once they entered in soil they may accumulate and persist 

for a long period of time (Kumar et al., 2007). The most common Potential Toxic 

Elements (PTE) listed by the United Stated Environmental Protection Agency (USEPA) 

are  mercury  (Hg),  arsenic (As),  cadmium  (Cd),  chromium  (Cr), copper  (Cu),  nickel  

(Ni),  lead  (Pb)  and  zinc  (Zn) (USEPA, 1997). Especially, Cd creates a serious problem 

with the environment, through gradual increases in soil, due to its higher toxicity and 

mobility in the soil-plant system. Moreover, it can be easily accumulated in edible parts 

of the plant (Tang et al., 2009). Mainly, leafy vegetables accumulate higher concentration 

of heavy metals than other crops (Yang et al., 2010). 

Brassica carinata (Ethiopian kale) is known as yabesha gomen in Amharic. It is an 

important leafy vegetable grown and consumed in Ethiopia. Yabesha gomen is used 

mainly for its tender leaves and sprouts, which are boiled and consumed especially during 

the fasting periods. But, nowadays due to the increased awareness on the food values of 

vegetables for health it is used daily as a source of food. Ethiopian kale is the most 

commonly cultivated vegetable including in urban agriculture because due to its fast 
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growth, elevated fully-harvestable vegetable production and its market demand is also 

high.  

The main problem is with the vegetables which are cultivated was grown in contaminated 

soil and watered using polluted water from polluted rivers especially in urban agriculture 

of Addis Ababa. Consequently, heavy metals accumulate in vegetables which can cause 

toxicity or carcinogenicity to humans and animals. Especially, due to the high mobility 

property of Cd, it is simply accumulate in edible part of vegetables (Khan et al., 2016). 

So that immobilization of heavy metals which are accessibility and availability to plants 

in contaminated soil is urgent one. In order to avoid serious health risks and ensure food 

safety. The immobilization of heavy metals and remediation of contaminated soils is 

usually done on in-situ and ex-situ remediation techniques (Lim et al., 2013; Moon et al., 

2013). 

Recent research has been focused on inorganic contaminant stabilization in soil, 

particularly heavy metals containment by the processes of adsorption, binding or co-

precipitation through amendment additions (Kumpiene et al., 2008). In addition, the soil 

amendments have to possess a high binding capacity as well as to be safe for the 

environment, and not to have adverse effects on soil structure, soil fertility, or the 

ecosystem. Currently, a large variety of biochar materials (carbonaceous residue of 

incomplete burning of carbon rich biomass) are used for soil amendment to improve soil 

fertility, crop production, nutrient retention, serve as a recalcitrant carbon sequestration 

and removal of heavy metal contaminants in soil (Lehmann, 2007; Glaser et al., 2002). 

Since biochar has many heavy metals immobilization properties such as large 

microporous structure, high pH, high cation exchange capacity (CEC) and contain 
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surface functional groups, (carboxyl, phenolic, hydroxyl and carbonyl) makes the most 

commonly used material in adsorption (Jiang et al., 2012).  

It has been reported that the additions of biochars increased the soil capacity to retain and 

adsorb plant nutrients and decrease the nutrient losses by leaching (Uzoma et al., 2011; 

Chan et al., 2008; Lehmann et al., 2003). The addition of biochar to soils might modify 

some chemical soil properties such as cation exchange capacity and soil acidity, 

providing circumstances that are suitable for heavy metal immobilization and 

subsequently reducing their availability to plants (Park et al., 2011). However, a little or 

no research works has been conducted on the potential of brewer sludge (BR), 

parthenium weed (PB) and stinging nettle (SNB) biochars in reducing the mobility and 

bioavailability of heavy metals in contaminated soils. Therefore, the objective of this 

study was to evaluate efficiency of SNB, PB, BR and BB biochars on immobilization of 

Cd in artificially Cd contaminated soils. The efficacy of immobilization were determining 

by the amount of Cd concentration change in CaCl2 extraction and Cd uptake of 

Ethiopian kale grown in contaminated soil.  
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1.1. Statement of the Problem   

Currently, one of the major problems facing in the developing countries city like Addis 

Ababa, is cultivation of vegetables on a contaminated soil near the river bank. This 

become resulted a major human health and environmental contamination concern when 

such soils are used in agriculture to produce food for human consumption (Lee et al., 

2005; Liu et al., 2005). Because of, the increasing industrialization has exerted 

substantial pressure on the environment. The contamination of heavy metals, especially 

Cd has become a serious problem because of the toxicity toward living organisms. In 

contrast to organic contaminants, the heavy metals are non-biodegradable and persist for 

a long time in ecosystems, especially in soils. Cadmium, mainly used in batteries, 

pigments, metal coatings and plastics, is known as a human carcinogen, also causing 

kidney, lung and bone diseases (Alloway, 2013). Fertilizers and atmospheric depositions 

have considerably increased the global Cd concentration in soils.  

Urban farmers on the river bank mainly dependent on irrigation of water from rivers. 

However, river water contaminated by industrial sewage can enrich soils with heavy 

metals. Studies have shown that fruit and vegetable consumption is the main pathway of 

heavy metals (contaminant) to human (receptor) exposure (Adamsa et al. 2004; 

McLaughlin et al., 1999). Cadmium (Cd) pollution in crop land has been a serious 

concern for subsistence farmer due to the risk of soil-food chain transfer. Moreover, 

Long-term application of contaminated irrigation waters can also result in the 

accumulation of metals in soil (Rattan et al., 2002). Particularly, the vegetables that are 

being consumed every day in Addis Ababa are grown on land potentially contaminated 

with polluted rivers. A study conducted by the Addis Ababa University in collaboration 
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with the Addis Ababa City Government Rivers, Riversides Development and Climate 

Change Adaptation Project Office. The studies indicate that rivers are polluted with 

industrial and domestic waste. The major industries alone discharge an equivalent to 

4,877,362 m
3
 toxic water into rivers in Addis Ababa and its environment. Accordingly, 

textile factories, food and beverages plants, leather and foot wear factories, rubber 

factories and iron and steel makers are found to be the major culprits. Especially, textiles, 

food and beverage, leather and foot wear industries account for 96 percent of the entire 

industrial waste discharged into river systems. 

In order to ensure food safety for consumers, measures to mitigate the Cd pollution in 

crop land and to decrease Cd level in crop vegetables are urgently needed. Therefore, this 

study amide to evaluate effects of different biochar treatments to immobilize the 

bioavailable Cd in contaminated soil. Furthermore, to determine the effectiveness of 

biochar on plant growth and Cd mobility in Brassica carinata which were cultivated in 

heavy metal contaminated soil.  
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1.2. Objectives  

1.2.1. General Objective  

The main objective of this thesis work is to evaluate the effects of different biochar 

treatments on plant growth, improvement of soil physicochemical properties and in the   

immobilization of bioavailable cadmium in Brassica carinata grown in Cd spiked soil. 

1.2.2. Specific Objectives  

 To produce and characterize the physicochemical properties of different biochars 

from brewer sludge, parthenium, stinging nettle and bamboo for use in soil 

amendment applications.  

 To evaluate the effects of biochar treatments on soil physicochemical properties. 

 To evaluate Cd immobilization efficacy of different biochar treatments in Cd 

contaminated soil.  

 To study the effectiveness of the different biochar treatments on plant growth and 

metal uptake of Ethiopian kale (Brassica carinata) grown in Cd contaminated 

soil.  
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Chapter Two  

2. Literature Review  

2.1 Heavy Metals in the Environment  

Heavy metals are available in the environment in various phases, such as, in solid stage 

and in solution, as free particles, or absorbed to solid colloidal particles. The 

concentration of heavy metals in the environment are due to natural sources such as, rock 

weathering, soil erosion, and disintegration of water soluble salts and anthropogenic 

sources are municipal wastewater, manufacturing industries, and agricultural activities 

(Güven, 2008). In addition, the natural levels of metals are ordinarily expanded through 

different anthropogenic activities. At present, anthropogenic contributions of metals are 

higher than the natural contributions to entire biological communities (Weiner, 2008).  

Soil pollution with heavy metals has been a major issue around the world (Nriagu, 1996; 

Alloway, 1995). Furthermore, in recent years progressively more soils are found to be 

contaminated with organic and inorganic poisons all around because of anthropogenic 

activities. Moreover, due to the presence of toxic metals (Pb, Cr, As, Zn, Cd, Cu, and Hg) 

in soil especially, Cd the soil may posture dangers and risks to humans and the ecosystem 

through: direct ingestion or contact with contaminated soil, food chain (soil- plant- 

animal- human), drinking of polluted ground water, decrease in food quality (safety and 

attractiveness) by means of phytotoxicity, reduction in land usability for agricultural 

production causing food insecurity, and land residency issues (McLaughlin et al., 2000). 

Therefore, soil amendments is a better approach for reduction of Cd concentration in soil 
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and accumulation in edible parts of plants, by immobilization Cd to avoid human health 

risks (Liu et al., 2010). 

2.2 Biochar  

The origin of biochar was associated with the ancient meridian populations in the amazon 

region, locally known as Terra Preta de Indio, the place dark earth might have been made 

through the utilization for slash-and-char strategies (Lehmann and Joseph, 2009). 

Furthermore, the Amazonian societies was most likely created biochar in a comparable 

way as it is today in the Amazon. Open air fires were utilized to set the organic material 

alight and afterward it was secured with soil and left to burn with no flame and little 

smoke to make biochar. But, this strategy is not effective and the traditional technique is 

being supplanted with a variety of biochar producer plans. Indeed, even today, over a 

thousand years after the biochar improved terra preta soils were made, they persist 

impressive for plant development with high nutrient accessibility and neutral pH (Sparkes 

& Stoutjesdijk, 2011).  

The definition of biochar it is the carbon products, gained while the raw materials, like 

forest, animal compost, and plant residues, is heated in a closed storage place without air. 

In many technical and clearer standards, biochar is created by seeming thermal 

decomposition of organic substance incomplete supply of (O2) oxygen, and at 

comparatively low temperature (Mohammed et al., 2017). Biochar is a highly porous 

charcoal substance that is distinguished from other charcoals in its intended use as a soil 

amendment for agriculture purpose (Hunt et al., 2010). 
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2.3. Biomass Feedstock Sourcing for Biochar Production  

Sustainability through biochar production has significant benefits over the conventional, 

which required feedstocks such as by-products and wastes from agricultural, forestry, 

households and industries. The process to use by-products for the biochar production 

greatly rewarded in terms of reducing ecological footprint (Stoeglehner and 

Narodoslawsky, 2009; Downie, 2011). In this study the feedstocks were used for the 

production of biochar was highland Arundinaria alpine (bamboo), Urtica simensis 

(Stinging nettle), Parthenium hysterophorus (parthenium weed) and brewery sludge with 

the purpose of finding cheaper and functionally acceptable materials for the removal of 

contaminants. 

In Ethiopia, only two bamboo species are growing and both are endemic and the biggest 

in tropical Africa (Kassahun Embaye, 2000). These species are Arundinaria 

alpina (highland bamboo) and Oxytenanthera abyssinica (lowland bamboo). The 

Arundinaria alpina bamboo which is locally named kerkeha. Ethiopia has over one 

million hectares of highland and lowland bamboo resources, which account for about 

67% of African bamboo resources and more than 7% of the world total area covered by 

bamboo (LUSO Consult, 1997). Bamboo forest is a material source for furniture, 

building, pulp, particleboard, bioenergy, food, forage and medicine. It assumes an 

indispensable part in natural enhancement, bio-diversity qualities protection and soil and 

water preservation and has waste refinement potential (Ayre-Smith, 1963; Kassahun 

Embaye, 2000). Biochar might be considered as a potential contrasting option to bamboo 

items as a durable carbon stock. 
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One of the carbonaceous materials that have gained attention is bamboo biochar (BB), 

which is an environmental, low cost and renewable biochar, and it has been proposed to 

have a special porous structure of carbon (Zhou, 2005). Bamboo has approximate ten 

times more surface area and four times more sorption capacity than char (Wang et al., 

2005). Bamboo biochar might be a perfect alteration for supplement preservation and 

substantial metal adjustment because of its intense adsorption ability. In addition to 

plantation wood, bamboo is an important material due to its rapid growth and it will also 

help decrease deforestation.  

Urtica simensis (stinging nettle), which is endemic to Ethiopia is locally known as 

―Samma‖ (Amharic). The leaves and young shoots are edible, eaten mainly in times of 

famine. It is perennial herb which grows up to 1 m tall (Friis, 1989). It is commonly 

found in grassland and disturbed localities, often plentiful near houses. It grows at 1500-

3500 m altitude (Friis, 1989). Stinging Nettle was used as a weapon of choice for 

disciplining kids in some areas back home and considered as a useless weed. The leaves 

are covered with tiny stinging hairs that produce stinging pain which causes itching and 

skin irritation. In some regions of Ethiopia people back home used Sama to make 

a gomen kind of wot with it. Recently, Stinging nettle could represent a valuable biomass 

source for several natural products, with most promising application in the food, 

medicinal, cosmetics and fiber sectors. There are economic and ecological reasons to 

cultivate stinging nettle. According to, Dreyer and Mussing, (2000) nettle can improve 

soil over fertilizer with nitrogen and phosphate. Stinging nettle derived biochar can be 

used as a soil amendment and reduction of contaminant due to its high phosphate content.  

http://en.wikipedia.org/wiki/Nettle
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Parthenium hysterophorus (Parthenium weed) locally named kincha arem, a native 

subtropical species of North and South America. Parthenium is one of the Invasive Alien 

Species (IAS) that have been recognized by the environmental policy and the national 

biodiversity strategy and action plan as a main hazard to biodiversity of the country and 

economic wellbeing of its society. However, this are one of a great problem in Ethiopia 

on biodiversity of the country, agricultural lands, national parks, lakes, power dams, 

roadsides and urban green spaces with great economic and ecological consequences. 

Parthenium weed is difficult to control due to its high seed production and widespread. 

Adaptation to wide climatic and soil conditions, spread by animal movement and their 

relationship with pastoralists lifestyle and overgrazing are difficulties to management in 

Ethiopia. Traditionally control parthenium by farmers caused in some of them skin 

allergies, itching, fever, and asthma (Taye Tessema, 2003). Parthemium weed were used 

as feedstock for bioenergy production through anaerobic digestion (Sullivan et al., 2010). 

Therefore, parthenium biochar could be an alternative option to control (manage) the 

wide spreading weed.  

Food processing which is a part of manufacturing sector generates residues and by-

products which are generally unavoidable. However, the problem is more acute in cities 

and/or town where relatively large number of manufacturing plants is concentrated. Beer 

brewery is among the industries known for production of by-products (spent grains, spent 

yeast) and sludge from the waste water treatment plant at different stages of the 

manufacturing process (Muktar Mohammed et al., 2015). Pyrolysis is a promising 

technique for the reduction of wastes from food processing industries as well as, used 

waste derived biochar as a soil amendment.   
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2.4 Biochar for Environmental Management  

Numerous investigations have found that biochar remains in soil for centuries to 

millennia. Since, the mass of the material is to a great degree recalcitrant against 

microbial degradation. Biochar is very stable in soil compared to other OM additions, 

making its application to soils a suitable approach for the build-up of SOM and thus, for 

sequestration. All through pyrolysis, the structure of molecular biomass is redesigned, to 

a shape that is to a great degree consistent in soil (Mohammed et al., 2017). Three major 

areas where biochar is being used in environmental management include (i) soil 

improvement, (ii) waste management, and (iii) climate change mitigation (Lehmann and 

Joseph, 2009),which individually or in combination must have either a social or a 

financial benefit or both. 

2.4.1 Biochar for Soil Amendment 

Biochar production using locally accessible and renewable materials economically gives 

a unique chance to enhance soil fertility and nutrient utilize effectiveness. Biochar 

management makes more profitable and more ecologically conscious utilization of 

existing resources without require new resource (Joseph et al., 2009). Moreover, 

implementing biochar into cropping systems of developing countries like Ethiopia has 

been proposed as a climate-smart and soil improving technology for sustainable 

development (Scholz et al., 2014). 

Because of the high organic carbon content, biochar has the potential to serve as a soil 

conditioner to improve the physicochemical and biological properties and their 

connection with soil and plant communities. Biochar addition to soil were adjusted bulk 

density, porosity, surface area, electrical conductivity, pH/liming, CEC, nutrient 
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availability, etc. these properties play an essential part in determining the  soil  organic  

matter,  moisture  availability,  fertilizer use  efficiency,  nutrient  uptake  and  leaching 

(Pietikäinen et al., 2000; Parmar et al., 2014). Significant changes  have  been  observed  

in  physical  and  chemical properties  of highly  weather  soils  of  humid  Asia,  where 

pH  levels  increased  from  3.9  to  5.1, cation  exchange capacity  (CEC) from  7.41  to  

10.8  cmol/kg,  base  cation percentage from 6.4 to 26 and bulk density was reduced from 

1.4 to 1.1 mg/m3 (Jien et al., 2013). In addition, increasing the CEC of biochar can result 

in reducing the leaching of nutrients (e.g. P, ammonium, nitrate, Mg and Ca) from soil, 

manure, slurry etc. thus increasing the potential availability of nutrients in the root zone 

for plant uptake and improved soil fertility (Clough, 2010; Angst et al., 2013).  

Biochar improves the biological condition of soils (Kwapinski et al., 2010; Lehmann et 

al., 2011), increases soil microbial biomass and support beneficial organisms like 

earthworm (Lehmann et al., 2011). The application of biochar is essential for plant 

nutrients and decreases the need of chemical fertilizers.  Therefore, biochar is able to play 

a major role in provide favorable physical, chemical and biological condition for 

optimum crop growth. Biochar is then not to be seen as an alternative to existing soil 

management, but as a valuable addition that facilitates the development of sustainable 

land use (Joseph et al., 2009).  

2.4.2 Biochar for Waste Management 

The use of waste biomass for biochar production is not only benefits economically but 

also beneficial for energy production and climate change mitigation (Barrow, 2012). 

Waste biomass that has been extensively used to produce biochar includes crop residues, 

forestry waste, animal manure, food processing waste, paper mill waste, municipal solid 
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waste, and sewage sludge; thus, decreasing the associated pollution loading to the 

environment (Cantrell et al., 2012; Enders et al., 2012). 

The thermochemical process like combustion, pyrolysis, and gasification waste biomass, 

particularly animal manure, industrial sludge, bulky biomass, kills any microbes present 

and removal of allelochemicals, thereby reducing the environmental health effects 

(Lehmann and Joseph, 2009; Kim et al., 2012).  

2.4.3 Biochar for Climate Change Mitigation  

Every year  the  world  wide  carbon  dioxide  (CO2)  emissions  from  energy  needs  

increases, and by the year 2020 the world will produce 33.8 billion metric tons up from 

29.7 billion metric tons in 2007. Furthermore, Climate change is now widely recognized 

as a serious threat to both society and natural ecosystems. Due to global warming caused 

by rising carbon dioxide levels that is of significant concern in this century is the 

disappearance of low lying island nations due to rising sea levels (Pelling and Ullito, 

2001). Alternative  energy sources  such as  wind or solar  are  able  to  replace  such  

demands  for  high  CO2  emitting  sources  but  do  not  aid  in reversing the climate 

change process (Lehmann, 2007). 

The best way for Carbon sequestration and reduction of GHGs level from the atmosphere 

is by converting biomass in to biochar and applied to soil (Lehmann et al., 2008). As 

shown in (Figure 1) biochar relatively stable form of carbon, is still found in ancient 

Terra Preta soils of the Amazon Basin, and thus could be considered as a long-term 

carbon sink ( Lehmann, 2007). In addition, biochar which is produced by pyrolysis 

(under a limited O2 supply) can be used for carbon sequestration (Lehmann et al., 2006). 
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Figure 1. Left- transformed into fertile terra preta using biochar and right-.nutrient poor 

soil. source: (Lehmann et al., 2006).  

In regards to greenhouse gas containment, (Lehmann et al., 2006) showed that the 

addition of charcoal to pots containing soybean eliminated nearly all methane fluxes and 

50 to 80% of nitrous oxide fluxes. Additionally, the molar ratio of H/Corg significantly 

correlated negatively with the relative stability of biochar. Therefore, by means of the 

molar H/Corg ratio of a given biochar, the amount of stable biochar carbon can be 

estimated, which can contribute to potential business models as carbon offset payments 

(Glaser, 2015).  

2.5 Biochar production and properties  

      2.5.1. Biomass pyrolysis  

Biochar is the carbon-rich product obtained by heating biomass in a closed system under 

limited supply of oxygen. Currently, there are several thermochemical technologies such 

as pyrolysis, gasification, and hydrothermal conversion to produce biochar. Pyrolysis, 
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from Greek word ‗pyro‘ meaning fire and ‗lysis‘ meaning decomposition, is the 

decomposition of organic material at elevated temperatures in the complete or partial 

absence of oxygen. Pyrolysis involves the heating of organic materials in the absence of 

oxygen to yield a series of bio-products: biochar, bio-oil, and syngas. Pyrolysis is 

generally divided into fast, intermediate, and slow depending on the residence time and 

temperature. Fast pyrolysis with a very short residence time (< 2 s) is often used to 

produce bio-oil from biomass yielding about 75% bio-oil (Mohan et al., 2006). Slow and 

intermediate pyrolysis processes with a residence time of few minutes to several hours or 

even days are generally favored for biochar production (25–35%) (Brown, 2009).  

Pyrolysis is a simple and inexpensive process which has been used to produce charcoal 

for thousands of years. However, traditional earthen and brick kilns used to produce 

charcoal usually vent a large amount of volatiles to the atmosphere, which causes air 

pollution. Modern pyrolysis is designed to capture the volatiles for the production of bio-

oil and syngas. Gasification is a thermochemical process where biomass is heated with a 

small amount of air to produce a main product—syngas and byproduct—biochar. 

Hydrothermal conversion primarily focuses on using wet biomass to generate bio-oil 

(Zheng et al., 2010). Generally, pyrolysis of organic materials to produce biochar 

increases the surface area and effective cation exchange capacity (CEC) compared to the 

un-charred source, but has a lower decomposition rate than non-charred materials. 

2.5.2. Factor Affecting Biochar Properties  

The effect of biochar on soil chemical and biological properties of soil depend on: soil 

type, metal type, the feedstocks used for charring, pyrolysis conditions and the amount of 

biochar applied to the soil (Park et al., 2011; Debela et al., 2012).  
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Pyrolysis temperature plays a significant role in changing biochar characteristics. 

(Uchimiya et al., 2011b) converted cottonseed hulls into biochar at various pyrolysis 

temperatures ranging from 200 to 800 
0
C. A rapid decrease in biochar yield was observed 

at < 400
o
C due to the loss of volatile matter and non-condensable gases (CO2, CO, H2, 

and CH4), whereas at > 400
0
C, a steady biochar yield was observed. The biochar yield at 

> 400 
0
C was fairly consistent because of the low lignin content in cottonseed hulls. In 

addition, Biochar yield was dependent on the feedstock type, pyrolysis temperature, and 

heating rate. Generally, animal litter and solid waste generated a high yield of biochar 

compared to that from crop residues and wood biomasses (Enders et al., 2012). The 

selection of appropriate feedstock is important, since every biomass is not appropriate for 

biochar production and the properties of the final product are highly dependent on its 

feedstock (Enders et al., 2012; Jindo et al., 2014).  

2.6. Biochar for Remediation of Soil contaminated with Heavy Metals  

   2.6.1. Effect of Biochar on the Bioavailability of Heavy Metals 

Eco-toxicological significance of pollutants in soil systems is normally assessed by their 

bioavailability and water solubility, rather than total concentration in soils (Parmar et al., 

2014). The bioavailability of heavy metals determines the toxicity in the soil and 

potential risk in entering human food chain. Moreover, mobilization of the contaminants 

and their bioavailability are deeply related. Biochar application for the immobilization of 

contaminants in the soil through fixate the pollutants as a solid phase, which disrupting 

the pathway of exposure and reducing risk of taking up by plants (Porter et al., 2004). 

The application of organic amendments to soils, from a remedial point of view, has 

typically been justified by their relatively low cost, compared to ‗hard‘ engineering 
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solutions as well as their prevalence as a waste, ordinarily requiring other forms of 

disposal (burial in landfill, incineration etc). 

A number of studies have shown that biochar application is effective in heavy metal 

immobilization, thereby reducing the bioavailability and phytotoxicity of heavy metals. 

Fellet et al. (2011) evaluated the potential of application of biochar to the heavy metal 

toxicity in the mine tailings. They applied biochar derived from orchard prune residues at 

four rates (0 %, 1 %, 5 %, and 10 % biochar in the mine tailings). The pH, cation 

exchange capacity, and the water-holding capacity increased as the biochar rates increase 

and the bioavailability of Cd, Pb, and Zn of the mine tailings decreased, with Cd having 

the greatest reduction. Zhou et al. (2008) used cotton stalk derived biochar to amend Cd-

contaminated soil and studied the uptake of Cd by the cabbage. They found that the 

cotton stalk-derived biochar can reduce the bioavailability of soil Cd through adsorption 

or co-precipitation. A study conducted by Jiang et al.(2012) demonstrated that the rice 

straw biochar was more efficient in the immobilization of Cu and Pb than Cd. 

In a pot experiment, Namgay et al. (2010) applied an activated wood biochar to a soil 

spiked with heavy metals in order to investigate the impact of biochar on the availability 

of As, Cd, Cu, Pb, and Zn to maize. Biochar treatment decreased the concentration of As, 

Cd, and Cu in maize shoots. However, the effects of adding biochar were inconsistent on 

Pb and Zn concentrations in the shoots. Soil pH is closely related to the bioavailability of 

heavy metals in soil. Ahmad et al. (2012) used mussel shell and cow bone biochar to 

reduce Pb toxicity in the highly contaminated military shooting range soil in Korea. 

Bioavailability of Pb in the soils was found to decrease by 75.8 % with biochar treatment. 

Increases in soil pH and the adsorption capacity were considered as the mechanisms of 
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remediation effect of the biochar. For example, the bioavailability of Pb in the soils was 

decreased by up to 92.5 % with mussel shell, a liming material. Biochar addition did not 

result in the decrease of the total heavy metal content of the soil, however, biochar 

addition reduced the bioavailability and mobility of heavy metals (Lu et al., 2014). 

Therefore, when the purpose of utilization biochar to immobilize heavy metals, particular 

attention should be paid to the selection of feedstock, as biochar properties are dependent 

on the feedstock's inherent properties as well as the pyrolysis conditions under which the 

biochar is prepared. 

2.6.2 Possible Mechanisms of Heavy Metal Adsorption  

Application of biochar treatments to determine the removal efficiency of the 

contaminants, which were needed identification of mechanisms of the adsorption. The 

adsorption behavior of biochar for different contaminants (i.e., heavy metals, organic 

pollutants and other pollutants) are different and well correlated with the properties of 

contaminants. In addition, the adsorption mechanism may also depend on biochar 

properties including surface functional groups, porous structure and mineral components 

(Tan et al., 2015). Particularly, for heavy metals, the possible adsorption mechanisms 

usually involved integrative effects of several kinds of interactions including electrostatic 

attraction, ion-exchange, physical adsorption, surface complexation and/or precipitation. 

The various mechanisms proposed for the interaction of biochar with heavy metals are 

summarized in (Figure 2). The specific mechanisms of different heavy metals are 

different and the appropriate properties of biochar make a great contribution to the 

adsorption of heavy metals. 
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Figure 2. Postulated design of the possible mechanism of biochar interactions with heavy 

metals.  

Circles on biochar particles shows physical adsorption: 

1- Ion exchange between target metal and exchangeable metal in biochar 

2- Electrostatic attraction of anionic and cationic metal 

3- Surface complexation of attached on biochar 

4- Physical adsorption of metal ions 

5- Co-precipitation of mineral components and 

6- Others like surface precipitation and inner sphere complexation (Tan et al., 2015).  
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Surface functional groups mainly oxygen-containing groups, e.g. carboxylate (COOH); 

and hydroxyl (OH) are existed on biochar‘s surface, which can have strong interactions 

with heavy metals such as electrostatic attraction, ion-exchange and surface 

complexation. Lu et al. (2012) proposed that the functional groups played an important 

role in Pb adsorption on a sludge derived biochar, which including metal exchange with 

K
+
 and Na

+
 due to the electrostatic outer-sphere complexation, surface complexation with 

free carboxyl functional groups and free hydroxyl functional groups, and inner-sphere 

complexation with free hydroxyl groups. 

In addition, the mineral components in biochar played a crucial role in the adsorption 

process. Xu et al. (2013a) compared the simultaneously removal effect of Pb, Cu, Zn, and 

Cd from aqueous solutions by rice husk biochar and dairy manure biochar. The results 

indicated that the removal ability varied with different biochar feedstock sources and the 

mineral components such as CO3
2-

, PO4
3-

 originated from the feedstock play an important 

role in the adsorption ability of biochar. In another study of Cu, Zn, and Cd removal by 

the dairy manure-derived biochar, the researchers found that the biochar produced from 

dairy manure were rich in PO4
3-

 and CO3
2-

. These mineral components served as 

additional adsorption sites, contributing to the biochar‘s high adsorption capacity for 

heavy metals Xu et al. (2013b).  

Furthermore, the porous structure of biochar can also have effects on the adsorption of 

heavy metals. Biochars have various magnitudes of pores within the particles, which 

enable them easily accessible to metals (Khare et al., 2013). However, the porous 

structure of biochar seem to have less effect on heavy metal adsorption than oxygen-

containing functional groups. Ding et al. (2014) reported that the oxygen functional 
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groups were probably responsible for the high Pb sorption onto low temperature biochars 

(250 and 400
o
C).   

2.7. Effects of Biochar Additions on Plant Growth and Metal Mobility 

Experiments involving plants and biochars can be grouped according to those concerned 

with enhancing biomass only (i.e. biochar as a fertilizer or growth medium) or managing 

trace element/nutrient bioavailability. Improvements in plant growth after biochar 

addition are often attributed to increased water holding capacity, nutrient retention, CEC, 

effects on nutrient cycling and improvements in soil pH (Chan, 2009; Atkinson, 2010; 

Sohi et al., 2010), but such benefits are often seen when additional nutrients were added 

such as fertilizer (Agegnehu et al., 2016) or when biochar was made from nutrient-rich 

material such as poultry litter (Jeffery et al., 2011).  

Managing heavy metal toxicity (i.e. the impact on plant health and mortality) is a means 

by which biochars could help to stimulate revegetation of contaminated soils. The 

possibility exists that, depending on source material composition, biochars themselves are 

phyto-toxic. In this case, even if their effects were to immobilize large concentrations of 

heavy metals, seed germination would still be inhibited. Gell et al. (2011) screened 8 

biochars for their phytotoxicity to lettuce, radish and wheat. Measurements of 

germination of shoot and root elongation finding that only one biochar, produced from 

pig co-digestate, was significantly phytotoxic due to a high soluble salt content or water-

soluble phytotoxic organic compounds. The addition of biochar can also significantly 

increase plant nutrient uptake. (Park et al., 2011) found significantly increased 

concentrations of potassium (K) and phosphorus (P) in the roots of Indian mustard plants 
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grown in soil amended with chicken manure-derived and green waste-derived biochar 

(compared to concentrations found in plants grown in un-amended soil). 

Biochar produced from hardwoods has been demonstrated to increase germination 

success of Ryegrass (Lolium perenne) on Cd and Zn contaminated soils (Beesley et al. 

2010). Attributed to decreases in the concentration of phytotoxic heavy metals (Cd and 

Zn concentrations) were dramatically reduced in the pore water of a biochar amended, 

contaminated canal bank soil, compared to the control without biochar. The pore water 

concentrations of Cu and Pb were reduced by ~7 and ~3 fold, respectively, which in turn 

reduced shoot concentrations by ~2 and ~3 fold, respectively. The effect was to minimize 

metal phytotoxicity of this soil leading to the conclusion that biochar could be used to aid 

revegetation of heavily contaminated sites where biomass yields are not important, but 

inhibition of germination is a barrier to remediation attempts (Beesley et al., 2011).  

Namgay et al. (2010) found the concentrations of Cd, As and Pb in maize shoots 

decreased after biochar application. Beesley et al. (2013) reported interesting results, 

finding that As can increase in soil pore water after biochar addition, but transfer to the 

plant be reduced. This would imply that at least some biochars could pose no risk of 

increasing heavy metals in plants and hence are safe in terms of food chain transfer, but 

leaching of As to nearby waters must be considered. The crop productivity tends to 

increase with the application of biochar, while metal uptake on shoot decreased with the 

addition of the amendments.  
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Chapter Three 

3.  Materials and Methods 

3.1. Soil and Feedstock Collection  

The soil used in this study was collected from the upper horizon at a depth of up to 20 cm 

from a wastewater irrigated urban vegetable farming site called Jaja in Nefas Silk Lafto 

subcity of Addis Ababa, Ethiopia. Four feedstocks materials were selected for this study: 

Stinging nettle, parthenium, brewery sludge and bamboo. The brewery sludge sample 

were obtained from waste water treatment (secondary treatment facility) dumping sit of 

BGI brewery factory in Lideta Subcity, Addis Ababa. Stinging Nettle was collected from 

Gofa near residential houses in Nefas Silk Lafto, Addis Ababa. Parthenium weed was 

collected from Bole subcity, Addis Ababa. High land bamboo was collected in Bonga, 

South Nations and Nationalities People Region (SNNP), Ethiopia. The location map of 

the soil and feedstock collection sites are displayed in the Figure 3 below. 
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Figure 3. Location map of source of feedstocks and soil (Addis Ababa and Bonga, 

SNNP)  
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3.2. Biochar Feedstock   

The selection of  brewery sludge, Arundinaria alpine (bamboo), Urtica simensis 

(Stinging nettle) and Parthenium hysterophorus (parthenium weed) biomass for biochar 

production was focused on managing industrial waste (brewery sludge) and agricultural 

weed (parthenium) and also to improve the production of bamboo and stinging nettle by 

using for agricultural purposes. In addition, the selection of biomass for pyrolysis was 

also based on availability and abundance materials with considerably differing structure 

and chemical composition.  

 

Figure 4. Feedstocks in original form. 

3.3 Biochar Production  

All the samples were air drying and crushing for pyrolysis. The collected samples were 

cut out into small size to air dry within a short period of time and to be easy were 

pyrolysis taken place. The feedstocks for biochar production were prepared in the 

laboratory pyrolysis production by using muffle furnace (SX-2.5-10, China). All biochar 

were produced over 2 h period of residence time at 500   slow pyrolysis, which was 
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selected because biochar formation generally occurs in this range (400–500  ) (Hossain 

et al., 2009). After the pyrolysis process, the biochar products were collected, sieved to 

obtain uniform 0.5 mm particle size, prior to use and characterization. The process of 

biochar production was illustrated in Figure 5. 

 

Figure 5. Shows the process flowchart for the production of biochar 

3.4. Biochar Characterization         

After the pyrolysis process, biochar samples were characterized their physical and 

chemical properties that include pH, electric conductivity (EC), ash, moisture, 

Extractable base cations (Ca
2+

, K
+
, Mg

2+
, Na

+
), cation exchange capacity (CEC), 
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available phosphorous (AP), elemental analysis (CHNS-O), scanning electron 

microscope (SEM) and Fourier transform infrared (FTIR) spectra. 

The determination of moisture and ash content was conducted according to the American 

Society for Testing and Materials, which is recommended by the International Biochar 

Initiative (ASTM D1762-84, 2011). The moisture content was determined by oven drying 

at 105 °C for 2 h, the ash content was determined by muffle furnace at 750 °C. The ash 

content was calculated using equation 1 below. 

            ( )  
     

          
       

Where, M Ash: is the mass of ash and M Biochar: is the mass of biochar.  

 

The pH and EC of each biochar were determined in soil to distilled water by using digital 

pH Meter (SX 711 pH/mv Meter) and electrical conductivity meter (EUTECH 

INSTRUMENT, CON 2700), respectively after shaking for 1 h in a mechanical shaker  

(Cheng et al., 2006). Olsen extractable phosphorus (P) was determined using Olsen P 

method (Olsen et al.,1954), in which P was extracted from 1 g of biochar using 100 mL 

of NaHCO3 (pH 8.5) after shaking at 175 rpm for 30 min at room temperature. Then, P 

extracts were filtered through a Whatman filter paper 41 and P concentration was 

measured by addition of ammonium molybdate-ascorbic acid using a spectrophotometer 

(Jenway 6705) at 882 nm wave length. The exchangeable cations (Ca 
2+

, K
1+

, Mg 
2+

, and 

Na 
1+

) of biochars was determined after leaching each biochar with ammonium acetate 

method. The concentration of Ca and Mg in the leachate were determined by atomic 

absorption spectrometer (Analytikjena novAA400P, Germany). The K and Na were 
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determined by flame photometer (CL 378, India). CEC were determined at soil (pH 7.0) 

after displacement by using 1 N ammonium acetate method, then it was estimated 

titrimetrically (Chapman, 1965). The determination of carbon (C), hydrogen (H), nitrogen 

(N) and sulfur (S) contents of the biochars were conducted in duplicate using a CHNS 

analyzer (EA 1112 Flash CHNS/O- analyzer). These results were used to calculate 

atomic H/C and C/N ratios. The oxygen (O) content of the samples was determined by 

subtraction of ash content and measured elemental components from 100 % according to 

ASTM methods (ASTM, 2007) using  equation 2 below.   

        (           ) 

In the present study, the surface morphology and elemental analysis of the biochars was 

investigated by Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy 

(SEM/EDX), which was conducted to identify the changes in the surface and structures 

of biochar, also used for quantitative chemical analysis (Equipment: JEOL (JSM-IT300 

LV, Japan) equipped with an energy dispersion X-ray spectroscope (EDX) microscope. 

The FTIR analyses of biochar was performed using a Spectrum 65 FT-IR Spectrometer 

(PerkinElmer, USA). Spectra were collected in the range of 4000-400 cm
-1

.  

3.5. Greenhouse pot Experiment  

A pot experiment was performed in greenhouse at national soil testing center (Addis 

Ababa, Ethiopia). The experiment includes 5 treatments: (1) soil without amendment (S); 

(2) soil amendment with stinging nettle derived biochar (SNB); (3) soil amendment with 

parthenium derived biochar (PB); (4) soil amendment with brewery sludge derived 

biochar (BR) and (5) soil amendment with bamboo derived biochar (BB). Cadmium (Cd) 

was applied to soil samples as solution of cadmium (II) nitrate tetra hydrate (Cd 
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(NO3)2.4H2O) to achieve a 25 mg kg
-1

 Cd concentration to create Cd-contaminated soil. 

Then each biochar treatments were homogenized with the 3 kg Cd spiked soils at the rate 

of 4 % w/w. All soils amended with biochars were placed in plastic pots (16.2 m in 

diameter and 20 m in height) in greenhouse temperature for 12 days. The soils were 

moistened with tap water in the incubation period, and mixed twice a week in order to 

ensure the full equilibration between naturally-occurring soil components and the 

treatments fractions.     

The design of pot experiment was employed three replicates for each treatment in a 

complete randomized design (CRD). Purchasing of Ethiopian kale (Brassica carinata) 

seeds was done from farmers. Three weeks after sowing 10 seeds, excess germinated 

seedling were removed and four healthy plants per pots were allowed to grow for the 

following six weeks. The vegetables were watered every day twice a day, to control the 

greenhouse temperature and to keep moisture of the soil. The Ethiopian kale were grown 

under the natural day-night cycle in the greenhouse without additional nutrient. Pots were 

placed on plastic saucers to prevent leachate drainage. Ethiopian kale was chosen as the 

testing plant, because it grows relatively fast and commonly used to grow on river sides 

in Addis Ababa. The overall activity of the greenhouse pot experiment was presented in 

(Figure 6) below.  
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Figure 6. Overall greenhouse activities   
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3.6. Plant Tissue Analysis  

After the plants become matured, four plants per pot were harvested from each treatment. 

Harvested Ethiopian kale (Brassica carinata) were washed once with tap and twice with 

distilled water to remove any adhering soil and dried in oven at 75   for 48 h. Oven 

dried plant tissue were weighed in electronic balance. Then, the samples were crushed in 

grinder, sieve and kept in air tight plastic bags. The plant shoot total Cd concentration 

were determined after nitric-hydrochloric acid digestion (1:3). The dried plant tissue (0.5 

g), 9 ml of freshly prepared acid mixture of HNO3 (65 %) and HCl (37 %) were added. 

Then, the acid mixture samples was boiled gently over a water bath (95  ) for 5 h 

according to (Ang and Lee, 2005). After the digestion procedures, the inner walls of the 

beakers were washed with 2 mL of distilled water to prevent the loss of the sample in 

digestion processes, further filtered through whatman No. 42 filter paper and < 0.45-μm 

filter paper, and transferred to a 10 ml volumetric flask make up to the mark by adding 

distilled water. The digestives were analyzed for Cd by atomic absorption 

spectrophotometer (AAS) (Analytikjena novAA400P, Germany) equipped with a 

graphite furnace.  

  3.7. Soil Analysis  

   3.7.1. Analysis of Soil and Biochar Soil Mixtures  

Soil samples were collected separately from each pot after the vegetables were harvested. 

The samples were air-dried, grounded, screened through 2 mm sieve, and packed in the 

plastic bags that were air tight for laboratory experiments. The initial soil (untreated soil) 

was tasted for the following physicochemical properties: soil texture, pH, EC, OC, 
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available phosphorus (AP), total nitrogen (TN), available Cd concentration, CEC and 

exchangeable bases. The particle size distribution (texture) of the soil was determined by 

means of the hydrometer method after removing organic matter (OM) using hydrogen 

peroxide (H2O2) and dispersing of the soil with sodium hexametaphosphate (NaPO3)6. 

The pH and EC of soil and soil-biochar mixture was measured in water suspension at 

1:2.5 (w/v) ratio after shaking over 1 h. Available phosphorus (AP) concentration was 

done by Olsen extractable P was determined calorimetrically after treating it with 

ammonium molybdate–ascorbic acid as reducing agent by Olsen method for soils having  

pH > 7 (Olsen et al., 1954) on a spectrophotometer (Jenway 6705). The Walkley and 

Black, (1934) wet  digestion  method  was  used  to  determine  OC content and, percent 

OM was obtained by multiplying percent soil OC  by  a  factor  of  1.724. Total nitrogen 

(TN) was analyzed using the Kjeldahl method by oxidizing the organic matter in 0.1N 

H2SO4. After digestion, potassium sulfate were used to increase the boiling point of the 

mixture, and the mixture of copper sulfate and selenium powder were used as a catalyst 

as described in Hesse (1971).  

The CEC were determined by percolation with 1N ammonium acetate (pH 7.0), was 

measured after washing with ethanol (96%) to remove excess ammonium acetate, 

adsorbed NH4
+
 was displaced by Na

+
 ions. The CEC was determined titrimetrically as the 

total amount of exerted NH4
+
 ions, using methyl red indicator. Base cations (Calcium 

(Ca), Magnesium (Mg), Potassium (K), and Sodium (Na)) was determined after leaching 

each sample with ammonium acetate. The concentration of Ca and Mg in the leachate 

was determined by atomic absorption spectrometer (Analytikjena novAA400P, 

Germany).whereas, K and Na were determined by flame photometer (CL 378, India). 
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Soil pH, EC, available phosphorus, CEC and exchangeable cations (k, Ca, Mg and Na) 

were measured by using the same procedure used for biochar analysis.  

3.7.2. Extraction of Bioavailable Metals in Soil  

To evaluate the mobility and potential bioavailability of Cd in soil was using extraction 

reagent calcium chloride (CaCl2 (0.01M)) according to Houba et al. (2017). Briefly, the 

CaCl2.2H2O solution were prepared by mixing of 0.01M CaCl2 and ultrapure water, and 

then, standardized by titration with EDTA at pH 10 with Eriochrome Black T as an 

indicator. Dry soil sample (1g) was weighted in to a 250-mL polythene bottle, then 100 

ml extraction reagent were added, and shake mechanically for 2 hours at room 

temperature (20 ) by using an end-over-end shaker. The samples were decanted about 

60 ml of the suspension in to 100ml centrifuge tube at 2000 rpm for 10 min and the clear 

supernatant was transfer to a 10 ml test tube. The concentration of CaCl2 extractable Cd 

in the filtrates were determined by atomic absorption spectrophotometer (Analytikjena 

novAA400P, Germany) equipped with a graphite furnace. The immobilization of Cd was 

calculated as per, Park et al., (2011) shown in equation 3 below.   

Immobilization (%) 

 

3.8. Statistical Analysis 

The statistical analysis to compare the average result of the different treatments effect 

were performed with a one-way analysis of variance (ANOVA) by using SPSS version 

23.0. The SPSS was used to determine the mean, standard deviation and range of 
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different biochar treatments. The comparison between means of data obtained from the 

different treatment effects on soil properties, dry weight shoot yield of Brassica carinata, 

bioavailabile and accumulation of Cd in plant, using Tukey HSD post Hoc multiple 

comparisons at the 0.05 significant levels in SPSS.  
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Chapter Four 

4. Results and Discussion  

4.1. Properties of Soil and Biochars  

The selected physicochemical properties of the soil samples are shows in (Table 1). The 

soil surface texture was confirmed to be silt loam class with percentage of sand, silt and 

clay 37, 45 and 18, respectively. The soil pH was slightly basic (7.66) and an electrical 

conductivity (EC) of 0.15 ms. This low value of EC indicate that the soil is non-saline 

which shows that the concentration of major dissolved inorganic solutes like: Na, K, Ca, 

Cl in the soil solution is low (Brady and Weil, 2002). The nutrient status of, the soil was 

low total nitrogen (TN) and available phosphorus (AP), this indicated that the soil was 

nutrient poor and additional nutrient amendments were required for optimal plant growth. 

The calcium chloride (CaCl2) extractable Cd content in soil was 0.054 mg kg
-1

. 
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Table 1. Physiochemical properties of the soil   

 

 

 

 

 

 

 

 

 

 

 

 

The characteristics of biochars derived from different feedstock materials are shown in 

(Table 2). The pH of the biochar directly impacts the adsorption process when the 

biochar is used in heavy metals remediation process. Therefore, alkaline pH is mostly 

preferred. Many biochar products have alkaline pH ranging (8.36-10.24) (Houben, 2013; 

Khan et al., 2016). All the biochar treatments in this study were alkaline, with a pH 

between 9.18 and 11.07. In terms of types of feedstocks, the pH value of BR (9.15-9.21), 

BB (9.71-9.90) and PB (10.34-10.38) were lower than SNB (11.06-11.09) derived 

biochar. The high pH value in all biochars may be due to hydrolysis undergone by 

 

Property  

 

Soil 

pH 7.66 

EC(ms) 0.15 

Exchangeable cations(Cmol(+)kg
_1

)  

Ca
2+

 17.12 

Mg
2+ 

8.70 

Na
+
 0.85 

K
+  

0.69 

CEC (meq/100g ) 32.77 

TN (%)  0.18 

SOC (%) 8.33 

AP (mg kg
-1

) 5.21 

Cd (mg kg
-1

) 0.054 

Texture (%) 

Sand  37 

Silt  45 

Clay  18 



38 
 

carbonates and bicarbonates of base cations such as Ca, Mg, Na and K which are present 

in the feedstock materials (Gaskin et al.,2008).The more alkaline implying potential for 

an increase in soil pH when incorporated into soil.  

Similarly, electrical conductivity of the biochar is responsible for exchange ions. In this 

study the PB (7.74-7.91 ms) and SNB (6.94-7.05 ms) derived biochars recorded higher 

EC values, whereas, BB (1.01-1.09 ms) and BR (0.57-0.66 ms) derived biochar shows 

the lowest EC value. These results were similar to those of Al-wabel et al. (2014) and Lu 

et al. (2012) ranging (8-293 ms) demonstrating that the properties of biochar were greatly 

dependent on the type of raw material. There were also difference in Olsen-P available 

phosphorus (AP) concentration of biochar amendments, with increasing order BR < BB < 

PB < SNB. The highest AP was exhibited by SNB (91.65 mg kg
-1

) while, the lowest AP 

were recorded in BR (34.55 mg kg
-1

) compared with PB (46.37 mg kg
-1

) and BB (40.56 

mg kg
-1

). The SNB and PB biochar treatments contain high Ca, Mg, Na and K contents 

than BR and BB biochar treatments. The NH4Ac-extractable CEC were greatest for BR 

biochar (38.27 meq100g
-1

) as compared to SNB (27.32 meq100g-1), PB (28.36 meq100g
-

1
) and BB (18.21 meq100g

-1
). The CaCl2 extractable Cd concentration in the biochar 

treatments were higher compared to those in soil. But none of the biochar treatments Cd 

concentration exceeding IBI guidelines as showed in appendices 3. 
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Table 2. Physicochemical properties of different biochars 

 

Property  

Biochar from different feedstocks 

SNB PB BR BB 

pH 11.07 10.33 9.18 9.81 

EC (ms)  6.98 7.83 0.60 1.03 

Exchangeable cations (cmol (+) kg
_1

)  

Ca
2+ 

 3.10 2.60 1.09 0.33 

Mg
2+

 9.20 9.06 3.29 2.41 

K
+
 73.73 64.51 5.25 17.09 

Na
+
 20.18 21.27 38.41 1.45 

CEC (meq100g
-1

 ) 27.32 28.36 38.27 18.21 

AP (mg kg
-1

) 91.65 46.37 34.55 40.56 

Cd (mg kg
-1

) 3.7 2.86 3.98 1.88 

  

4.1.1 Elemental (Ultimate) analysis of Biochars   

When evaluating biochars properties, elemental analysis is another important parameter 

to be considered. The C, H, N, S, O elemental analysis results for PB and BB biochars 

were almost similar to earlier reports Kumar et al., (2013) and Khan et al., (2016) 

showed that the application of parthenium derived biochar analysis of C, H, N, S, O 

(55.13%, 4.94%, 4.19%, 0.67%, 35.0%) and bamboo derived biochars analysis of C. H, 

N (80.44%, 2.46%, 1.06%). The total carbon content of biochar in this study followed the 

order BR < SNB < PB < BB as shown in (Figure 7). The BB biochar was carbon rich, but 

the least in N, S and ash content compared with SNB, PB and BR biochars. The BB 

biochar is highly carbonaceous, with a carbon content of 84.11 %. The high carbon 

content of biochar is advantageous in terms of maximizing the amount of carbon storage 
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and could be used as an energy resource or for soil adsorption of pollutants (Lee et 

al.,2013).  

The BR biochar exhibited the lowest carbon (14.76 %) content, but shows the highest in 

ash content (79.89 %). This may be due to the brewery sludge derived biochar is rich in 

Si (21.16%) from the EDX result, which is strongly related to ash content. Chen et al. 

(2014) reported municipal sewage sludge derived biochar increase ash content with 

different pyrolysis temperature of 500 , 600 , 700 , 800 , and 900  (74.21%, 

77.90%, 81.53%, 83.93% and 88.07%). Similarly, Mukome et al., (2013) also stated rice 

derived biochar has a high ash content due to the highest Si content. the Si-C bonds, 

increasing the number of aromatic components and recalcitrance of the biochars (Guo 

and Chen, 2014). This difference can be described by higher concentrations of nutrient 

elements in the feedstock of BR than the other feedstocks of SNB, PB and BB.  
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Figure 7.  Elemental analysis of four biochar samples at 500  

The elemental analysis results were also used to calculate the atomic hydrogen to carbon 

ratio (H/C) and carbon to nitrogen ratio (C/N) to evaluate the degree of aromaticity and 

maturation of the biochar, which has been linked to their long term stability in the 

environment (Schmidt and Noack, 2000).  

The low value of H/C ratio indicates that the biochar carbonization increase, aromaticity 

increase, surface functional group decrease and microstructure develops (Chen et al., 

2008; Yuan et al., 2013). The presence of aromatic structures is a fundamental measures 

of the stability of the material (IBI-STD-2.0, 2014). Pyrolysis of the feedstock at the 

temperature greater than 400   is expected to produce biochar with H/C ratios less than 

0.7. The ratio of molar H/C as a carbonization degree parameter is always lower than 0.1, 
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thus suggesting the biochars with strong carbonization and high aromaticity can resist 

decomposition (Yuan et al.,2013). All the biochars in this study have H/C ratios less than 

0.5 as shown in (Table 3), indicated that these biochars were lower aromatic structure in 

nature. The BB biochar has the lowest H/C ratio of (0.28) compare to SNB (0.43), PB 

(0.40) and BR (0.49) biochars.  

The data in (Table 3) showed that BB (181.7) and PB (67.56) biochar were showing the 

higher C/N ratio compared to SNB (25.42) and BR (8.04) derived biochars. Such results 

has been attributed to aromaticity of biochar and will cause slow degradation and higher 

stability in soil (Lehmann, 2007). Hence, it seems that BB biochar would have the 

longest stability, while BR biochar has the lowest stability in soil. This was attributed to 

the high lignin content of bamboo biochar which contribute to the highest content of 

aromatic carbon (Cesarino et al., 2012).  

Table 3. Elemental composition and atomic ratios of biochars produced from different 

feedstocks  

 

Treatments 

Elemental composition Atomic ratio 

Ash (%) C (%) H (%) N (%) S (%) O
a 
(%) H/C C/N 

SNB 37.09 49.69 1.81 2.28 0.39 8.71 0.43 25.42 

PB 28.28 59.07 1.97 1.02 0.21 9.42 0.40 67.56 

BR 79.89 14.76 0.61 2.14 0.28 2.24 0.49 8.04 

BB 6.41 84.11 2.02 0.54 - 7.33 0.28 181.7 

a
 By difference 

4.1.2. Surface Characters and Micro Morphology  

The Scanning Electron Microscope (SEM) is not only used for high magnification 

imaging but also with combination of EDX, which is possible to make a quantitative 
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chemical analysis of unknown materials (Pradhan, 2012). Moreover, SEM also provide 

information about pore structural change in biochars. After pyrolysis, the biochars were 

found rough surface and multiple size of pores, very important property for being sorbent 

material (Lehmann, 2009). Similarly, in this study, the images showed in (Figure 8) 

heterogeneous (irregular) distribution of pores and rough texture or micro-porous surface 

structure of all biochar. The SNB and BB biochar showed relatively higher porous 

features than the BR and PB biochar. The presence of white color spots on surface shows 

the presence of residual ash.  
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Figure 8. Scanning electron micrographs (SEM) images of different 

biochars; (A and B) stinging nettle, (C and D) parthenium, (E and F) brewery sludge, (G and H) bamboo derived biochars. The SEM 

images of biochars taken at 500× and 1000 × magnification. 
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Energy-dispersive  X-ray  spectroscopy  (EDS  or  EDX)  is  an  analytical  technique  

used  for  the chemical characterization of  a sample. In the following, the results of the 

energy dispersion X-ray spectroscopy are presented in (Figure 9). It has been observed 

from different biochar treatments BR biochar has more minerals (C, O, Mg, Al, Si, P, Ti, 

Fe, K, Ca, S, Na) followed by SNB (C, O, Na, Mg, Al, Si, P, S, Cl, K, Ca), then PB (C, 

O, Mg, Al, Si, P, Mo, Cl, K, Ca) and BB biochar has the least number of minerals (C, O, 

Mg, Si, Cl, K). The biochars derived from SNB, PB and BB have C ( 59.11%, 65.52% 

and 84%) and O (24.24%, 18.31% and 12.70%) dominated whereas, BR derived biochar 

have less C (28.89%) and with Si (21.16%) higher than the surface of biochar as shown 

in (Table 4). Therefore, EDX spectrum of biochar showed that C and O dominated the 

surface of biochars, suggested that they have more C and O bonds which adsorbed Cd 

from soil.  
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a b 
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Figure 9. Energy-dispersive X-ray spectroscopy (EDX) result of different biochars; a, stinging nettle, b, parthenium c, brewery sludge, 

d, bamboo derived biochar. 

c d 
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Table 4.  Surface elemental analysis (EDX) of SNB, PB, BR and BB biochar treatments.  

Element SNB (Wt %) PB (Wt %) BR (Wt %) BB (Wt %) 

C 59.11 65.52 28.89 84.00 

O 24.24 18.31 42.10 12.70 

Na 0.22 - 0.95 - 

Mg 0.43 0.46 0.49 0.17 

Al 0.32 0.19 1.78 - 

Si 0.12 0.10 21.16 0.19 

P 0.91 0.27 0.85 - 

S 0.72 2.98 0.36 - 

Cl 1.98 8.61 - 0.13 

K 7.90 2.83 0.59 2.82 

Ca 4.05 0.73 1.16 - 

Ti - - 0.32 - 

Fe - - 1.34 - 

 

4.1.3. Surface Functional Groups of Biochars  

Changes in surface functional groups reflected by the Fourier Transform Infrared 

spectroscopy (FTIR). The FTIR spectra analysis of SNB, PB, BR and BB samples are 

illustrated in (Figure 10). Lists of the typical identified FTIR spectrum adsorption and 

functional groups presented in (Table 5).  
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Table 5. Main functional groups of biochar treatments of FTIR spectra 

 

The FTIR spectra peaks were analyzed by comparing the peaks position with known 

peaks. All the biochar treatments (SNB, PB, BR and BB) has a broad band at 3398, 3399, 

3419 and 3400 cm
-1 

indicate the presence O-H stretch of hydroxyl groups. This O-H 

stretching functional group due to presence of hydroxyl or phenol groups. Furthermore, 

the phenolic groups are commonly considered to be related with the lignin contents in 

feedstocks. The more phenol group in the biochar derived from PB and BB may result 

from the higher lignin content in raw biomass (Pasangulapati et al., 2012). Similarly, the 

Samples 

Wave 

number 

(cm-1) SNB PB BR BB 

Functional 

groups Compounds Reference 

3200-3550 3398 3399 3419 3400 OH Stretch Alcohol/ Phenol 
(Droussi et al., 2009; 

Iqbal et al.,2009) 

2850-2950 2923 2922 2923 2923 C−H Stretch Alkyl, aliphatic 
(Silverstein et al.,2005) 

1600 – 1650 - - 1616 - C=C 

alkene,  

aromatic ring 

(Qian et al., 2013) 

1450-1600 1585 1586 - 1592 C=O Stretching 

Aromatic 

Compounds 

(Smidt, Böhm, and 

Schwanninger, 2011) 

1420-4130 1420 - - - COO- Stretching Carboxylic acids 
(Droussi et al., 2009) 

1400-1340 - 1384 - 1384 N-O stretching Nitrate  

(Silverstein et al., 

2005;Qian et al., 2013) 

1050-1150 1114 1115 1092 1112 C-O Carbonyl group 

(Droussi et al., 2009; 

Iqbal et al.,2009) 

860-680 875 873 795 807 C-H Bending 

Aromatic 

hydrogen 

(Silverstein et al., 2005) 

610-680 615 668 618 - S-O Bending Sulphate 

(Smidt, Böhm, and 

Schwanninger, 2011; 

Qian et al., 2013) 
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SNB, PB, BR and BB derived biochar treatments were also found peaks in 2923, 2922, 

2923 and 2923 cm
-1

, due to the existence of heat resistant aliphatic structure in all 

biochars.  

The peaks at 1384 cm
-1

 are due to the contribution from N-O stretching, of nitrate group, 

were existed in PB and BB derived biochars. This suggested that the biochar treatments 

derived from PB and BB contained more nitrate groups than SNB and BR derived 

biochars. The peak at 1616 cm
-1

 represent C=C alkene, aromatic ring, were existed in BR 

derived biochar. The peaks in 1585, 1586 and 1592 cm
-1

, corresponding to C=O 

Stretching, ketone and carbonyl, in the SNB, PB and BB biochars except BR. The peak 

around 1420 cm
-1

 represent to COO- Stretching of carboxylic acids, were found only in 

SNB derived biochar. The peaks at 875, 873, 795, 807 and 694 cm
-1

, corresponding to 

aromatic C-H bending, were clearly visible in all biochar treatments. This indicates that 

aromatic structure were found in all biochars. The peaks at 615, 668, 618 cm
-1

 

corresponding to S-O Bending, were found in all biochar (SNB, PB and BR) except BB 

derived biochar.  

The presence of the above mentioned O-containing functional groups mainly, such as 

carboxyl (-COOH), hydroxyl (-OH), nitrate (-NO) and sulphate (-SO) in all of these 

biochars could have the possibility to form strong surface complexes with Cd. Similarly, 

Uchimiya et al. (2011a), who reported that cottonseed hull-derived biochar produced at 

350  contains high O content of functional group which were resulting in high uptake of 

Cu, Cd and Pb.   
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Figure 10. Fourier Transform Infrared (FTIR) spectra of four different biochar samples. FTIR spectrum of A, nettle; B, parthenium: C, 

brewery sludge and D, bamboo derived biochar. 

 

 

C 

A B 

D 
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4.2. Effects of Biochar Application on Soil Physicochemical Properties 

of Post Harvested Soil  

Changes in artificially Cd spiked soil physical and chemical properties as a result of 

application of different biochar treatments, measured at the end of pot experiment, results 

are presented in (Table 6).  

     Items Control SNB+ Soil PB+ Soil BR+ Soil BB+ Soil 

pH 7.63±0.354 7.98±0.025 7.94±0.084 7.71±0.083 7.82±0.061 

EC (ms) 0.24±0.011 1.63±0.034 1.47±0.080 0.47± 0.025 0.30±0.010 

SOC (%) 7.84±0.459 10.64±0.936 10.83±0.307 8.23 ± 0.643 11.82±0.221 

OM (%) 13.551±0.792 18.34±1.614 18.67±0.529 14.18±1.109 20.39±0.381 

TN (%) 0.23±0.046 0.42±0.550 0.32±0.035 0.41±0.041 0.20±0.006 

C/N 50.35±14.249 17.80±12.066 10.87±4.601 42.14±11.849 63.49±9.568 

AP (mg kg
-1

) 4.90±0.675 10.41±0.480 10.01±0.015 16.26±1.188 8.33±0.468 

CEC 

(meq/100g) 32.02±1.518 36.49±2.103 40.03±1.284 39.14±1.808 38.62±2.583 

Ca
2+

(cmol(+) 

kg
-1

) 4.57±0.280 5.22±0.384 5.24±0.503 4.28±0.369 4.44±0.051 

Mg
2+

(cmol(+) 

kg
_1

) 4.57±0.236 4.72±0.025 4.62±0.106 4.79±0.268 4.20±0.078 

Na
+
(cmol(+)kg) 1.35±0.035 2.09±0.106 1.97±0.025 3.56±0.078 1.59±0.040 

K
+
(cmol(+)kg

1
) 0.87±0.036 7.08±0.150 6.78±0.125 1.21±0.021 3.16±0.075 
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Table 6 Change in soil physicochemical properties as a result of different biochar treatments 

 4.2.1. Change in Soil pH and EC  

The results from the pot experiment showed that soil pH and EC were modified due to 

the biochar treatments in post-harvested soil samples. Table 6 shows that the highest 

mean value of pH were recorded in all soil treated with SNB, PB, BR and BB derived 

biochars, while the lowest value were found in control soil without biochar treatment. 

The value of pH increased by 1.05 and 1.04 times in SNB and PB treatments while in BR 

and BB (1.01 and 1.02) times increased respectively. A similar trend was observed by 

Khan et al. (2016) using the same concentration of maize stalk, bamboo, and cow manure 

biochars application increased the soil pH by 7.78, 7.73 and 7.70 compare to the soil 

without biochar. The increased soil pH observed here after biochar application was most 

likely directly due to the alkalinity of the SNB, PB, BR and BB derived biochars. The 

alkalinity of biochar may be due to the separation of alkali salts during pyrolysis  and the 

release of basic cations into the soil that could be responsible for increasing soil pH 

(Nguyen and Lehmann, 2009; Mohan et al., 2014).  

Similarly, the application of SNB, PB, BR and BB derived biochars all exhibited higher 

EC value compared to the control soil untreated with biochar. These were expected 

considering the high salt content in all biochars (Cantrell et al., 2012). Similar with this 

study, Kumar et al. (2013) found that biochar produced from parthenium weed at 

different temperature (200, 250, 300, 400, 500  ) significantly increased soil electrical 

conductivity (EC) by 1.3–3.0 times and pH by 0.01–0.44 unit. The higher EC value in 

this study were still relatively low to cause saline condition. This was reliable with the 
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results of Lu et al. (2015) showed that eucalyptus (EB) and poultry litter (PLB) derived 

biochar treatment did not cause salt damaged to crops when applied to soil.  

4.2.2. Change in Soil Organic Carbon, Total Nitrogen and Available Phosphorus 

Content with Biochar Addition    

Biochar amended soils varied in soil organic carbon (SOC) concentration. The 

application of SNB,  PB, BR and BB biochars increased the soil organic carbon by 35 %, 

38 %, 4% and 50 % as compare to the control (without amendment), respectively. 

Moreover, BB biochar amended soil was the highest concentration of organic carbon and 

the lowest concentration of total nitrogen, because it is typical feature of plant-based 

biochar (Gaskin et al., 2008; Singh et al.,2010).  

All the biochar treatments except for BB amended soil significantly increased total 

nitrogen (TN) concentration in post harvested soil. This difference may be reflected 

considerably increase in the C/N ratio (63.49) within the BB biochar. Lehmann et al. 

(2003) and Chan et al. (2008) showed that application of different biochar treatments 

increased SOC greater than the increase in soil TN, thus resulting in high C/N ratio, 

which consequently lower N availability as a result of N immobilization. Lower soil N 

availability after biochar application has also been reported as a benefited because soil N 

leaching was reduced (Lehmann et al., 2003; Steiner et al., 2007). 

The amount of available phosphorus (AP) in the soil was significantly increased by the 

application of biochar. Due to the soil amended with SNB (9.89-10.83), PB (9.99-10.02), 

BR (15.06-17.44) and BB (7.80-8.70) biochars, the amount of AP increased compared to 

the soil without biochar (4.13-5.14). The highest value of available phosphorous were 

recorded soil treated with BR and SNB biochars as shown in (Table 6). The observed 
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increase in the AP was due to application of biochar, this attributed to the improvement in 

the soil pH which could ultimately reduce the activity of Fe and Al. Van Zwieten et 

al.(2010) and Chan et al.(2008) also reported the increase in available phosphorous after 

the application of biochar. The increase in available P in post-harvested soil in this study 

is comparable to those reported by Laboski and Lamb. (2003) and Opala et al. (2012).  

 4.2.3. Change in CEC and Extractable Bases with Biochar Addition  

Soil fertility increased through biochar treatment by rising soil CEC (Liang et al.,2006). 

Similarly, the result in this study presented in (Table 6), the application of biochar 

treatments significantly increased soil CEC and available nutrients (exchangeable 

cations). The amount of CEC in soils after treated with biochars was increased in the 

order SNB < BB < BR < PB. The CEC of soil without biochar treated pots was 32.02 

cmol kg
−1

 and increased to 36.49 cmol kg
−1

 40.03 cmol kg
−1

, 39.14 cmol kg
−1

 and 38.62 

cmol kg
−1

 in SNB, PB, BR and BB treated soils respectively, which corresponds to 

increment by 13.96 % (SNB), 25.01 % (PB), 22.23 % (BR) and 20.61 % (BB), 

respectively. The soil CEC increases are due to carboxylate groups on the biochar itself 

and to exposed carboxylate groups of organic acids adsorbed by the biochar, both of 

which contribute negative surface charge to biochar particles (Liang et al., 2006). 

There was also a high increment in amount of extractable Ca and Mg upon the addition of 

SNB (5.22 cmol kg
−1

 and 4.72 cmol kg
−1

) and PB (5.24 cmol kg
−1

 and 4.62 cmol kg
−1

) 

biochar soil mixture, respectively, as compared to the soil without biochar treatment 

equal amount of Ca and Mg (4.57 cmol kg
−1

). The amount of extractable monovalent 

cation (K
+
) was found highest concentration in the SNB (7.08 cmol kg

−1
) and PB (6.78 

cmol kg
−1

) biochars, due to high K content in their feedstocks. This suggests a better K-
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fertilizing effect especially, SNB and PB biochars when applied to soil, as compared to 

the BR and BB biochars. This agree with the, previous studies have reported then 

increased nutrient availability (Tryon, 1948; Chan et al., 2008), and improved CEC 

(Lehmann et al., 2003; Rondonet et al.,2007; Van Zwieten et al.,2010) after the addition 

of biochar to soils. Therefore, the increment of CEC after biochar addition, contributed to 

the metal immobilization, because the CaCl2 extractability of metal is negatively related 

to CEC.  

4.3. Effect of Biochar on Plant Dry Shoot Yield   

Brassica carinata (Ethiopian kale) plants grew in the control (untreated) soil found lower 

biomass production relatively to biochar amended soils. The edible part of Ethiopian kale 

dry weight yield under different biochar treatments as shown in (Figure 11). Plants 

growth was enhanced through biochar amendment by supplying nutrients and improving 

soil physical and biological properties (Lehmann et al.,2006). The dry matter (DM) of 

Ethiopian kale shoot in PB biochar treated soil increased to highest weight while, the 

lowest dry matter of Ethiopian kale shoot with bamboo derived biochar (BB). In a pot 

experiment, Al-wabel et al. (2014) applied Conocarpus derived biochar in a two soil 

moisture levels (75% and 100% of field capacity, FC), increased shoot dry biomass of 

maize plants by 54.5–102% at 75% FC and 133–266% at 100% FC. The result of the 

present study, as shown in (Table 8) increased shoot dry biomass by 216.4 % in SNB, 

335.1 % in PB and 228.5 % in BR treated of soil.  

The positive impact of SNB, PB and BR on plant growth performance of Ethiopian kale, 

compared to the controls, may be attributed to a combination of P nutrient, pH, TN and 

toxicity reduction effects (Chen et al., 2006). A study conducted by Song et al. (2014), 
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applying sewage sludge derived biochar significantly improved garlic yields (253%) even 

at lower biochar to soil ratios. The BB biochar treatment dry shoot weight showed 35.1 

%, increase which was not significant (P > 0.05).  

 

Figure 11. Ethiopian kale grown in soil of different biochar treatments. 

The overall results of the greenhouse pot experiments demonstrated the beneficial of 

biochar treatments to plant growth. It improves soil characteristics such as nutrients (AP, 

OC, K, Mg and Ca) and cation exchange capacity (CEC). In BB biochar treatment 

improve soil properties but has no effect on plant growth compare to soil without biochar. 

This may be due to some essential plant nutrients are immobilized through complexation 

mechanism, or this may be due to the effect of biochar on increasing C/N ratio was 

decline the crop yield in BB amended soil (Beesley et al. 2011). Generally, biochar 

applied to soil commonly benefited to increased crop yield, but it dependents on the 

experimental set-up and the nature of biochar (Jeffery et al.,2011).  

 

 

PB  BR  SNB BB CON  
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Figure 12. The edible part biomass of Ethiopian kale on dry weight basis.  

4.4. CaCl2 Extractable Cd Concentration in Soil   

The environmental risk caused due to the presence of heavy metals in soil are mainly 

dependent on their bioavailability concentration (Pueyo et al.,2004). These can be 

evaluated by using CaCl2 extraction, which is widely reported as being a proxy for 

bioavailability of metals in soil to plants (Pueyo et al.,2004; Lambrechts et al.,2011). The 

CaCl2 extractability of Cd concentration in this study was significantly (p < 0.05) reduced 

after the addition of SNB, PB, BR and BB derived biochars shown in (Table 7) and 

(Figure 13).  

The BR biochar dramatically decreased CaCl2 extractable Cd concentration from 1.89 mg 

kg 
-1

 to 0.26 mg kg
-1

. BB derived biochar considerably decreased CaCl2 extractable Cd 

concentration from 1.89 mg kg
-1

 to 0.44 mg kg
-1

. However, PB and SNB biochar were 

relatively small reduction in CaCl2 extractable Cd concentration from 1.89 mg kg
-1

 to 
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1.05 mg kg
-1

 and 1.89 mg kg
-1

 to 1.66 mg kg
-1

 respectively. Among the biochar 

treatments, the application of BR biochar was the most effective in reduction of CaCl2 

extractable Cd by (86%) while SNB biochar (12%) showed the least reduction CaCl2 

extractable Cd. Houben. (2013) conducted a pot experiment to confirm the 

immobilization Cd, Zn and Pb in a contaminated soil with miscanthus straw derived 

biochar. He achieved a reduction of Cd, Zn and Pb by 71%, 87% and 92% respectively in 

CaCl2 extract. Similarly, Hmid et al. (2014) has also reported at 30 days equilibration, 5 

and 15 % biochar led to considerable reductions of Ca (NO3)2 extractable Cd (14 and 37 

%) with increasing rates of olive mill waste biochar. Very recently, Desta Woldetsadik et 

al. (2016) reported a considerable reduction of NH4NO3 extractable Cd in contaminated 

soil by using fecal matter and cow manure biochars by 84–87 and 65–68 %, respectively, 

as compared to its Cd spiked soil controls. 

Table 7.  Selected biochar treatments on CaCl2 extractability (mg kg
-1

) of Cd spiked soil. 

Treatments pH Cd concentration in soil 

CON 7.63 ± 0.354 1.897 ± 0.0210 

SNB 7.98 ± 0.025 1.665 ± 0.0741 

PB 7.94 ± 0.084 1.053 ± 0.3547 

BR 7.71 ± 0.083 0.268 ± 0.1576 

BB 7.82 ± 0.061 0.440 ± 0.4183 

 

In this study, the BR derived biochar exhibited low OC content (8.23%) with the 

remaining being ash. The result suggested that the ash portion of BR biochar may be 

responsible for immobilization of Cd. Furthermore, another possible mechanism for the 

reduction of CaCl2 extractable Cd is the formation of poorly soluble Cd phosphate 
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precipitate (Park et al., 2011). This was well supported by the presence of high Olsen—P 

value of this biochar. Previous study have also demonstrated that P-bearing materials 

promote heavy metal immobilization via the formation of stable phosphate minerals in 

contaminated soils (Cao et al., 2009). 

BB biochar also highly reduced the Cd availability in soil. The possible mechanism may 

be due to its high amount of amorphous C, thereby supporting the formation of micro-

pores and increasing the sorption capacity (Haghseresht et al.,1999). Similarly, it was 

reported that BB biochar can absorb Cu, Hg, Ni, and Cr from both soils and water Cd in 

polluted soils (Skjemstad et al.,2002; Cheng et al.,2006).  

The possible mechanisms that the SNB and PB derived biochars to reduce CaCl2 

extractable Cd may also be associated with the pH and CEC as shown in (Table 7). Since 

pH is the most important parameter controlling the CaCl2-extractability of metals in soils 

(Rieuwerts et al.,2006), With the increased biochar pH results increase in soil pH which 

directly enhanced the negatively charged sites on soil particles and consequently promote 

cationic metal adsorption (Oh et al., 2012). Uchimiya et al., (2011a) noted a role of 

cation exchange capacity in reducing mobile metals under biochar amendment via the 

release of K, Ca, Na and Mg. The released Ca
2+

 mechanism and replacing by Cd
2+

 

forming new bond.  

The possible mechanism for all biochars (SNB, PB, BR and BB) to reduce the 

bioavailability of CaCl2 extractable Cd in soil was due to the abundant surface functional 

groups (mainly oxygen-containing groups), e.g. carboxylate (COOH); and hydroxyl (OH) 

are existed in their surface, which can have strong interactions with Cd such as 

electrostatic attraction and ion-exchange. The present results indicated that the effect of 
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biochar on Cd immobilization in soil influenced by the feedstock materials. The 

immobilization capacity of Cd by brewery sludge derived biochar was much higher than 

that of SNB, PB and BB derived biochar. Therefore, the reuse of industrial waste 

(brewery sludge) for soil amendment, solve the problem of waste disposal and also 

provide a financial income as a useful product.  

 

Figure 13. The bioavailable concentration of Cd measured by CaCl2 extraction method 

after the addition of SNB, PB, BR and BB treatments in Cd contaminated soils. 

4.5. Effects of Biochar on Plant Uptake of Cd  

All the biochar treatments significantly (P < 0.05) reduced Cd concentration in the edible 

part of the Ethiopian kale compared to the control which did not amended by biochar as 

shown in (Figure 14). A study conducted by Zheng et al. (2012) reported application of 

rice residue-derived biochars resulted in increasing of metal immobilization during rice 



60 
 

cultivation as evidenced by declines in Cd, Pb, and Zn concentration in rice by 98%, 

72%, and 83 %, respectively. In this study Cd concentration in shoot of kale were 

decreased by 59%, 79%, 93% and 45% under the application of SNB, PB, BR and BB 

derived biochar treated soil respectively, compared with plant shoot control (CON). 

However, the greatest reduction of Cd uptake by the tested crop was found in soil 

amended with BR derived biochar, while the lowest reduction of Cd uptake was exhibited 

under BB treatment.  

 

Figure 14. Effects of biochar amendments on Cd concentration in shoots of Brassica 

carinata.  

Generally, the effect of biochar treatment in decreasing Cd concentration in the edible 

part of Ethiopian kale followed the order: BR < PB < SNB < BB < CON as shown in 

(Table 8). Therefore, these results suggest that application of biochar treatments, in 

reduction of Cd concentration which was reflected back in the reduced of the Cd 
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concentration in the edible part of Ethiopian kale plants. These results were supported by 

the finding of others study, Houben et al.(2013); Zheng et al. (2015); Khan et al. (2016); 

Desta Woldetsadik et al. (2016) and Wang et al. (2017).who reported corresponding 

heavy metals concentrations reduction in plant and soil as a consequence of various 

biochar treatments.  

The reduction in Cd concentration may be associated with the accumulation of the Cd in 

the root of Ethiopian kale. Yang et al. (1996) found that Cd translocation to shoot of 

ryegrass was negligible, very high concentration retained in the root. The other possible 

mechanism to reduce Cd uptake in Ethiopian kale is commonly determined by Cd 

mobility in soil, which is in turn highly dependent on soil pH and CEC. Due to the SNB, 

PB, BR and BB derived biochar treated soil, the Cd concentration in the edible part of the 

Ethiopian kale reached the standard levels of china as shown in appendices 4.  

Table 8. Dry biomass (g pot
-1

) of shoot and Cd concentration (mg kg
-1

) in shoot of 

Ethiopian kale in different treatments.  

Treatments Dry matter yield Cd concentration in vegetables 

CON 0.91 ± 1.176 2.67 ± 0.368 

S + SNB 2.88 ± 0.476 1.07 ± 0.496 

S + PB 3.96 ± 0.089 0.56 ± 0.630 

S + BR 2.99 ± 0.930 0.17 ± 0.075 

S + BB 1.23 ± 0.281 1.45 ± 1.192 
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4.6 The Mean Variation of Different Biochar Treatments  

The mean value of physicochemical characteristics of the soil, Cd concentration in soil 

and Ethiopian kale Cd accumulation after addition of different biochar treatments as 

shown in (Table 9) below. These was done statically using a Tukey HSD post Hoc 

multiple comparison of SPSS (at the 0.05 significant level).  

Table 9. Tukey HSD post Hoc multiple comparison analysis of variance summary of the 

effects of different biochar treatments in post-harvested soil variables and Cd 

concentration on soil and plant variables (significant at the 0.05 level).  

 

Soil variable 

P- Value 

SNB- 

biochar 

PB- 

biochar 

BR -

biochar 

BB- 

biochar 

pH 0.001* 0.003* 0.866 0.152 

Electrical conductivity (EC) 0.000* 0.000* 0.000* 0.024* 

Soil organic carbon (OC) 0.494 0.057 0.174 0.949 

Total nitrogen (TN) 0.002* 0.101 00.002* 0.922 

C/N ratio  0.029* 0.009* 0.885 0.603 

Available phosphorus (AP) 0.000* 0.000* 0.000* 0.001* 

Cation Exchange Capacity (CEC) 0.098 0.003* 0.007* 0.012* 

Ca
2+

 0.232 0.204 0.857 0.991 

Mg
2+

 0.829 0.994 0.560 0.122 

K
+
 0.000* 0.000* 0.010* 0.000* 

Na
+
 0.000* 0.000* 0.000* 0.009* 

CaCl2 extractable Cd in soils 0.000* 0.000* 0.000* 0.000* 

Total Cd uptake in plants 0.085 0.019* 0.007* 0.235 

*: means the difference is significant at the 0.05 level. 

No mark: means the difference is not significant at the 0.05 level.   
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The Tukey HSD post Hoc multiple comparison analysis (Table 9) shows that the 

physicochemical characteristics and Cd concentration in soils and plants of all biochar 

treatments significantly (P < 0.05) differ. The mean value variation for EC, AP, K, Na 

and the CaCl2-extractable Cd concentration in soils significantly different (P < 0.05) 

between all the biochar treatments. Consequently, for the Cd accumulation in shoot part 

of Ethiopian kale between PB and BR biochar amendments significantly varied. All the 

biochar (PB, BR and BB) except SNB derived biochar the CEC mean value significantly 

differ (P < 0.05). The parameters like OC, K and Na are not significantly varied (P > 

0.05) between the different biochar treatments.  
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Chapter Five 

5. Conclusions and Recommendations  

5.1 Conclusions  

Effects of biochar on heavy metal bioavailability varied depend on the feedstocks 

material. The application of SNB, PB, BR and BB derived biochar as a soil amendment 

for the immobilization of Cd is promising materials for contaminated agricultural soil by 

altering the physical and chemical properties of soil. The immobilization mechanism 

reveled that different kinds of interaction including electrostatic attraction, ion-exchange 

and physical adsorption are mainly responsible for binding heavy metals contamination.  

The SNB, PB, BR and BB have the potential to improve plant growth and reduce the Cd 

uptake in Ethiopian kale compared to control soil especially BR was found the most 

effective one. Therefore, biochar has the potential to reduce the Cd uptake in Ethiopian 

kale which could be used to lower human health risk caused by Cd contamination. 

Especially, the brewery sludge (BR) and parthenium (PB) derived biochar treatments are 

capable for agricultural soil amendment. Therefore, this study suggests that the pyrolytic 

conversion of brewery sludge and parthenium weed into beneficial biochar is a potential 

alternative to current practice of disposal landfill space and to control the highly 

spreading weed.  

5.2 Recommendations  

Biochar as a potential technology for remediation of contaminated agricultural soil, many 

aspects are still yet to be developed. Several knowledge gaps have been identified, and 
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further research is required to fill these gaps. Some key research needs are outlined 

below:  

 Application of biochar products as a soil amendment could contribute to current 

issue on food security and agricultural productivity, however, it is important to 

study the long term effects of biochar treatments on soil physicochemical 

properties and crop yield. 

 The study on effects of biochar for the remediation of heavy metal (Cd) 

contaminated soils commonly limited to laboratory and greenhouse experiment, 

but it should tested under filed trials.  

 Application of SNB, PB, BR and BB biochars to degraded soil can reduced the 

usages of chemical fertilizers.  

 Increasing the society awareness on how to handle solid waste and convert into 

biochar, for soil amendment and remediation.  
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Appendices  

Appendices 1. List of scientific name for the experimental plants 

No Scientific name Family name Local name Common name 

1 

Arundinaria alpina 

K.schumch   Poaceae  Kerkeha (meka) Bamboo 

2 Brassica carinata A.Br.  Brassicaceae  Yehabesha gomen  Ethiopian kale 

3 

Parthenium  

hysterophorus L. Asteraceae  Kincha arem  Parthenium 

4 

Oxytenanthera abyssinica 

A. Richard Munro Poaceae Kerkeha Bamboo 

5 Urtica simensis steudel  Urticaceae  Samma  Stinging Nettle 

 

Appendix 2.  Energy-dispersive  X-ray  spectroscopy  (EDX) of biochars; (a) 

stinging nettle, (b) parthenium (c) brewery sludge, (d) bamboo derived biochars.   
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Appendix 3. The comparison of biochar treatments with International Biochar 

Initiatives (IBI)  

Requirement IBI Criteria Unit 

Moisture Declaration % 

Organic carbon 

Class 1: ≥60% 

Class 2: ≥30% 

and<60% 

Class 3: ≥10% and <30% % 

H:Corg 

0.7 

(Maximum) Ratio 

Total Ash Declaration % 

Total N Declaration % 

pH Declaration pH 

D 
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Particle Size 

Distribution Declaration 

Coarse % 

Fine 

Polycyclic Aromatic 

Hydrocarbons (PAH) 6-20 Mg/kg 

Polychlorinated 

Biphenyls (PCBs) 0.2-0.5 Mg/kg 

Arsenic 12-100 Mg/kg 

Cadmium 1.4-39 Mg/kg 

Chromium 64-1200 Mg/kg 

Cobalt 40-150 Mg/kg 

Copper 63-1500 Mg/kg 

Lead 70-500 Mg/kg 

Mercury 1000-17000 Mg/kg 

Molybdenum 5-20 Mg/kg 

Selenium 1-36 Mg/kg 

Zinc 200-7000 Mg/kg 

Chlorine Declaration Mg/kg 

Sodium Declaration Mg/kg 

Total Phosphorus Declaration Mg/kg 

Available Phosphorus Declaration Mg/kg 

Volatile matter Declaration % 

Specific Surface Area Declaration m
2
/g 

Cation Exchange Capacity Declaration cmol/k g 
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Appendix 4. General concentration of heavy metals in soil and plants. Limit 

established by the ministry of health of the people republic of china for the maximum 

levels of contaminants in foods (GB2762–2012).  

 

Metals 

Threshold Value (mg kg-
1
 weight) 

Metal in plant Metal in soil 

Pb 50 100-400 

Ni 1-5 1-100 

Cd 0.01-1 1-3 

Cr 0.5- 2 150 

 

Appendix 5. Calibration graph for Cd concentration by CaCl2 extractable  
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Appendix 6. Calibration graph for Mg, Ca and available phosphorus in soil 
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Appendix 8. Partial Overview of Samples Collection and drying  
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Appendix 9. Partial Overview of Biochar Production in Laboratory  
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Appendix 10. Partial Overview of greenhouse activities 
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Appendix 11. Partial Overview of laboratory activities for soil before and after cultivated 

plants 

   

 Plate 1. Soil drying and sieved for analysis  
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Plate 1. Organic carbon analysis by Walkley and Black method  

  

Plate 2. Available phosphorus analysis by Olsen method   
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Plate 3. Soil Cd analysis by CaCl2 extraction method  

 

 

 

 

 


